Mollow triplet emission properties
and dephasing effects in
semiconductor quantum dots

Von der Fakultdt Mathematik und Physik
der Universitdt Stuttgart
zur Erlangung der Wiirde eines
Doktors der Naturwissenschaften (Dr. rer. nat.)
genehmigte Abhandlung

Vorgelegt von

Stefanie Weiler

aus Leonberg

Hauptberichter: Prof. Dr. P. Michler
Mitberichter: Prof. Dr. T. Pfau
Tag der Einreichung: 26.09.2013
Tag der miindlichen Priifung: 25.11.2013

Institut fiir Halbleiteroptik und Funktionelle Grenzflachen
Universitdt Stuttgart
2013






Contents

1 Introduction 1
2 Theoretical Background 9
2.1 Properties of low-dimensional semiconductor structures 9
2.1.1 Single particle energy states . . . . . . ... ... 11
2.1.2 Excitons . . ... .. ... ... ... 12
2.1.3 Exciton fine-structure splitting . . . . . ... .. 13
2.2 Representation of different light states and photon cor-
relation . . .. ... L Lo 15
2.2.1 Quantization of the electromagnetic field . . . . . 16
2.2.2 Thermal Light . . ... ... ... ... .... 18
2.23 Fock States . . ... ..o, 20
2.2.4 Coherent States. . . . . . ... ... ... .... 21
2.2.5 Photon correlation . . . .. ... ..o 22
2.3 Two-level system photon interaction . . . ... .. ... 25
2.3.1 Basic quantum mechanical concepts . . . . . .. 25
2.3.2 Interaction Hamiltonian . . . . . . ... ... .. 26
2.3.3 Optical Bloch equations . . . . . ... ... ... 28
2.3.4 Resonance fluorescence . . . . . . ... ... ... 29
2.4 Cavity quantum electrodynamics . . . . ... ... ... 37
2.4.1 Jaynes-Cummings model, strong and weak cou-
pling regime . . . . ... Lo 38
3 Experimental Techniques 43
3.1 Low temperature micro-photoluminescence setup . . . . 43

3.2 Hanbury Brown & Twiss-interferometer for photon statis-
tics measurements . . . . ... Lo 46



ii

Contents

3.3 Time-correlated single photon counting for radiative de-

cay time measurements . . . . .. ... ... ... ... 48
3.4  Michelson interferometer for coherence time measurements 49
3.5 Scanning Fabry-Pérot interferometer for high-resolution

wPLoo 51
Emission properties of resonantly excited QDs 53
4.1 Resonance fluorescence on QDs . . . . . . .. ... ... 54
4.2 Resonance fluorescence: A quantum mechanical descrip-

tion . . . . . 55
4.3 Planar sample structure . . . . .. ... ... ... ... 58
4.4 Resonant spectroscopy of single QDs . . . . . . ... .. 58
4.5 Power- and detuning-dependence of resonance fluorescence 61
4.6 Excitation-induced dephasing . . . . . ... ... .. .. 64
4.7 Polaron master equation for a resonant excited TLS with

phonon interaction . . . . . .. .. ... ... ... ... 66
4.8 Detuning-dependent Mollow triplet: Regimes of side-

band broadening and narrowing . . . . . . . . ... ... 71
4.9 Mollow quintuplets . . . . .. ... ... .. 0L, 7
Indistinguishable photons from the Mollow sidebands 83
5.1 Mollow triplet photon statistics . . . . . ... ... ... 87
5.2 Experimental techniques . . . . . . ... ... ... ... 89

5.2.1 Hong-Ou-Mandel-setup for two-photon interfer-

ence measurements . . . . ... L0 90

5.2.2 Double Michelson interferometer filtering technique 91
5.3 Experimental results . . . . .. .. ... ... ... .. 97

5.3.1 Mollow triplet sideband coherence . . . .. ... 98

5.3.2 Auto-correlations . . . . .. ... 100

5.3.3 Indistinguishability of the Mollow triplet side-

band emission . . . . ... ... L Lo 102

5.3.4 Decay timescale of the emission . . . . . .. . .. 109
Phonon-assisted incoherent excitation 113
6.1 Dephasing in semiconductor QDs . . . . . ... ... .. 113

6.1.1 Radiative dephasing . . . . .. ... .. ... .. 114

6.1.2 Puredephasing . . . .. ... ... ... ... . 117
6.2 Experimental results . . . .. ... ... ... ...... 124

6.2.1 Theory . ... .. ... ... . 127

6.2.2 Experiment versus Theory . . . . . .. ... ... 131



Contents

iii

6.2.3 Emission coherence . . . . . . .. ... ... ...
6.3 Discussion . . . . . . ... ...

7 Non-resonant quantum dot-cavity coupling
7.1 Theoretical descriptions of NRC . . . . ... ... ...
7.1.1 NRC for large emitter-mode detunings . . . . . .
7.1.2 NRC for small emitter-mode detunings . . . . . .
7.2 Micropillar sample structure . . . . . . . ... ... ...
7.3 NRC under quasi-resonant QD excitation . .. .. ...
7.3.1 Temperature-dependent u-PL . . . . . . ... ..
7.3.2 Correlation measurements . . . . . .. . ... ..
7.3.3 Decay time and coherence time measurements . .
7.4 NRC under resonant QD excitation . . . . . . ... ...

8 Conclusion and Outlook
9 Zusammenfassung

A Material parameters
Bibliography

Publications

Lebenslauf

Danksagungen

139
140
140
141
143
145
146
148
150
154

157

165

175

176

195

199

201



Chapter 1

Introduction

The various forms of quantum information processing make use of the
quantum mechanical properties of light [1].

One application is quantum computing. Its basis is formed by two read-
ily distinguishable states, e.g. horizontal and vertical photon polariza-
tion or different spin orientation (up, down) of electrons or nucleons, to
represent binary 0 and 1. The striking difference to classical computers,
where the bits represent either 0 or 1, is the fact that each qubit can be
in a coherent superposition state of |0) and |1). Therefore a collection
of N qubits is described by 2V wave function amplitudes. Due to this
fundamental difference, a quantum computer can be efficient for exam-
ple in the factorization of large numbers known as the Shor’s algorithm,
where the required mathematical operations are reduced from exponen-
tial to polynomial class and can therefore be performed within much
shorter timescales. One reason why Shor’s algorithm created intense
interest is that the RSA encryption method used in classical cryptog-
raphy is based on the difficulty of factorizing large integer numbers.

One way to avoid the risk that a large quantum computer might decode
the classically encrypted data within a reasonable period of time is to
employ quantum-based cryptography for secure quantum key distribu-
tion. In 1984 Bennett and Brassard proposed their famous quantum
key distribution protocol named BB84 [2]. In such protocols the sender
is traditionally named Alice and the receiver called Bob. The security
lies in the fact of the non-cloning theorem of photons. This allows to
recognize an eavesdropper that intercepts the photons from Alice and
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tries to send a copy of each photon to Bob. When single-photons are
employed for the key distribution protocol, an eavesdropping attempt
can be recognized by evaluating the quantum bit error rate. Several
groups of researchers have performed proof-to-principle experiments
which clearly demonstrate the feasibility of quantum key distribution.
To name but a few out of the many, this has been shown for single-
photon sources, namely electrically driven quantum dots (QDs) [3], and
also very recently for free-space long distance key distribution from an
airplane to the ground [4] or a hot-air balloon [5]. The latter two ex-
periments were carried out with strongly attenuated lasers.

A fundamental feature of coherent laser emission is the Poissonian
photon-number distribution, which entails the major drawback that
even for a strongly attenuated source the generation of zero or two pho-
tons in addition to the desired single-photon emission is likely. When
Alice and Bob exchange more than one photon at a time, a possible
eavesdropper can remain unnoticed, leading to an insecure quantum
key distribution. To eliminate this risk, single-photon sources, such as
atoms, ions, molecules, solid state defect centers and quantum dots need
to be employed which possess the ability to deterministically emit one
photon at a time. QDs have been proven to be single-photon emitters
even at room temperatures [6,7] with the distinct advantage of wide-
range tailorability concerning the confinement potential and therefore
the emission wavelength. In addition, these solid-state based single-
photon emitters can be used for integrated optical architecture, which is
highly advantageous due to the demand for miniaturization. The prin-
ciple idea of integrated circuits is to guide light in waveguides. Logic
operations are based on beam splitter elements, e.g. forming a CNOT
or Hadamard gate, realized by two waveguides which are brought suffi-
ciently close together so that the evanescent fields overlap. The correct
functionality of integrated circuits relies on the utilization of indistin-
guishable photons for these on chip approaches [8].

One possibility for quantum bit transfer is via free-space, for which
wavelengths of about 770nm are beneficial, because the Earth’s at-
mosphere has a high transmission window there and thus naturally
provides a low-loss communication channel, which is only weakly dis-
persive and non-birefringent. In contrast for applications based on
long-distance fibers, the telecommunication wavelength of 1.3 ym and
1.55 pm have the advantage of weak signal damping. One drawback
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when using telecommunication wavelength is that standard silicon-
based detectors cannot be used for photon detection. These detectors
are limited to wavelengths below ~ 1 um due to the band gap energy of
the material. Another possible approach to enhance the transmission
distance is to employ a quantum repeater [9]. In contrast to classical
channels, where repeater stations simply amplify the signal, this is not
possible for quantum information because of the non-cloning theorem.
Quantum repeaters are based on the principle idea of teleportation [10],
i.e. entanglement swapping. The most widely used method to create
entangled photon pairs is by the nonlinear optical process of parametric
down conversion. One disadvantage of this process is the Poissonian
distribution of the created photon pairs. The generation of entangled
purely single-photon pairs is therefore desirable. One way to create
such a Bell state is via the biexciton-exciton cascade in a QD, in the
specific case of exciton fine-structure splitting below the linewidth of
the emission. Quantum state tomography on the biexciton-exciton cas-
cade has revealed Bell state emission with a high fidelity [11,12]. The
photon extraction efficiency can even be enhanced by utilizing the Pur-
cell effect of a photonic molecule (double micropillar cavity) when either
emission channel is resonant with a cavity mode [13]. The entangle-
ment of the created state is limited by the coherence of the emitted
entangled photons. Non-resonant pumping schemes usually suffer a
lower emission coherence compared to resonant excitation. This is due
to phonon-induced carrier relaxation from higher energetic states; in
addition, the relaxation process induces a timing jitter. A resonant
two-photon excitation scheme has therefore been proven successfully to
reveal a better degree of fidelity in quantum state tomography com-
pared to the non-resonant excitation scheme [14].

Due to the fact that QDs are solid state systems embedded in a host
matrix they interact with solid state environment, leading to dephasing
in the system. This can be due to several reasons, e.g. due to phonons
or carriers, which are trapped in the vicinity of the QD. Some dephasing
processes can be avoided, e.g. a resonant excitation scheme circumvents
phonon-assisted carrier relaxation processes from higher QD-shells, via
direct creation of electron-hole pairs into the QD s-shell. The resonance
fluorescence offers the possibility to create close to Fourier transform-
limited highly indistinguishable photons. A detailed knowledge about
the emission properties of the resonance fluorescence of a QD under
special consideration of the interaction with the solid state is there-
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fore indispensable. From a general point of view, it is necessary to
understand the different dephasing processes and the resulting emis-
sion properies of excitons in QDs to judge the applicability and also
the limitations of the photons emitted by dephasing-affected radiative
recombination of electron-hole pairs.

In view of the demands of possible application in quantum information
processing, the studies presented in this thesis focus on the following
aspects:

e Profound investigations of the Mollow triplet emission properties
of the resonance fluorescence emission of a QD under excitation
above emitter saturation.

e The verification of indistinguishable photons from the Mollow
triplet sidebands.

e Detailed studies of the longitudinal acoustic phonon-exciton in-
teraction leading to phonon-assisted QD excitation.

e The verification of the emission properties of a non-resonantly
coupled emitter mode system.

In the following outline the content of the chapters of this thesis is
sketched out.

In chapter 2 a fundamental description of low-dimensional semicon-
ductor structures is introduced. Special focus is put on the zero-
dimensional quantum dot structure, which reveals atom-like discrete
energy eigenstates for the confined carriers. The formation of Coulomb-
correlated electron-hole pairs, termed excitons, is addressed in particu-
lar. In explicit consideration of spin exchange interaction, the exciton
ground state can be fine-structure split, dependent on the shape of the
QD potential. In addition, the description and characteristics of three
different photon fields are introduced, more precisely thermal (chaotic)
and coherent light, which can both be described classically, whereas the
third class of photon number (Fock) states reveals a non-classical behav-
ior. The photon statistics in terms of second-order auto-correlation on
the different light fields is discussed in detail, revealing photon bunch-
ing, time-uncorrelated photon emission (Poissonian statistics) and an-
tibunching, respectively. For a comprehensive introduction to the emis-
sion of a resonantly excited two level-system (TLS), termed resonance
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fluorescence (RF), the optical Bloch equations are derived from the
system Hamiltonian of a TLS excited by a monochromatic resonant
laser field. Particular attention is paid to the characteristic features
of the RF emission above and below emitter saturation, with special
focus on the distinct features of second-order photon-correlations, emis-
sion spectra and first-order correlations. The final part of the chapter
introduces the concept of cavity quantum electrodynamics for a TLS
embedded in a microcavity. Whereas systems in the strong coupling
regime can coherently exchange energy between the cavity mode and
the TLS, weak coupling is manifested in a crossing of the emitter and
cavity resonance under systematic relative detuning of both emission
energies. In addition, weak coupling offers the distinct advantage of
controlling the emitter dynamics via the Purcell effect.

The basic experimental techniques which are applied for the optical in-
vestigations in this thesis are presented in chapter 3. Low-temperature
micro-photoluminescence is introduced as the basic building block for
all further techniques applied to characterize the emission of a quan-
tum dot. For second-order photon-correlation measurements a Hanbury
Brown and Twiss-setup is commonly employed. The investigation of
the decay time of electron-hole pairs inside a QD are performed via the
technique of time-correlated single-photon counting (TCSPC). Besides
the decay time and temporal photon correlation, another important
quantity that characterizes the photon emission is the coherence time
measured via Michelson interferometric Fourier spectroscopy. Further-
more, a Fabry-Pérot based high-resolution micro-photoluminescence
spectroscopy technique is used experimentally, indispensable for re-
solving the characteristic Mollow triplet, the hallmark of RF, which
is studied extensively in this thesis.

In chapter 4 a quantum-mechanical description of RF in terms of
dressed states is introduced. The basic properties of an experimentally
derived power-dependent Mollow triplet series under strictly resonant
excitation together with a detuning-dependent Mollow triplet series
taken under constant excitation power are compared to theoretical ex-
pectations. This comparison shows that the TLS-based theory can
reproduce the main features of RF, moreover it reveals first indications
that a full description of the system needs the consideration of the in-
teraction of the exciton with the solid-state surrounding medium. One
effect of the solid state interaction is excitation-induced dephasing of
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RF manifested in Mollow sideband broadening with increasing excita-
tion power. A theoretical model that includes linear coupling between
excitons and longitudinal acoustic (LA) phonons via deformation po-
tential coupling developed by Prof. Stephen Hughes and co-workers is
the polaron master equation approach. In this thesis the basic con-
cepts together with the physical meaning of important parameters are
introduced. For a detuning-dependent Mollow triplet series the model
predicts Mollow triplet sideband narrowing or broadening dependent
on the ratio of pure dephasing rate to decay rate of the system. The
regime of sideband broadening has been accessed experimentally and
the experimental results are compared to the theoretical predictions.
Good agreement is found on the basis of independently derived mod-
elling parameters. The final part of the chapter presents the Mollow
quintuplet emission of resonantly excited excitons. Due to the exci-
ton fine-structure splitting, the excitation laser can theoretically excite
an exciton in one or the other fine structure component, leading to
two individual Mollow triplets in the spectral domain, and therefore
a combined integrated five-peak Mollow quintuplet emission spectrum.
The experimental proof of Mollow quintuplet observation in accordance
with theoretical predictions is the aim of the corresponding investiga-
tions.

The goal of the study presented in chapter 5 is the verification of in-
distinguishable photons from the Mollow triplet sidebands. The exper-
imental proof of photon indistinguishability is based on a beam splitter
interference experiment, which is named after Hong, Ou and Mandel,
who performed the pioneering work on two-photon indistinguishabil-
ity verification in 1987. The corresponding Hong-Ou-Mandel setup is
described as well. For the indistinguishability measurements a crucial
requirement is background-free single-photon emission, therefore the
theoretically expected photon statistics of the three individual Mollow
lines are discussed. In addition, a double Michelson interferometric
filtering technique needs to be employed to tackle the experimental
challenge of the individual and background-free spectral selection of
one Mollow triplet component. The technique is based on selective de-
structive interference of two Mollow triplet components while the third
one interferes constructively. Preliminary to the two-photon interfer-
ence measurements the emission properties in terms of Mollow triplet
sideband coherence and auto-correlation on the individual lines are pre-
sented. The two-photon interference measurements on the red as well
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as the blue Mollow sideband for different Rabi splittings reveal highly
indistinguishable photons with a post-selected interference contrast up
to 97% under continuous wave excitation. The values derived from the
independent pre-characterization reveal excellent agreement with the
data; the only discrepancy between experimentally measured and ex-
tracted values is found for the decay time, possible reasons for which
are discussed in detail at the end of the chapter.

In chapter 6 a comprehensive study of the effect of phonon-assisted
incoherent excitation (PAIE) is presented. An overview of different de-
phasing mechanisms in QDs is presented. A standard model capable
to describe the linear exciton-phonon interaction is the independent
boson model. The coupling mechanism for In(Ga)As/GaAs QDs to
acoustic phonons is due to deformation potential coupling; besides this,
there is piezoelectric coupling to acoustic and polar coupling to optical
phonons. Spectral diffusion effects due to the influence of carriers out-
side the QD can also affect the spectral emission properties. The joint
experiment-theory study on PAIE, the effect of QD s-shell excitation
by a detuned off-resonant laser via phonon mediation, is investigated.
The QD emission intensity extracted from laser scans over the QD s-
shell resonance exhibits the so-called QD intensity plot. These plots
reveal a sharp zero phonon line at the QD s-shell resonance surrounded
by acoustic phonon replica at the lower and higher energy detuning
side. The intensity plots are reproduced theoretically by the polaron
master equation approach. First, the influence of different parameters
is analyzed theoretically under systematic variation. In a second step,
the theoretical predictions are compared to experimental results, which
reveal excellent agreement. A high emission coherence is beneficial to
possible applications. Therefore, the coherence time of the QD under
resonant excitation is compared to the coherence under PAIE, the lat-
ter is found to be ten times lower compared to the resonant emission
coherence and independent of the specific emitter-laser detuning.

The study in chapter 7 focuses on the investigation of the emission
properties of a non-resonantly coupled (NRC) system of a QD coupled
to two modes of the surrounding microcavity. The micropillar sam-
ple structure together with the corresponding mode emission spectra
is introduced along with the two non-resonantly coupled modes under
investigation, namely the fundamental mode FM and a higher order
mode M2 situated spectrally close to the QD. A detailed bibliogra-
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phy overview on NRC, which describes the effect of QD excitation but
photon emission via a detuned cavity mode channel, is presented at
the beginning of the chapter. The comprehensive experimental study
begins with a temperature-dependent micro-photoluminescence series
under quasi-resonant QD excitation. The distinct crossing between QD
and M2 reveals a typical key feature for a system in the weak emitter-
mode coupling regime. Via auto- and cross-correlation measurements
the feeding of both non-resonantly coupled modes by the QD under in-
vestigation can be proven unambiguously. The QD emission decay time
decreases towards emitter-mode (M2) resonance due to the Purcell ef-
fect. The spectrally close mode M2 reveals a similar decay time trend,
whereas the far detuned FM emission dynamics is unaffected by the
specific (but large) detuning from the QD. The emission coherence of
both modes is found to be low and independent of the specific emitter-
mode detuning. This can be attributed to the influence of dephasing
due to non-resonant coupling and the distinct spectral properties of the
two individual modes. In contrast, the QD emission shows a more than
15-times higher coherence for low temperatures and large emitter-mode
detunings. The effect of NRC is also observable under strictly resonant
QD excitation. With increasing excitation strength, first the spectrally
close M2 mode starts to couple non-resonantly and at higher powers
non-resonant coupling of the far detuned FM can be traced as well.



Chapter 2

Theoretical Background

2.1 Properties of low-dimensional semicon-
ductor structures

In the last few decades low-dimensional semiconductor structures have
been an intense field of research. Particular attention has been payed
to the zero-dimensional semiconductor quantum dot (QD) structures,
artificially created to confine the wave function of trapped charge carri-
ers in all three dimensions. Whenever the carrier confinement reduces
the mobility of a particle to a size lower than its de Broglie wavelength
\4B | quantization effects become important.

With the introduction of the effective mass mg , for electrons and holes
and kp as the Bolzmann constant the de Bmglze wavelength reads

21h

NE

typically values are in the order of a few tens of nanometers for electrons
and holes. An important characteristic for three-dimensional carrier
confinement is the delta-like density of energy states. Due to these
discrete energy eigenstates in the QD that resemble the electronic shells
in atoms they are also referred to as artificial atoms.

)‘e h = (21)

In this thesis the investigations are performed on In(Ga)As/GaAs semi-
conductor quantum dots. The three-dimensional carrier confinement
is achieved by the epitaxial growth of self-assembled QDs composed
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Figure 2.1: Schematic of the band structure of a direct zinc blende type
semiconductor. The conduction band, and the three valence bands are plot-
ted. The latter can be distinguished by the angular momentum of the charge
carrier due to spin-orbit coupling, they are denoted as heavy holes (hh), light
holes (1h) and spin split-off holes (so), respectively.

of a low-bandgap material (ES™ = 0.42eV) embedded in a higher-

bandgap material (ES™S . = 1.52eV) [15]. For zinc-blende type direct
semiconductors like GaAs and InAs, the band structure in dependence
on the momentum k is shown in Fig. 2.1. Spin-orbit coupling leads to
a splitting of the valence band into three subbands: heavy holes (hh),
light holes (1h) and spin split-off holes (so).

It is worth to mention that there are also other types of QD struc-
tures that ensure the three-dimensional confinement of carriers. For
example in natural QDs [16] the excitons are localized by potential
fluctuations due to composition and strain effects in the wetting layer.
Colloidal QDs (also called nanocrystals) or core-shell QDs are fabri-
cated by chemical techniques. Their applicability is limited in terms
of long term stability, due to the fact, that the suffer from optical
bleaching [17]. In electrostatic quantum dots the electron confinement
potential is created by external voltages, applied to electrodes [18]. In
contrast to the above described QDs only electrons are confined within
the dot and the temperatures for investigations have to be very low
T < 1K [19].
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2.1.1 Single particle energy states

Self-assembled QDs have typically a lateral size between 20 —50 nm and
a height of 2 — 5nm and can be lens-, disc- or needle-like depending on
the individual growth technique as well as the growth conditions. The
small hight leads to a strong confinement along the growth z-direction.
According to the adiabatic approximation it is possible to decouple
the in-plane (xy) and perpendicular (z) motion. In the latter case
only the confined ground state needs to be considered, since the small
vertical size is manifested in a large energetic splitting. In the xy-plane
an ideal QD confinement with perfect in-plane rotational symmetry in
terms of a harmonic confinement potential is assumed for the following
discussion [20]. Therefore the problem reduces to a solution of the
two-dimensional harmonic oscillator:

~ ~2 * *, 2.2
e Pe oy P it
2m* 2m* 2 2

(2.2)

Assuming perfect rotational symmetry with w, = w, = w, the energetic
eigenvalues of the system are

E=(nz+ny+ 1w withng, =0,1,2,... . (2.3)

For the denomination of the energetic states it is instructive to intro-
duce the quantum numbers s = nz+n, (s =0,1,2,...) and | = n, —n,,
where the latter is found to correspond to the angular momentum for
the harmonic oscillator problem in polar coordinates [21]. The energetic
shells are denoted in analogy to atoms as s-, p-, d-shell, a schematic
depiction is found in Fig. 2.2. The eigenstates are equidistant in en-
ergy, and each shell is 2(s+ 1)-fold degenerate, where the two accounts
for the two possible spin configurations. For the hole states only the
hh need to be taken into account, due to the presence of strain in the
material resulting from the lattice mismatch between the QD and bar-
rier material. This results in a splitting between hh and lh by more
than 100 meV for InAs/GaAs material systems [20], much larger than
the energetic separation between the different shells inside the QD.
Depending on the dot diameter the number of confined higher energetic
shells is limited. For very small dots d- or p-shells might not always
exist.
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[2,-2) [2,0) |2,2)
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Figure 2.2: FEigenvalue spectrum of a QD modelled via a two-dimensional
harmonic oscillator with rotational symmetry. The eigenstates are labeled
with shell index s and angular quantum momentum [ as |s, ().

2.1.2 Excitons

Lifting an electron from the valence band to the conduction band with
a hole remaining in the latter one leads to the formation of an exciton,
which is a joint quasi-particle bound via Coulomb interaction. The
resulting energy is slightly smaller than that of the single particles due
to the Coulomb interaction, this energetic difference is referred to as
exciton binding energy.

When considering only the ground shell of the QD, there are differ-
ent possible exciton configurations. If the QD s-shell is occupied by a
single electron and hole respectively, the configuration is simply called
and exciton. In contrast to this neutral configuration an additional
second electron in the conduction band or hole in the valence band
can lead to a negatively or positively charged trion. Due to the Pauli
principle a biexciton with two electrons and holes in the ground state
can be formed, here the Coulomb interaction energy differs compared
to an exciton. The energy difference between twice the energy of non-
interacting excitons and the full biexcitonic complex of four interacting
particles is usually termed biexciton binding energy.

In terms of the single particle states introduced above the wavefunction
for excitons can be expressed as [20]:
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B = 59 A5 |5, +1) |8, — D) (2.4)

Here the first (second) state vector describes the electron (hole).

For optical active transitions the electron-hole pair creation, i.e. the lift
of an electron from the valence to the conduction band accompanied by
photon absorption leads to certain selection rules due to angular mo-
mentum conservation. In zinc blende-type semiconductors the transi-
tion of an electron from the p-like valence to the s-like conduction band
is accompanied by a change in the angular momentum by Am; = %1.
This change in angular momentum is accounted for by the momentum
of the emitted or absorbed photon (spin 1 particle). Therefore the har-
monic oscillator part of the wave function has to conserve the angular
momentum Al = 0 (vertical transitions in Fig. 2.2). Additionally only
transitions between the same shell are optically active s = s’. Worth to
note, that symmetry breaking in the QD structure can lift the strictness
of the selection rule for optical transitions [20].

2.1.3 Exciton fine-structure splitting

For the derivation of the energetic eigenstates in a QD the spin has so
far only be considered in terms of the Pauli principle where two carri-
ers with opposite spin can occupy one electronic level. The following
discussion of the fine-structure is restricted to the exchange interaction
coupling the spins of the electrons and holes. Worth to note that there
are other possible contributions such as Zeeman interaction in an ex-
ternal magnetic field or the Overhauser shift due to spin coupling with
the lattice nuclei [22].

The general form of the spin Hamiltonian for the electron-hole exchange
interaction of an exciton formed by a hole with spin J; and by an
electron with spin S, is given by [20]

Hepchange = — Z (aiJh,i : Se,i + bZJii’L ) Se,i) . (25)

1=x,Y,%

In contrast to trion and biexciton configurations where electron and/or
hole spins are paired antisymmetrically and thus leading to a vanishing
exchange interaction, Hezchange 7 0 for the exciton. The single particle
states that need to be considered are the heavy hole Jj, = 3/2, Jp, . =
+3/2 and electron S, = 1/2, S., = £1/2 states. From these four
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different states are formed characterized by their angular momentum
projections M = S, .+ J. ., which are degenerate without the exchange
interaction. The |M| = 2 state cannot couple to the light field and
is therefore refereed to as dark state. This is due to the fact that
the angular momentum needs is not conserved for a possible process
of optical exciton decay leading to |AM| = 2 and photon emission
|AS| =1 # 2. For the same reason the |M| = 1 state is optically active
(bright state). With the states |+ 1),| —1),| +2),| — 2) as a basis the
exchange Hamiltonian can be written as [23]

+d9 +9071 0 0

" 1[40 46 00
exchange — 2 0 0 _50 _|_52
0 0 +6 —d

(2.6)

The exchange interaction splits the bright and dark exciton states by
0o = 1.5(a, + 2.25b.). The new eigenstates of the dark exciton are
a superposition of | + 2), split by d2 = 0.75(b; + by). Depending on
the dot symmetry the bright states are either degenerate or for a bro-
ken rotational symmetry (b, # b,) split by 61 = 0.75(b, — b,) (for a
visualization see Fig. 2.3).

For the radiative cascade from biexciton to the empty ground state
|XX) — |X) — |0) two scenarios are possible, which are depicted in
Fig. 2.4: (a) For a QD with rotational symmetry the exciton states |41)
are degenerate and both decay paths become indistinguishable. This is
especially interesting for the generation of polarization-entangled pho-
ton pairs [12]. In general QDs have been observed to be anisotropic,
leading to an asymmetric potential, and therefore a non-vanishing fine-
structure splitting. In this case the new eigenstates of the exciton are
a linear combination of | £+ 1), |X) = 1/v2(] + 1) & | — 1)), therefore
the transitions are linearly polarized.

The above summarized findings, e.g. the energy eigenstates of QDs,
the Coulomb reduced electron-hole pair energy of an exciton and the
exchange interaction can be categorized by distinct energies for GaAs
based self-assembled QDs [20]:

Energy Order of magnitude
Kinetic energy ~ (50 — 100) meV
Exciton binding energy | ~ (25 — 50) meV
Fine-structure effects ~ 1meV




Chapter 2. Theoretical Background 15

No Exchange Exchange
Exchange Interaction Interaction
Interaction + +

Rotational b, #b,

Symmetry b, = b,

|+1)

Figure 2.3: Energy levels of the exciton. In the case of no exchange interac-
tion, the four possible states are degenerate, whereas the exchange interaction
splits the exciton configuration into bright |£1) and dark superposition states
of | £ 2). An introduction of asymmetry in the QD potential results in an
additional splitting of the bright states, which are then a superposition of
the initial states [24].

2.2 Representation of different light states
and photon correlation

One fundamental experimental tool employed for the investigations pre-
sented in this thesis is auto- and cross-correlations. In this section the
quantization of the electromagnetic field, the quantum mechanical de-
scription of the harmonic oscillator and the three different types of
photon fields are introduced, which are essential for the understanding
of the phonon correlations. The characteristic features of the second-
order correlation function of thermal and coherent light as well as the
Fock states are then presented at the end of the section.
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Figure 2.4: (a) Biexciton-exciton decay channels for the ideal case of zero
fine-structure splitting AErss = 0 and (b) AErgs # 0. For the two different
cases, the emitted photons are either circularly or linearly polarized.
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2.2.1 Quantization of the electromagnetic field

The classical theory of electromagnetic radiation is based on the Mazx-
well equations. For the conversion from a classical to a quantum me-
chanical description the field vectors must be employed as operators
instead of algebraic quantities. To make an appropriate transition for
the quantization of the electromagnetic field, the equations of the clas-
sical theory are first put into a suggestive form. The central step will
then be the replacement of the classical harmonic oscillator by the cor-
responding quantum mechanical formulation [25].

The Mazwell equations can alternatively be expressed in terms of scalar
and vector potentials ® and A. Under Coulomb gauge (V- A = 0) and
the consideration of electromagnetic waves in free space, i.e. charge
and current-free (p = 0, J = 0), the condition for the vector potential
reads

1A _
2 o2

This wave equation under consideration of periodic boundary condi-
tions is satisfied by the following approach for the vector potential A,

VA (2.7)
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A(r,t) = Z (Ak exp (—iwyt + ikr) + Ay exp (iwit — ikr)) . (2.8)
k

It then follows logically to calculate the radiative energy as [25]
E=) cVwp(AkAf + A Ax) . (2.9)
Kk

From this classical expression the transition to the field quantization
is carried out via comparison with the quantum mechanical harmonic
oscillator, which is introduced in the following.

The quantum mechanical harmonic oscillator

For one dimension the Hamiltonian reads

p 1 2.2
H=— 4+ - 2.1
o + 2mw q (2.10)

where the position and momentum operator ¢ and p comply with the
commutation relation

[4,p] =ih . (2.11)

It is convenient to replace ¢ and p by the so-called destruction and
creation operators

a = (2mhw) Y% (mwq + ip) (2.12)
at = 2mhw) Y2 (mwiq — ip) . (2.13)
Under consideration of the commutation relation [&,&*] = 1, the

Hamiltonian and its effect on the energy eigenstate |n) with eigenvalue
FE,, can be re-written as

Hin) = %M(&Eﬁ +ata)|n) = hw(ata+ %)|n) =E,|n)  (2.14)

and the effect of @ and @™ on |n) as annihilation and creation operator
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aln) = v/nln — 1) (2.15)
atin) =vn+1n+1) (2.16)

can be verified.

The electromagnetic field can then be quantized by the association of
a quantum mechanical harmonic oscillator with each field mode. A
comparison between the classical radiative field energy of Eq. 2.9 and
the energy of the quantum mechanical oscillator of Eq. 2.14 suggests
the conversion from vector potential amplitudes to quantum mechanical

mode operators
Ay — 4/ n a (2.17)
k 26()Vwk k ’

h
260Vwk

A; — ar . (2.18)
The vector potential converts into a sum of positive and negative fre-
quency parts. Knowing A, the electric and magnetic field operators can
be calculated according to E = —9A /0t — V. Thus, also E separates
into a positive and negative frequency part

E(r,t) =Ef(r,t) + E~(r,t) (2.19)

with
EM)(r,t) « aexp ( —i(k-r— wt)) (2.20)
E)(r,t) < aT exp (z(k T — wt)) . (2.21)

The quantum mechanical expression of the electric field will be impor-
tant for the representation of the second-order correlation function in
chapter 2.2.5.

2.2.2 Thermal Light

Here we consider the equilibrium situation between emission and ab-
sorption of a radiation field with an emitter ensemble representing the
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Figure 2.5: Photon probability distribution for a thermal light field with
average photon number (d) = 1 (left) and (n) = 5 (right).

walls of a cavity at temperature T, known as the black body emitter
model. Insight the cavity harmonic oscillator modes are formed. The
probability of thermal excitation of n photons in a specific mode with
energy hw is then given by

exp (—E,/kgT)
Yo.exp(—E,/kgT)

with E,, = fw(n+1/2). Therefore the mean photon number excited in
the field mode at temperature T is calculated to be [24,25]

P(n) = (2.22)

. 1
(A) = ;nP(n) = o i 1 (2.23)

which represents the Bose-FEinstein statistics of the mean thermal pho-
ton in a single mode. The probability of finding n photons in the field
can be expressed as by use of (i) as

P = ()" 2.24
Thermal — W . ( . )
Figure 2.5 shows the photon distribution of Eq. 2.24 for two different
average photon numbers. As can be seen an empty mode (zero photons)
has the highest probability, for higher photon numbers this probability
decreases monotonically. A typical thermal light source reveals () >
1, thus the photons are most probable to form clusters of varying photon
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number. This phenomenon is called photon bunching. The fluctuations
of a thermal light source are found to exceed the average number of
photons in the field

(An)? = (i?) — (2)* = (i) + (1)* . (2.25)

Due to theses large fluctuations in the photon number, a thermal light
source if often termed chaotic source.

2.2.3 Fock States

In contrast to thermal or coherent light states there is no classical
analog to Fock states |n) [25], they can only be described quantum
mechanically. Due to the fact that Fock states are eigenstates of the
photon number operator 7 = a*a

nln) =ataln) =nln) (2.26)

their expectation value for the photon number equals the eigenvalue for
the state itself

(ny = (nlataln) =n . (2.27)

Due to the definition of the Fock states the photon number uncertainty
vanishes completely

(AR)? = (A%) — (A)2 =0 . (2.28)

As a consequence of Heisenberg’s uncertainty law between photon num-
ber and phase, the fully specified photon number of Fock states leads
to a completely undefined phase (A¢ — o).

From a statistical point of view, such a photon field exhibits sub-
Poissonian statistics, the probability of detecting ¢ photons in the Fock
state |n) is found to be

0, if ¢
Prock = ' l ’L ;é " (229)
1, if i=n
For an average photon number of (#2) = 1 and 5 this characteristic

photon distribution of Eq. 2.29 is illustrated in Fig. 2.6.

Concerning the investigations in this thesis especially the Fock state
|1) is of significance because it represents the corresponding light state
created by an ideal single-photon emitter, e.g. a quantum dot.
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Figure 2.6: Photon probability distribution for Fock states with average
photon number (1) =1 (left) and (7) =5 (right).

2.2.4 Coherent States

Coherent states are characterized by a minimum uncertainty product,
the electric field variations of coherent states approach that of a clas-
sical wave with stable amplitude and fixed phase for strong excitation
conditions; therefore they closely resemble the emission of a single-mode
laser operated well above threshold [25].

The coherent states |«), also denoted as Glauber states can be expressed
as a linear superposition of photon number states |n)

ja) = ezl 3 T|n> . (2.30)

These states are right eigenstates of the destruction operator dla) =
ala). Knowing the expectation values

(R) = |a/* and (2.31)
(A% = |a* + |a® (2.32)

the photon-number variance for coherent states is

(An)? = (i) — ()* = [af* = (7). (2.33)
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Figure 2.7: Photon probability distribution for a coherent light field with
average photon number (n) = 1 (left) and (1) =5 (right).

The fractional uncertainty in the number of photons

An 1 1
()~ Jol ~ /Ay (2.34)

decreases with increasing value of the coherent state amplitude |«| and
the fluctuations are found to approach zero with growing photon num-
ber.

The probability of finding n photons in the coherent light field is ob-
tained by use of Eq. 2.30 and found to be

ela 2n L A\
Pconerent = \<n|a>\2 = el % =e <n>' ' (2'35)
For an average photon number of () = 1 and 5 this characteristic

Poissonian distribution of Eq. 2.35 is illustrated in Fig. 2.7.

2.2.5 Photon correlation

In order to distinguish between photon fields with different statistical
properties it is instructive to measure the intensity correlation with a
Hanbury Brown and Twiss-type setup (presented in chapter 3.2). The
classical description of the normalized intensity auto-correlation can be
expressed as
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C{IMIt+71))  (E*)E*(t+T)E(t+T7)E(t))
S e’ 7 e (B DEW)? - (230

with the cycle-averaged intensity I of the mode. It reveals insight
into correlation effects of subsequent mode intensity measurements at
times ¢t and ¢ 4+ 7. This intensity correlation is also called second-order
correlation function, due to the fact that the intensity is proportional
to the square of the electric field, thus the correlation is of second order
in E(t).

As a next step a more general quantum mechanical expression of the
second-order correlation function is derived. This is essential for the
derivation of second-order correlation of Fock states, which cannot be
described classically. In the framework of second quantization the elec-
tric field of a single-mode plane-wave is given by a positive and negative
frequency part of the field operator (see Egs. 2.19, 2.20, 2.21).

With this representation the quantum mechanical expression of the
normalized second-order correlation function becomes

(EC)ES) (¢ 4+ 7)ED) (¢4 7)EWD (1))
(ECI () EW)(1))?

It is worth noting that for fields with time-independent photon statis-
tics, the correlation function is only dependent on the time difference
T between two subsequently photon detection events. For sufficient
long time delays 7 — oo the photons become statistically independent,
therefore revealing ¢ (7 — co) — 1. For the data analysis this long
time delay correlation value can be employed as a reference for the
Poissonian normalization of the statistics measurement. In contrast,
the crucial value to differentiate between different light states is the si-
multaneous photon correlation g(® (7 = 0). For a single mode at 7 =0
the second-order auto-correlation can be expressed as

9@ (r) = (2.37)

atataa
g (r=0)= < A ) (2.38)
14 (An)® — () (2.39)

In the following, the difference in the second-order auto-correlation with
respect to the different light states is to be discussed. Figure 2.8 shows
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Figure 2.8: Left: Normalized correlation function g'® (7) for thermal and
coherent light as well as the single-photon Fock state. Right: Illustration of
temporal photon correlation for the three different states. For thermal light
the photons tend to arrive in bunches, whereas coherent light reveals tem-
porally uncorrelated photons. The characteristic antibunching of the single-
photon Fock state is reflected in a distinct arrival time difference between
subsequent single photons.

the normalized second-order correlation function versus time delay 7 of
thermal and coherent light as well as the single-photon Fock state. As
mentioned above all light states reveal ¢(®) (7 — o0) — 1.

Thermal light:

According to Eq. 2.25 the fluctuation for a thermal light field is given
by (An)? = (A) + (2)2. Therefore the normalized second-order cor-
relation function for zero photon delay is ¢(? (r = 0) = 2. This en-
hanced correlation-value compared to the normalized Poissonian level
g? (1 — 00) — 1 reflects the increased probability of simultaneous
photon detection and the characteristic of photons to arrive in bunches
for a thermal light source.

Coherent light (Glauber states):

The fluctuations of coherent light are equal to the mean photon number
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in the field (An)? = () (Eq. 2.33), therefore ¢ (1) = 1 for 7 = 0
and all delays 7 # 0. Hence the time-delay between subsequent photon
detections for the coherent light field is completely random and the
normalized second-order correlation function is a flat line. This char-
acteristic signature implies Poissonian statistics of the photon field.

Fock states:

Fock states have a defined number of photons therefore the fluctuation
vanishes ((An)? = 0) and Eq. 2.39 reads

1
Jo(r=0)=1-= for n>1 . (2.40)
n

The normalized second-order correlation function can attain values
of 0 < ¢g@(r) < 1. For the single-photon Fock state |1) the auto-
correlation reveals ¢(?) (7 = 0) = 0. The completely vanishing correla-
tion indicates that the probability of simultaneous detection of two
photons is zero. This distinct time-delay between subsequent pho-
ton detection events leading to a suppressed simultaneous second-order
auto-correlation value is referred to as antibunching. The second-order
correlation measurements provide a valuable tool to identify single-
photon emission, e.g. from a quantum dot. For the two-photon Fock
state ¢® (1 = 0) = 0.5, this value represents the upper bound for the
proof of a true single-photon emitter via second-order auto-correlation.

2.3 Two-level system photon interaction

2.3.1 Basic quantum mechanical concepts

In the following, a two-level system (TLS) with the ground state de-
noted as |g) and the excited state |e) is considered. The time-dependent
normalized wave function can be expressed as a superposition of ground
and excited state

[W(1)) = eo(D)lg) +ceB)le) with |eg(D]? +lec( =1 . (2.41)

For the theoretical concepts introduced in the following chapters it is
instructive to establish the density matrix formalism. All quantum
mechanical information that characterizes |¥(¢)) can also be extracted
from the density operator defined as:
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p(t) = [W ()LL) (2.42)
For the TLS the density operator becomes:

P(t) = pgg(t)1g)(gl + Pge(t)]g) (€l + peg(t)]€) (gl + pec(t)le){e] , (2.43)

with the matrix elements defined as

Pag(t) = cq(t) - cg(1)"  pee(t) = ce(t) - ce(t)”
Peg(t) = ce(t) - cg(t)"  pge(t) = co(t) - ce(t)”

The diagonal matrix elements represent the population, whereas the
off-diagonal elements are the coherence of the system.

The system dynamics, i.e. the time-dependence of the density operator
in the Schrodinger picture, is described by the following differential
equation

d 1

Sat) = — [0, 5(0)] (2.44)

2.3.2 Interaction Hamiltonian

If the Hamiltonian H4 for an unperturbed TLS, with hwg being the
energetic separation between ground and excited state, is applied to the
two ecigenstates, they reveal H 4lg) = 0 and H Ale) = hwog, respectively.
In the next step the interaction of the TLS with a monochromatic laser
field is considered. Assuming only dipole interaction between the dipole
moment of the TLS d and the electric laser field E the Hamiltonian
can be written as [26]:

H=H,-d-E . (2.45)
Before expanding the Hamiltonian in the basis |g) and |e), the lowering
(raising) operators of the TLS are introduced as 6 = |g){e| (67 =

le)(g]), which yield the following relations:

(6) = Peg > <&+> = Pge > <&+(A7> = Pee (2.46)

Since the dipole operator has odd party (a = —ef') the interaction part
of the Hamiltonian only has contributions from off-diagonal elements.
The operator can therefore be expressed as
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d=d.,(6+6%) with d. = (gldle) . (2.47)

By use of Eq. 2.47 and under consideration of the formulation of the
electric field
E= 70(61“’“ ety (2.48)

the Hamiltonian reads

. . , ,
H = hwoot 6 — 7(&6“"” +ote Wt 4 ge Wt 4 gtelwrt)y  (2.49)
with the Rabi frequency

Q= (1/h)(dey - B) (2.50)

which quantifies the interaction strength between the electric field and
the dipole.

The Hamiltonian can be simplified by transformation into a coordinate

system rotating with the laser frequency wy. Via the substitution 6 =
e*itho”‘.

H=hAét6 — 5 @+ 6T 4 Gem WLt 4 gheienty (2.51)

In the rotating frame the energy of the laser is the constant reference
energy, therefore the detuning between the laser and the TLS resonance
energy is introduced as A = wy, — wp. The last two summands of the
Hamiltonian oscillate with twice the laser frequency. The negligence
of these varying terms is called rotating wave approximation (RWA)
[27,28]. The validity of this approximation is justified by the fact that
for optical frequencies this oscillation is much faster in the order of
femtoseconds than the response time of the detectors. The resulting
time-independent Hamiltonian reads:

frwa=hdets — Lot ob) (2.52)
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2.3.3 Optical Bloch equations

For a damped TLS it can be shown that the interactions with a reservoir
can be included by the Lindblad formalism [29,30]. The time evolution
of the density matrix has the following form:

Lol = = [H1), p(0)] + L(5) with (2.53)
L(p) = (LrpL} —1/2L} Lyp— 1/2pL} Ly (2.54)
k

with L = \/T;i)(j| describing the dissipation from state |i) to |j) with
the rate I';;.

For the TLS two mechanisms of dissipation are possible. It can radia-
tively decay via spontaneous emission from state |e) to |g), the cor-
responding rate is I'cy = I';. Pure dephasing of the system does not
change the population, here the corresponding rate is I'ce = I'pyre.
When including these two dissipation processes in Eq. 2.53, the equa-
tions of motion in the rotating laser frame and RWA become [31]:

. 0 o1
pge:_%(pee_pgg)_(ZA+§F1+FW€)pge : (2.55)
.0

oo =5 (e = pe0) +Tapec (2.56)
. Y

o=~ pue — pea) ~Tipe - (2:57)

These equations are called optical Bloch equations. The damping
of the population is given by the radiative decay rate I'y = 1/Ty. The
time evolution of the coherence is damped by I'1/2 + I'pyre, defined as

1 1 1 1

I'y=—=-T Furezi
2=, Tt 2T1+Tpme

T, is the total dephasing time of the system and 7T, describes the
characteristic pure dephasing that leaves the population of the TLS
unchanged, but disturbs its phase. For the case of negligible pure de-
phasing, the system is Fourier transform-limited and the maximally
achievable coherence time of To = 277 is reached. Pure dephasing in
semiconductor quantum dots can be caused by interaction with lat-
tice phonons, charge carrier scattering is also a possible mechanism.

(2.58)
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Figure 2.9: Excited state population of the TLS as a function of time
normalized with respect to the Rabi oscillation period. No dampingT'1/Q =0
results in undamped Rabi oscillations of the system. At increasing relative
decay T'1 /2 first the oscillations are damped and for higher values the system
reaches its steady-state excited state population without oscillating. Pure
dephasing has been neglected in the discussion I'pyre = 0. Plot according to
Ref. [33].

A detailed discussion about possible dephasing mechanisms in QDs is
presented in chapter 6.

2.3.4 Resonance fluorescence

The optical Bloch equations are a set of coupled differential equations
that can be solved under the consideration of boundary conditions.
The solution for the density matrix elements reveals insight into the
population pee, pgg and the coherence peg, pge of the driven TLS. In
the following, the various aspects of the resonance fluorescence signal
under continuous wave resonant emitter state preparation will be dis-
cussed. A detailed mathematical derivation of the presented results can
be found in [25,28,31-34].

Figure 2.9 illustrates the excited state population p.. of the TLS versus
time for different damping conditions. For I'; /Q = 0 the p.. oscillates
undamped. Nevertheless this case cannot be observed in the exper-
iment, due to vacuum fluctuations leading to a finite lifetime of the
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exited state of the TLS, hence I'y # 0 and therefore the oscillations
are damped. Depending on the ratio I'1 /€2, the population undergoes
several damped oscillations (red trace) or asymptotically reaches its
steady-state value without oscillating (blue trace). From the depen-
dence on T';/Q of the excited state population, it is obvious that one
can distinguish two different regimes of resonant emitter state prepara-
tion. In the regime below saturation (low excitation power) the inter-
nal dynamics of the system are faster than the driving Rabi frequency
0?2 < (ThTy)~ L, therefore the TLS does not undergo Rabi oscillations.
In the regime above saturation (high excitation power) Q2 > (T17T5) 1,
the driving Rabi frequency is faster than the internal dynamics. Here
the system can coherently exchange energy with the external field re-
sulting in several damped Rabi oscillations before reaching its steady-
state value. These distinct differences in p.. above and below satura-
tion lead to completely different features of a resonantly driven TLS in
terms of first- and second-order correlation and the resulting spectral
properties as will be discussed in the following.

As visible in Fig. 2.9, the system reaches a certain steady-state popu-
lation for t — oo, this value can be expressed as [33]

1 Q2T /Ty
2(A2 + T2+ Q2T /T

From the steady-state population valuable information about the sys-
tem can be obtained, since p3% equals the averaged fluorescence inten-
sity, which is found to increase with Q2 for low excitation conditions.
The population saturates at 1/2 under strong excitation Q% > (T} Ty) !
of the TLS. In addition, the effect of power-broadening becomes evident
when considering the FWHM of the emission

FWHM = sz/l TTT02 . (2.60)

2

Pee(t = 00) = pis = , (2.59)

Only for low excitation Q? < (T1T2) ! it is possible to derive the coher-
ence of the emitter from the linewidth, which yields FWHM = 2/T5.
Obviously the broadening of the emission line with increasing excita-
tion power is an intrinsic feature of any TLS, not accompanied by a
reduction in the coherence time T5 of the system.
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Figure 2.10: Normalized second-order photon correlation function versus
normalized time, plotted for different excitation conditions of = 0.5I'1
below and €2 = 4I'1 above saturation. The left panel depicts the case
for a Fourier-transform limited system, where as the right panel shows the
situation of a system with significant contribution of additional dephasing
Fpu're = F1-

Second-order correlation

The oscillation of the excited state population has distinct influence
on the second-order correlation. In order to calculate ¢ (7) for the
resonantly-driven TLS, the quantum mechanical description of a dipo-
lar emitter is introduced [34]:

2
B (r,¢) = 20 daey

= 2.61
dmegc? |r| (2:61)

Inserting this expression for the electric field into Eq. 2.37 leads to the
following form of the normalized second-order correlation function [28]:
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(eTW)6F(t+T1)o(t+7)6(t))
(6H(t)a(t))?

The antibunching behavior ¢ (0) = 0 of the resonantly-excited TLS
becomes obvious, since 62|¥) = 0. The full solution for all 7 can
be obtained by employment of the quantum-regression theorem, which
leads to [33]:

9@ (r) = (2.62)

1 rh+r
9@ () =1-e 55 (cos(Br) + 1;3 Zsin(Br)) , (263)
with the damped Rabi frequency given as
B=Q2— (T, -Ty)?2/4 . (2.64)

Figure 2.10 depicts g(®) () above Q = 4I'; and below Q = 0.5T; satu-
ration of the TLS for the Fourier-transform limited case of 'y = 0.5I";
(left panel) and with significant contribution of pure dephasing I's =
1.5y (right panel). The oscillations of the excited-state population
above saturation are manifested in oscillations of the ¢(® (7). It should
be mentioned that for the experimental conditions in this thesis, which
include Rabi frequencies exceeding 40 ueV, the resulting oscillation pe-
riod is shorter than ~ 100 ps. Therefore they cannot be resolved with
the HBT-setup providing a instrumental response of > 450 ps.

First-order correlation

The normalized first-order correlation function is defined as:

(EOMED(t + 7))

MW7) = 22— . 2.65
7= T EOmED W) 209
With Eq. 2.61 the function reads:
ctt)e(t+7
o) = T 0 ) o) - (260)

Groem)

g(l)(T) can be decomposed in a coherent 7-independent part and inco-
herent T-dependent part. The incoherent part results from true excita-
tion and decay of the TLS. Due to radiative decay even in the absence
of further pure dephasing, the coherence cannot exceed the maximum
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Figure 2.11: Normalized ggjl)coh(T) for different excitation conditions of
Q) = 0.5I'1 below and €2 = 41"y above saturation. The left panel depicts the
case for a Fourier-transform limited system, whereas the right panel shows the
situation of a system with significant contribution of additional dephasing.
For the calculations a typical value for the radiative decay rate of I'y =

1.25 GHz (T = 800 ps) has been assumed.

value at the Fourier-transform limit where T, = 2T7. In contrast, the
7T-independent coherent part results from photon absorption and emis-
sion becoming one coherent scattering event, so that the coherence is
found to be infinitely long.

The coherent part of the first-order correlation function is calculated
to be

272
(1) . Q Pl
gcoh(T) - 4(92 —|—F1F2)2 ) (267)

and therefore independent of the delay time 7, whereas the incoherent
part is a function of 7 and reads [33]:
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(2.68)

Figure 2.11 depicts gii)coh(T) for different excitation conditions above

and below saturation of the TLS, for the Fourier-transform limited
case 0 = 0.5T"; (left panel) and with additional pure dephasing (right
panel). Below saturation the first-order correlation function reveals an
exponential decay, whereas above saturation Rabi oscillation can be
observed in the time-domain, which is stronger damped in the presence
of pure dephasing.

Spectral function

The emission spectrum of a TLS can be calculated from the first-order
coherence function as a Fourier transform via the Wiener-Khintchine
theorem

S(w) = / gD (r) - e (2.69)
0

The coherent part of g(l)(T) is a delta peak at the TLS resonance. The
incoherent part calculated according to Eq. 2.69 is illustrated in Fig.
2.12. Below saturation of the TLS (2 = 0.5T';), the spectrum reveals
a single Lorentzian line. For strong excitation conditions 2 = 4I'y, the
single line develops into a triplet structure, the so-called Mollow triplet.
The two Mollow sidebands are separated by the Rabi frequency from
the central peak. This is also reflected in the oscillation period of the
first-order correlation function in the time domain, which corresponds
to the Rabi frequency of the system.

Within the limitation of very intense fields > T'q, |A| and negligible
pure dephasing I',,c = 0 the resonance fluorescence spectrum reads
(For a detailed derivation and more general expression see [35].)
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Figure 2.12: Normalized spectrum of the incoherent part of the resonance
fluorescence emission. As expected the additional dephasing (right panel)
broadens the spectral width of the individual peaks.
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(2.70)

The first summand is the coherent part of the spectrum, whereas the
other three represent the incoherent Mollow triplet emission. The rela-
tive height of the red sideband : central peak : blue sidebandis1:3: 1,
the relative area 1: 2 : 1 and the width in angular frequencies is found
to be I'y for the central Mollow line and 3/2 - T'; for the sidebands,
respectively.



36 Chapter 2. Theoretical Background

Coherent and incoherent scattering part

From the calculations of the first-order correlation and the correspond-
ing spectral function it is obvious that the resonance fluorescence signal
has an incoherent and a coherent contribution. The incoherent part of
the emission reveals the characteristic Mollow triplet in the spectral
domain, linked to a finite coherence of the emission. The coherent part
has an infinitely long coherence time, reflected in a delta-peak spec-
tral component at resonance of the TLS. In the following, the relative
magnitude of these two contributions in dependence on the excitation
conditions in terms of a saturation parameter S will be discussed. For
strictly resonant excitation conditions A = 0 the saturation parameter
is defined as

QQ

S =
oIy

(2.71)

The total emitted radiation power can be expressed via a sum of co-
herent and incoherent contribution as [28, 32]

T2 S Fls(rz +FQS—F1/2)
Piot = P, Pinco :hwil hew
tot = Feon + Fincon = M0 yp 1 gyz T 050 (T g2
(2.72)

Figure 2.13 illustrates the coherent P,,;, and incoherent contribution
P;con to the total emitted radiation power P,; as a function of satu-
ration parameter S oc Q2. For increasing Rabi frequency the coherent
contribution reaches a maximum value at S ~ 1 and decreases for
S > 1, whereas the incoherent contribution increases for increasing S.
For large values of S the steady state exited state population reaches
1/2 and therefore P, reaches its asymptotic limit of 0.5T';. For the
Fourier transform-limited case displayed in Fig. 2.13(a), the coherent
contribution exceeds the incoherent contribution for S < 1. Under the
conditions of additional pure dephasing depicted in Fig. 2.13(b) even
for low saturation parameters P.,, does not dominate the emission,
thus increasing pure dephasing in the system hampers the investiga-
tion of the coherent emission part of resonance fluorescence.
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Figure 2.13: Magnitude of the coherent P.,; and incoherent Pj,con emis-
sion part of resonance fluorescence to the total emitted radiation Pio: versus
saturation parameter S o< Q2. (a) At the Fourier transform-limit P.,n over-
balances the emission for S < 1, at larger S the incoherent parts overtakes
the coherent part and dominates the emission. (b) For I'pure # 0 the overall
trend is the same, except for small values of S, here P, is lower if compared
to the Fourier transform-limited case.

2.4 Cavity quantum electrodynamics

Cavity quantum electrodynamics (cQED) describes the interaction of
a TLS such as a semiconductor QD with the confined photons of a
cavity. The confinement changes the photon density of states and can
therefore modify the emission properties of the TLS, in particular the
emission dynamics of the system. Experimentally, there are different
approaches to engineer the photon density of states in the vicinity of
QDs via embedding them into optical microcavities such as micropil-
lars, microdiscs or photonic crystals [36]. For the ideal case of a lossless
cavity and the emitter initialized in the excited state, a photon can be
emitted by a spontaneous electron-hole recombination process. This
photon is stored inside the cavity, where it can be reabsorbed by the
quantum emitter after a characteristic timescale. Inside such an ideal
cavity the spontaneous emission process becomes reversible and the
periodic emission and absorption is manifested in Rabi oscillations.

For the interaction between the TLS and the surrounding mode two
different regimes can be distinguished when considering a realistic sys-
tem with distinct dissipation processes, in which the photons leave
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the cavity after a characteristic timescale. If the photonic loss rate
is smaller than the coupling rate the system operates in the strong
coupling regime. Here the emitter and the cavity mode coherently ex-
change energy leading to Rabi oscillations that are damped due to the
dissipative processes. In the weak coupling regime irreversible decay
dominates over coherent exchange. The spontaneous emission rate can
be enhanced or inhibited by the Purcell effect, compared with its vac-
uum level, by tuning the emitter in and out of resonance with the
cavity mode. Usually the emitter-cavity coupling is described by the
Jaynes-Cummings model [37,38].

2.4.1 Jaynes-Cummings model, strong and weak cou-
pling regime
The Jaynes-Cummings Hamiltonian in rotating wave approximation

for an ideal system, in which the decoherence of the emitter and the
photon field can be neglected, reads

-HJC = HTLS + ﬁcavity + —Hinteraction (273)
= hwo6 6 + hweavata + hg(67a +6a™) | (2.74)

g denotes the coupling strength between the TLS and the cavity, which
is defined as the scalar product of the transition matrix element of
the QD dipole moment d with the local electric field value at the dot
position inside the cavity E (g = |(d - E)|). For the case of the exciton
at the electric field maximum of the cavity mode, the coupling constant
can be expressed in terms of the oscillator strength f = 2mwyd?/(e%h)
[39] as

2 e2f
46T60 mVM

g= (2.75)
Here ¢y and €, are the vacuum and relative medium permittivity, m,
the free electron mass and Vj; denotes the volume in space occupied
by the specific mode of the cavity, distinctly different to the geometric
volume of the cavity itself.

The spectrum of the Jaynes-Cummings Hamiltonian consists of the
ground state |g,0) and a ladder of doublet states |e,n), |g,n + 1)
with n =0,1,.... At emitter-cavity resonance the coupled states split
into so-called dressed states, energetically separated by 2g+/n + 1. The
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Figure 2.14: Real part of E12 — Ey for a typical coupling strength of
g = 80ueV [40]. The splitting of the eigenenergies occurs at the threshold
condition for strong coupling.

splitting depends on the number of photons in the mode n, in which
the splitting for the n = O-state is referred to as vacuum Rabi splitting.

For a non-ideal cavity, decoherence processes such as photon leakage
out of the cavity, where the emission is coupled to a continuum of quasi-
modes need to be considered. As described in chapter 2.3.3, dissipation
losses can be accounted for via the Lindblad formalism. A detailed cal-
culation of the optical Bloch equations for the Jaynes-Cummings sys-
tem and the resulting solution of the time-dependent population can
be found in Ref. [33].

Strong coupling regime

If the decoherence processes are slow enough, the system is in the strong
coupling regime, in which the Rabi oscillations are damped due to the
dissipation. The energies of the two eigenmodes at resonance can then
be expressed as [39]
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Eio=Ey—i(AEeq — AEx)/4+ /g% — (AFEeqy — AEX)2/16
(2.76)
in which Ey denotes the energy of the uncoupled exciton (labeled X)
and cavity mode (labeled cav), while AE.,, and AEx are their FWHM
respectively.
The vacuum Rabi splitting is found to be

AE =2v/g?2 — (AEca, — AEx)2/16 . (2.77)

As long as the square root in Eq. 2.76 remains real, the states are
split and the system is in the strong coupling regime. Therefore the
condition for strong coupling is

g*> — (AEeq, — AEx)/16 >0 . (2.78)

Figure 2.14 illustrates the crossover between weak coupling, in which
the exciton and cavity states are degenerate at resonance to strong cou-
pling in dependence on the cavity linewidth AFE.,,.

Weak coupling regime

Here the spontaneous emission process is irreversible and no Rabi os-
cillations occur. Nevertheless, the spectral density in the vicinity of
the QD is modified inside the cavity and influences the spontaneous
emission process of the TLS. Depending on the vacuum field and the
orientation of the emitter dipole with respect to the polarization of the
cavity mode, the emission rate can be enhanced or inhibited compared
to a QD without surrounding cavity. This change in the emission rate
was initially proposed by Purcell in 1946 [41]. The ratio between the
free-space and cavity-modified emission rate is therefore called Purcell
factor Fp and can be expressed as [42]

FP — Tfree — 3@()‘&11}/’”‘)3 )‘gav |E(I‘)|2
Teav 47"-2‘/M Agav + 4Q(AX - Acav)2 |Ema$|2 ,
(2.79)

in which E,,,, and E(r) denote the value of the electric field at the
emitter position and the antinode of the field respectively. For a QD
located at the electric field maximum and energetic emitter mode res-
onance, the Purcell factor reads
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Tfree 3Q()‘cav/n)3
= . 2.80
Teav 47T-2‘/M ( )

Therefore it is obvious that the quality factor @ of the cavity determines
to what degree the spontaneous emission rate can be influenced by
emitter-mode tuning.






Chapter 3

Experimental Techniques

In the following sections the basic experimental methods and the corre-
sponding setups in terms of low temperature micro-photoluminescence
(chapter 3.1), photon statistic measurements (chapter 3.2), radiative
decay time (chapter 3.3) and coherence time measurements (3.4) to-
gether with high-resolution micro-photoluminescence (chapter 3.5) will
be introduced. These are standard techniques that are commonly em-
ployed for the determination of the QD emission properties.

3.1 Low temperature micro-photolumines-
cence setup

A schematic depiction of the micro-photoluminescence (u-PL) setup
employed for the measurements presented in the following chapters is
shown in Fig. 3.1(a). The sample under investigation is mounted on
a coldfinger and held in a helium flow cryostat (CryoVac Conti) indi-
rectly cooling the sample at a high vacuum pressure of p < 10 mbar~°.
Low temperatures down to 4 K (liquid helium) are required to minimize
the interaction of QD charge carriers with phonons and additionally to
prevent their thermal escape out of the QD. With the aid of an external
heating device it is possible to controllably vary the sample tempera-
ture between 4 — 300K (AT= +0.5K).

The setup contains two different excitation lasers both pumped with
a 10 W continuous wave (cw) frequency doubled Nd:YVOy solid state

43
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Figure 3.1: (a) Depiction of the micro-photoluminescence (u-PL) setup
[24]. For an effective laser stray-light suppression under resonant excitation
conditions three different methods are employed: An orthogonal geometry
between excitation and emission detection, spatial filtering with a pinhole
(PH) and additionally polarization suppression via a combination of \/2
retarder plate and a polarizing beam splitter (PBS). (b) Illustration of the
orthogonal excitation-detection geometry of a QD in a micropillar cavity. (c)
Webcam image of a micropillar sample from the side. The excitation laser
beam and the micro-resonators are clearly visible, thus making it easy to
address and investigate individual pillars.

laser (Coherent Verdi V10) operating at 532 nm.

For ps-pulsed excitation a Ti:Sapphire laser (Coherent Mira 900) with
a variable output wavelength ranging between A = 700 — 1000 nm, an
average output power of 1.3W and a repetition rate of 76.2 MHz is
provided. The shape of the ps-pulses can be monitored with an auto-
correlator (APD Pulse Check) and is found to be ~ 2ps (temporal

The second laser available in the setup is a frequency stabilized Ti:-
Sapphire cw ring laser (Coherent 899 Ring). Due to its special mir-
ror optics the accessible wavelengths range from 875 — 925 nm with a
maximum output power of ~ 700mW. Having two etalons inside, it
possesses a narrowband linewidth of nominally ~ 500 kHz, thus offer-
ing the opportunity to selectively excite single quantum emitters within



Chapter 3. Experimental Techniques 45

their homogeneous linewidth of electronic resonances.

The laser output wavelength can be measured with a wavemeter (Co-
herent Wave Master, accuracy of ~ 1.5 GHz). The desired laser beam
power can be adjusted by attenuation with neutral density glass filters,
a Fresnel reflection attenuator (Newport High Energy Variable Atten-
uator) and a combination of A/2 retarder plate and polarizing beam
splitter. For power measurements a sensitive power meter (Newport
Optical Power Meter 1830) is available in the setup.

The sample can be accessed optically from the side via a focusing ob-
jective (Nikon, focal length f = 17mm, super long working distance,
numerical aperture 0.4). In a specially designed orthogonal excitation-
detection geometry the photons are collected from top of the sample
via another microscope objective (f = 17mm objective). This 90
configuration is especially useful for laser stray-light suppression un-
der resonant QD excitation, where the scattered laser light and the
quantum dot s-shell emission have exactly the same frequency and are
therefore not spectrally separable. Figure 3.1(b-c) illustrate the orthog-
onal excitation-detection geometry of a QD embedded in a micropillar
together with a webcam image of the side-excitation of such a micropil-
lar sample.

Spatial positioning of the excitation-laser can be achieved by control-
lable movement of the side-excitation assembly along (z-direction in
Fig. 3.1) and vertical to the sample edge (y-direction) by a three axis
stepper motor (Nanomax 300, Thorlabs) that additionally allows to al-
ter the focus (z-direction) with an incremental stepsize of ~ 60 nm. The
cryostat together with the objective for side-excitation can be horizon-
tally moved with respect to the top-collection objective by two stepper
motors (zz-plane) (Physik Instrumente, minimal stepwidth ~ 50 nm).
The top focus objective can be positioned by a piezoelectric actuator
(y-direction).

In addition to the orthogonal geometry for stray-light suppression ex-
plained above a pinhole with 15 ym or 50 ym-diameter is installed in
the detection path to limit the photon collection to a small sample
spot area of 3 um or 10 pm, respectively. Due to the Glan Thompson
polarizer inserted after the objective of the side-incoupling with an ex-
tinction ratio of 1076 the excitation laser has a well defined polarization
state. Therefore polarization suppression via a A/2 retarder plate in
combination with a polarizing beam splitter is employed as an effective
technique for laser stray-light suppression in the detection path. How-
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ever, one has to keep in mind that this also suppresses the QD emission
component with similar polarization as the excitation laser.

The luminescence collected from the sample is detected by one of two
Acton Research spectrometers integrated in the setup. They both have
two available gratings (1200 and 18001/mm) and a focal length of
500 mm and 750 mm respectively, therefore providing a maximal reso-
lution of AE ~ 35pueV at 900nm. The nitrogen/peltier-cooled CCD
cameras attached to the spectrometers serve as sensitive detectors with
the ability to record the emission spectra (vertical binning mode) or
spatial /spectral intensity distribution (imaging mode) of the collected
emission.

3.2 Hanbury Brown & Twiss-interferometer
for photon statistics measurements

To gain insight into the temporal correlation of photons emitted by a
single QD, e.g. to prove that it is a true single-photon source, it is
instructive to measure the second-order correlation function ¢(® () via
a Hanbury Brown & Twiss-type interferometer.

Fig. 3.2 displays the basic functionality of a Hanbury Brown € Tuwiss-
interferometer (HBT) [43,44] for auto-correlation measurements. The
experimental apparatus consists of a 50 : 50 non-polarizing beam split-
ter with each of the two orthogonal output ports connected to an
avalanche photo diode (APD: Perkin Elmer AQR-14). Due to a high
signal-to-noise ratio with ~ 100 cts/s dark counts and a typical signal
strength of more than 3000 cts/s, the APDs allow sensitive photon
detection. The complete setup provides a time resolution of approxi-
mately 450 ps (FWHM). For auto-correlation measurements the emis-
sion line of interest is pre-filtered by a spectrometer and then sent to
the 50 : 50 beam splitter. The depiction of photon coincidence events in
terms of a histogram takes place in a two-step process. For the detec-
tion of one photon on APD start and subsequent detection of another
on APD stop the time-to-amplitude converter (TAC, Ortec model 566)
creates a TTL-shaped output pulse corresponding to a defined delay
time T = tg0p — tstare. The multi-channel analyzer (MCA, Ortec model
927) stores the different coincidence events in separate channels accord-
ing to the TTL-shaped output pulse. Additionally the employment of
an electronic delay (Ortec model 425A) in the stop circuit (displayed
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Figure 3.2: Schematic of a Hanbury Brown & Tuwiss-interferometer for
auto-correlation g<2)(7') measurements. The photons are pre-filtered by a
spectrometer and sent to a 50 : 50 non-polarizing beam splitter. The reflected
and transmitted signal is detected via two avalanche photo diodes (APDs)
acting as start and stop of the coincidence measurement. The output his-
togram is electronically accumulated by a combination of time-to-amplitude
converter (TAC) and multi-channel analyser (MCA).

as At in Fig. 3.2) also allows the measurement of negative coincidence
delays 7 < 0.

For photon cross-correlations between two distinctly different emission
lines the basic principle of the measurement stays the same, only the
light is first sent to the 50 : 50 beam splitter and afterwards spectrally
filtered by the two spectrometers of the setup. Each spectrometer filters
one of the two desired emission frequencies before subsequent APD
detection takes place.

To analyse the experimentally derived temporal distribution of coinci-
dence events n(7) the histogram needs to be normalized with regard
to the expectation value of a completely uncorrelated light source (e.g.
Poissonian light), revealing ¢(®(7) = 1. For measurements under cw
excitation the Poissonian level ny" equals the average counts for large
time delays 7 > 7. For normalization the histogram needs to be di-
vided by ng". Pulsed correlation measurement with the Coherent Mira
900 laser reveal peaks with a time delay corresponding to the inverse
pulse repetition frequency of the laser (13.12ns). The Poissonian level
for the peak areas equals the average area for peaks with large time de-
lays 7 > 7o, therefore all peaks need to be normalized with respect
to this average peak area value. Moreover the well known temporal sep-
aration between adjacent peaks can be employed for time-conversion of
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Figure 3.3: The pulsed laser beam is partitioned by a beam splitter (4 : 96).
The 4%-fraction is sent to a photodiode (PD) providing the stop signal for the
TAC. QD excitation and emission detection (96%-laser fraction) is carried
out with the pu-PL setup described in chapter 3.1. After spectral selection
the filtered luminescence is sent to an APD triggering the start of the time-
correlation measurement. For the suppression of temporal fluctuations a
constant fraction discriminator (CFD) is joint up in circuit between the APD
or rather the PD and the TAC. The final histogram processing takes place
similarly as described in chapter 3.2.

the histogram x-axis.

3.3 Time-correlated single photon counting
for radiative decay time measurements

The radiative recombination timescale of electron-hole pairs is a charac-
teristic quantity that describes the emission dynamics of a QD. Time-
resolved photoluminescence is carried out by the experimental tech-
nique of time-correlated single photon counting (TCSPC), the corre-
sponding setup is depicted in Fig. 3.3.

TCSPC measurements are carried out under pulsed non-resonant or
quasi-resonant QD excitation with the Ti:Sapphire Coherent Mira 900
laser. The basic principle is the temporal correlation of the desired QD
luminescence from the pu-PL with the time trigger provided by the laser
pulses directly via an internal photodiode (PD). The QD emission is
detected with a fast APD with a temporal resolution of ~ 40ps (ID-
Quantique id 100-20, darkcounts ~ 30 cts/s) and serves as the start of
the correlation in order to allow most effective counting. Therefore the
laser trigger provides the stop of the measurement.

To minimize temporal fluctuation, a constant fraction discriminator is
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joint in circuit between APD or rather PD and TAC. The histogram is
created similarly as explained in chapter 3.2 with TAC and MCA. For
the time-conversion of the histogram x-axis it is instructive to set the
delay At to a value so that two peaks are visible in the histogram. The
delay time between two neighboring peaks is given by 13.12ns, i.e. the
inverse of the laser pulsing frequency of 76.2 MHz.

3.4 M:ichelson interferometer for coherence
time measurements

One important property characterizing the light emission from a QD is
the coherence time. It is reflected by the spectral width of the emission
line and normally determined by first order auto-correlation measure-
ments g1 (1), defined as

Wy OB )
90 = e mED)

The first-order coherence is linked to the spectrum of the emission line
by the Wiener-Khintchine theorem

(3.1)

o0
F(w) = L / g () exp (iwr) dr . (3.2)
2 J_ o

Therefore g(!) (7) measurements are carried out by Fourier spectroscopy
performed with a Michelson interferometer, schematically illustrated in
Fig. 3.4(a). Collimated light from the sample is sent to a non-polarizing
50 : 50 beam splitter, with retroreflectors or planar mirrors at the end
of each interferometer arm. The back reflected light is then brought to
interference at the beam splitter and sent to a grating spectrometer for
spectral filtering with subsequent intensity detection via an APD, as
described in chapter 3.1. When moving one retroreflector mounted on
a computer-controlled high-precision linear stage (Physik Instrumente
M-511.HD) with a minimum unidirectional motion resolution of 20 nm,
thus changing the path length of one interferometer arm, while keeping
the path length of the other fixed, the conditions for constructive and
destructive interference change periodically. Figure 3.4(b) shows the
resulting interference fringes of the detected intensity on the APD from
such a laser interference measurement.

From the recorded data the visibility can be extracted by determining
the minimum and maximum value of the recorded sinusoidally varying
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Figure 3.4: (a) Ilustration of the functionality of a Michelson interfer-
ometer for Fourier spectroscopy. Collimated light entering the Michelson
interferometer is sent to a 50 : 50 non-polarizing beam splitter (BS), from
which it is transmitted /reflected to the two orthogonal interferometer arms
with retroreflectors at the end of each. One retroreflector is mounted on a
computer-controlled movable linear stage, which is employed to alter the de-
lay between the two paths. Due to the systematic runtime delay variation,
the intensity at the detector reveals a periodically varying interference pat-
tern from which the visibility can be extracted. (b) Experimental data of a
laser-visibility measurement.

intensity Inin/Imaes. For the ideal case of a balanced 50 : 50 beam
splitter the calculated visibility V' equals the value of the first order
correlation function [25]

1 — I
Vo= e i o g (r)) 3.3
e — g () (33)

The degree of coherence can be classified as follows

‘ g(l)(T)’ =1 Vr fully coherent light
0< ‘g(l)(r)‘ <1 Vr partially coherent light . (3.4)

To determine the coherence time of the photons from a QD, the in-
terference contrast of the emission has to be measured for different
delay positions to reconstruct g(l)(T). Due to a limited coherence, the
interference contrast is expected to decrease with increasing path de-
lay between the two interferometer arms. Finally the visibility needs
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to be corrected to account for imperfections in the Michelson align-
ment. Therefore the laser-visibility, which is ideally expected to be
g (1) = 1, for all accessible delay positions (much smaller than the
coherence length of the laser), is measured for the cw ring laser. The
visibility correction for a distinct delay position is then easily achieved
by dividing the extracted visibility of the QD emission by that of the
laser.

3.5 Scanning Fabry-Pérot interferometer for
high-resolution u-PL

Strictly resonant emitter state preparation above saturation of the QD
reveals the characteristic Mollow triplet structure in the spectral do-
main, being the hallmark of dressed state emission. Due to the Mol-
low triplet center-to-sideband splitting typically in the range < 50 peV,
standard pu-PL with a maximal spectral resolution of 35 ueV is not suit-
able to fully resolve the Mollow triplet. Therefore the u-PL setup intro-
duced in chapter 3.1 is complemented by a scanning Fabry-Pérot inter-
ferometer (FPI) for high-resolution micro-photoluminescence (HRPL)
investigations.

As depicted in Fig. 3.5, the spectrally pre-filtered light is collimated
and sent to the scanning FPI (EXFO TL-15) composed of two plane
mirrors with parallel orientation and a spacer ring in between. Due
to the cavity length of d = 10mm the free-spectral range of the FPI
is found to be Avpsg = 55 = 15GHz=AErsgr = 62.04 peV, with
c = speed of light and n = 1 (refractive index of air). The maximal
spectral resolution of the Fabry-Pérot setup after proper alignment is
found to be AE =~ 0.6 ueV (145MHz). For the FPI alignment the
transmitted signal of the narrow band cw Ti:Sapphire laser (nominally
~ 500kHz) is systematically maximized by changing the orientation
of the interferometer cavity end-mirror. Additionally the four degrees
of freedom of the gimbal-mounted interferometer itself can be used for
improving the adjustment.

An output histogram of the signal as shown in Fig. 3.5 (right panel)
is created by periodically scanning the mirrors of the FPI with piezo-
actuators controlled by the periodic voltage ramps ranging from 0 —
1000V of a Burleigh RG-93 Ramp Generator. The linear change in
the mirror distance systematically alters the frequency that interferes
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Figure 3.5: Left-panel: Spectrally pre-filtered light is collimated and sent
through the Fabry-Pérot interferometer (FPI). Via synchronization with a
voltage ramp that alters the FPI mirror distance periodically, the transmit-
ted signal is detected via an APD and fed to a multi-channel scaler that
accumulates the output histogram over typically 500 — 1000 scan loops. The
FPI setup provides a spectral resolution of AE = 0.6 ueV. Right panel:
HRPL test measurement with a narrowband Ti:Sapphire ring laser. The
free spectral range (FSR) between the two neighboring interference orders
(AEpsr = 62.04 ueV) can be used to convert the channel numbers of the
histogram into the desired relative energy axis.

constructively in transmission. The signal is detected via an APD
and fed to a multi-channel scaler (MCA: Stanford Research SR-430
MCS) which creates the output histogram, synchronized with the logic
start trigger voltage ramp. The MCA channels can be converted to
frequency scale by the channel peak-to-peak distance of two neighboring
interference orders that equal the FSR of the FPI.



Chapter 4

Emission properties of
resonantly excited QDs

One of the first theoreticians who predicted a power-dependent three-
peak structure for the spectral distribution of a resonantly excited atom
was Newstein in 1968 [45]. Nevertheless this well-known spectral fea-
ture is usually referred to as Mollow triplet after B. R. Mollow who pub-
lished a first complete theoretical description about the Power spectrum
of light scattered by two-level systems in 1969 [35]. In this semiclassical
approach the intensity ratio between the coherent and incoherent part
of the resonance fluorescence (RF) emission is compared, the latter
one revealing the well-known Mollow triplet in the emission spectrum.
Shortly after the first full quantum-electrodynamical description was
presented by Stroud et al. [46]. What was fundamentally new was the
introduction of dressed states as combined energy eigenstates of the in-
teracting atom-photon system. Several publications refined the quan-
tum mechanical description in the dressed state picture, e.g. Cohen
Tannoudji et al. [47]. When comparing the semiclassical description
and the quantum mechanical model, it has been shown [48] that they
are in full agreement about the basic features of resonance fluorescence.
Shortly after the first theoretical descriptions about the resonance flu-
orescence emission of a TLS, several studies investigated the regime
above saturation of a resonantly driven TLS on atoms, experimen-
tally. One of the pioneering works by Wu et al. showed power- and
detuning-dependent Mollow triplet series of the resonance fluorescence
of atomic sodium. Moreover Kimble et al. [49] reported about photon

53
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anti-bunching of strongly driven sodium atoms.

From the pioneering observations of resonance fluorescence emission
from atoms it took quite some time until the first studies of resonance
fluorescence on solid state emitters appeared in literature. In 2008
Wrigge et al. presented measurement results of the Mollow fluores-
cence triplet from a dye molecule. Almost simultaneously the first
experimental proofs of RF from QDs were presented. The next section
will give an overview of the development of RF investigations of the
QD emission and the current state of research.

4.1 Resonance fluorescence on QDs

The main challenge in observing QD resonance fluorescence is to sep-
arate the energetically degenerate laser stray-light from the true QD
emission. Due to this, the first signatures of dressed state formation
under excitation above saturation have been reported via indirect mea-
surements. In a pioneering work Xu et al. [50] verified the dressed state
formation via resonantly exciting one exciton fine-structure component
while probing the other. The absorption spectra clearly exhibit Autler-
Townes splitting, and for increasing excitation power the linear depen-
dence of the extracted Rabi frequency with the square root of excitation
power. Shortly after this study, several other publications [51,52] re-
ported on spectral signatures of dressed excitonic states via the absorp-
tion or transmission of a probe field of the exciton-biexciton system.
The distinct advantage of this experimental technique is the difference
of the pump and probe laser energy.

The first direct investigation of resonance fluorescence emission has
been presented by Muller et al. [53]. Via a special technique of or-
thogonal QD excitation and emission detection it was made possible to
strongly suppress the laser stray-light and directly measure the first-
order correlation function of the RF signal. The oscillations in the
Michelson interferometric measurement in the time domain reveal the
dressed state emission in terms of the Mollow triplet in the spectral do-
main. Shortly after a series of publications followed, reporting on the
direct observation of the Mollow triplet as the hallmark of RF [54-56].
In these complementary studies Flagg et al. [54] observed Rabi oscilla-
tions in second-order photon correlation measurements, whereas Ates
et al. [55] verified two-photon indistinguishability of the resonance flu-
orescence emission close to saturation. The main focus of the work of
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Vamivakas et al. [56] is on the control of spin-tagged Mollow triplet
sidebands of a negatively charged trion via a combination of the Zee-
mann effect and the dynamic Stark effect. In addition to this, Ulhaq
et al. [57] have verified photon anti-bunching of the individual Mollow
triplet sidebands and cascaded photon emission between the Mollow
sidebands.

All these investigations are performed in the regime of strong emit-
ter excitation and it was only recently that the resonance fluorescence
regime below emission saturation was accessed experimentally. In two
independent experimental studies Matthiesen et al. [58] and Nguyen et
al. [59] verified the emission characteristics of the resonance fluorescence
emission in the so-called Heitler regime. Interesting characteristics of
this regime are the long coherence properties liberated from the QD
transition in terms of the decay rate and predominantly tailored by the
excitation laser coherence properties. In contrast to the long coher-
ence linked to an ultra-narrow linewidth, the photon-statistics is not
ruled by the excitation laser (Poissonian statistics). The emission in
the Heitler regime is theoretically expected to reveal anti-bunching in
terms of g(®(0) = 0.

4.2 Resonance fluorescence: A quantum me-
chanical description

A semiclassical description of resonance fluorescence was presented in
chapter 2.3.4. In this section a fully quantum mechanical treatment
of a resonantly driven TLS in the framework of dressed states will be
introduced. This is particularly important to explain the non-classical
features of resonance fluorescence, e.g. the photon correlations on the
Mollow triplet components.

In the following the QD is treated as a two-level system with ground and
excited state denoted as |g) and |e). The excitation laser is represented
by coherent light states, which are a superposition of photon number
Fock states |n) (for details see chapter 2.2.4). The uncoupled TLS
and photon number states are illustrated in Fig. 4.1. They can be
expressed as combined uncoupled states |z,n), where x denotes the
TLS state, while n represents the Fock state with the corresponding
photon number. Via the AC Stark interaction of the TLS with the
intense excitation laser (excitation conditions above saturation Q2 >
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Figure 4.1: The uncoupled states are the TLS ground |g) and excited state
le ) and the excitation laser photon Fock states |n). In the depiction the laser
is energetically in resonance with the TLS. The two sub-systems get coupled
due to AC Stark interaction under excitation above saturation. The new
eigenstates of the Hamiltonian are the dressed states |1(n)) and |2(n)) that
are a linear combination of the uncoupled states according to Eqs. 4.1, 4.2.
Each state is defined by the number of quanta n in the sub-manifold. The
energetic separation between the pairs of states equals the Rabi frequency
Q.

(T1T)~1) the combined uncoupled states are no good eigenstates of
the system anymore. The new eigenstates are denoted as |1(n)) and
|2(n)) and usually called dressed states. These coupled states between
the two sub-systems are a superposition of the |z, n)-states. For a total
number of n photons in the system they are [60]

[1(n)) = ¢|g,n) — s|le,n — 1) (4.1)
2(n)) = slg,n) +cle,n — 1)

The complex amplitudes ¢ and s are given as

Q+A Q—-A
c=\—5q > 5= sq (4.3)

What is worth mentioning is that laser-detunings A = Erger — EQp
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Figure 4.2: Left panel: Resonant excitation above saturation S > 1 leads
to the formation of dressed states. The four optically allowed transitions
are indicated by arrows. Right panel: In the spectral domain, the dressed
state emission reveals the characteristic Mollow triplet. Due to the energetic
separation of )g between the dressed state pairs, the Mollow triplet center-
to-sideband splitting equals the Rabi frequency Qo (adapted from [28]).

from the bare TLS resonance lead to an increase in the effective Rabi
frequency 2, assumming that €y = constant. The definition of this
generalized Rabi frequency () reads:

Q= ,/02+A2 . (4.4)

For strictly resonant excitation conditions A = 0 — Q = Qg the two
1

coefficients become s = ¢ = 7

Due to the equal energetic separation of the dressed states for all mani-
folds unlike the Jaynes-Cummings ladder (see chapter 2.4.1), the phys-
ical properties of a strongly driven TLS can be explained via consid-
ering a reduced part of only two neighboring manifolds of the hole
ladder structure as depicted in Fig. 4.2. The four optically allowed
transitions are indicated in the left panel of Fig. 4.2 via arrows. In
the spectral domain these transitions are reflected by the characteristic
Mollow triplet, visualized in the right panel of the graph. The tran-
sitions from |1(n 4+ 1)) — |1(n)) and |2(n + 1)) — |2(n)) give rise to
the emission at the TLS resonance refereed to as Rayleigh line (R).
The two sidebands arise from the transitions |[1(n + 1)) — |2(n)) and
|2(n+1)) — |1(n)). For consistency with the historical nomenclature in
literature (e.g. [60]), the lower energetic sideband is referred to as Flu-
orescence line (F) because it is nearest to the TLS resonance for A > 0.
The high-energetic sideband can be understood to arise from a three-



58 Chapter 4. Emission properties of resonantly excited QDs

photon excitation as illustrated in Ref. [61] and is therefore termed
three-photon line (T). Due to the fact that there are two possible tran-
sitions for a R photon to be emitted, compared to one possibility how
an F or T photon can be emitted, the central peak has twice the area
of the individual sidebands. Shifting the laser frequency from the TLS
resonance A # 0 results in a shift of the central Rayleigh line with the
laser according to

Ep(A) =hwo + A . (4.5)

The off-resonant excitation is accompanied by an increased center-to-
sideband splitting in terms of the effective Rabi frequency Q. For A # 0
the Mollow sidebands are spectrally located at

Erp(A) =hwy + A+ /Q2+ A2 (4.6)

4.3 Planar sample structure

For the experimental investigations presented within this chapter and
also the study about indistinguishable photons from the Mollow side-
bands (chapter 5) as well as the phonon-assisted incoherent excitation
of a QD (chapter 6), a planar sample structure has been employed for
the measurements. This planar sample is grown by metal organic va-
por epitaxy (MOVPE), details about this technique can for example be
found in Ref. [62]. The self-assembled In(Ga)As/GaAs QDs are embed-
ded in a GaAs A-cavity sandwiched between 29 periods of bottom and
4 periods of top distributed Bragg reflectors (DBRs) composed of A/4-
thick AlAs/GaAs layers (see also chapter 7.2). As illustrated in Fig.
4.3, the DBR structure is employed mainly due to its waveguiding effect
on the excitation laser. In combination with the orthogonal excitation-
detection technique the sample structure is particularly suitable for
resonant excitation, since it allows to spatially separate the laser light
from the QD luminescence.

4.4 Resonant spectroscopy of single QDs

For the investigation of the resonance fluorescence of a single QD, the
experimental difficulty is to separate the parasitic laser stray-light from
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Figure 4.3: Schematic depiction of the planar sample structure.
In(Ga)As/GaAs QDs are embedded in a GaAs A-thick cavity sandwiched
between 29(4) pairs of bottom (top) DBRs. For the side excitation the sam-
ple structure provides a waveguiding effect, as schematically indicated in
blue. Together with the perpendicular excitation-detection geometry, the
sample structure allows very good laser stray-light suppression and therefore
investigations of the resonance fluorescence of single QDs.

the true resonance fluorescence signal. Compared to non-resonant ex-
citation schemes the obstacle is the degeneracy of QD s-shell emission
and the excitation laser energy. For typical laser-detunings A of a fine
laser scan over the resonance (see e.g. Fig. 4.4), the combined signal
of both the laser stray-light and the QD luminescence appears as one
single line and cannot be spectrally resolved and separated with the
spectrometer. As explained in section 3.1 three different techniques
are employed to minimize the laser stray-light of resonantly excited
QDs in a planar sample structure. These are an orthogonal excitation-
detection geometry (introduced by A. Muller et al. [53]) in combination
with spatial and polarization-based filtering in the detection path of the
photoluminescence setup.

To achieve strictly resonant excitation of a QD in the experiment, the
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Figure 4.4: (a) Resonance scan over the QD s-shell resonance in steps of
~ 2pueV depicted in an intensity color plot. The collected combined QD
luminescence and laser stray-light signal reveals the onset of resonance flu-
orescence around A = 0. All the spectra were taken at the same excitation
power. (b) Combined integrated QD + laser intensity versus detuning A, ex-
tracted from the spectra of the resonance scan. The solid line is a Lorentzian
fit from which a linewidth of FW HM = 13.90 + 0.62 ueV is extracted. The
vertical offset indicated in grey originates from the constant laser stray-light
background contributing to the collected signal.

QD is first excited via a non-resonant excitation scheme to derive the
approximate s-shell emission energy. The s-shell energy extracted from
the spectra is limited by the resolution of the spectrometer. Therefore it
is necessary to record a so-called resonance scan over the extracted QD
s-shell to exactly determine the resonance energy. Figure 4.4(a) shows
a color intensity plot of such a laser scan where the cw ring laser, which
has a narrow linewidth of ~ 2neV and is thus much smaller than the
exciton linewidth in the range of 10 — 20 peV, is scanned with energetic
steps of ~ 2 ueV over the QD resonance. For laser-detunings that are
larger than the emission linewidth of the QD, the collected light is only
parasitic laser stray-light. Around A = 0 the onset of resonance flu-
orescence is clearly reflected in the increase of the combined QD and
laser stray-light signal. The spectra of the resonance scan have all been
taken under the same excitation power of the laser (~ +5% variation).
Figure 4.4(b) shows the integrated intensity of the composite laser and
QD signal extracted from the resonance scan spectra. The vertically
shifted Lorentzian profile reflects the QD absorption profile, whereas
the constant background ist due to the laser stray-light.
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If the effective potential of the QD has a symmetry lower than Dsp,
the excitonic emission of the QD has a fine-structure splitting, typically
in the range of Apgs = 10 ueV (see chapter 2.1.3). This can also be
traced in the fine laser scan over the QD resonance as has been shown
by Ates et al. [63]. The scan in Fig. 4.4 does not reveal any exciton
fine-structure, which can be due to two reasons. First the QD can be
aligned in a way that the linearly polarized laser excites only one exciton
fine-structure component. Secondly, the polarizer for laser stray-light
suppression in the detection beam path is set to an angle that fully
suppresses one of the exciton fine-structure emission components.

4.5 Power- and detuning-dependence of res-
onance fluorescence

This section focuses on the introduction of basic experimental results
of a resonantly excited TLS in dependence on excitation power and
laser-detuning. Compared to the theoretical treatment of the QD as a
bare TLS, the experimental results reveal first hints of the interaction
of the QD with the surrounding solid state medium, which will be ex-
plained in a refined version of RF under consideration of QD-phonon
interaction in chapter 4.7.

As a typical example, the left panel of Fig. 4.5 shows the evolution
of the Mollow triplet under strictly resonant emitter state preparation
A = 0 with excitation power. The excitation strength is increased
from bottom to top. The arrows mark the Mollow triplet sidebands
that correspond to the Rayleigh line at § = 0. Because of the Fabry-
Pérot technique in HRPL, all spectral features appear periodically with
an offset equal to the interferometer FSR. As theoretically expected,
the F and T sidebands are found to have equal Rabi splittings Qg from
the Rayleigh line and identical peak areas. The central Rayleigh line
has contributions from the incoherent and coherent emission part of
RF and it also contains parasitic laser-stray light. The incoherent part
of the resonance fluorescence emission is expected to reveal a ratio of
2 : 1 for the central peak area to the individual sideband areas. For
the Mollow triplet, which is depicted in green in Fig. 4.5 the ratio
is found to be 2.5 : 1. The larger central Rayleigh. peak area can
be attributed to two reasons. First, the resonance fluorescence con-
tains a coherent emission part in addition to the incoherent Mollow
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Figure 4.5: Left panel: Power-dependent Mollow triplet series under reso-
nant excitation A = 0. The blue arrows indicate the Mollow triplet sidebands
that belong to the Rayleigh line at 6 = 0, the other peaks belong to an ad-
jacent order of the scanning Fabry-Pérot interferometer. With increasing
excitation power, the Rabi frequency o that is manifested in the Mollow
triplet center-to-sideband splitting increases. Right panel: Qg versus VP
reveals the expected linear behavior.

triplet emission, which is theoretically expected to be a §-peak at the
Rayleigh line energy. Depending on the exact value of the saturation
parameter S = Q?/(T'2T'1) the ratio of the coherent to incoherent part
can be calculated. Figure 2.13 depicts these two resonance fluores-
cence contributions in dependence on S. The incoherent part decreases
with increasing saturation parameter, its value is also critically depen-
dent on the pure dephasing 7T}, that the system undergoes. The
Rabi splitting of the green Mollow triplet in Fig. 4.5 is found to be
Qo = 11.9ueV. To get a rough estimation of the percentaged contri-
bution of the coherent emission part reasonable values for T and T5 of
a QD in a planar MOVPE grown sample structure are assumed. With
T, = 800 ps and Ty = 800 ps the saturation parameter is S ~ 5. In this
case the ratio of the incoherent to coherent emission part is approxi-
mately 9 : 1, thus the contribution of the coherent part to the central
peak area Accpirar = 2.5 1S Aconerent =~ 0.45. The remaining contribu-
tion is due to stray-light of the excitation laser, that was not filtered
out completely by the employed laser-suppression techniques. From the
estimation it can be concluded, that the laser stray-light suppression
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Figure 4.6: (a) HRPL of the QD resonance fluorescence under system-
atic variation of the laser-excitation detuning A, taken at a fixed power of
P =500 uW. § denotes the spectral emission detuning from the bare emit-
ter resonance. Green center trace: Mollow triplet under strictly resonant
excitation A = 0. (b) Spectral evolution of the Mollow sidebands with laser-
detuning A, extracted from (a).

is very good and the predominant part of the collected light is true
resonance fluorescence of the QD emission. In the right panel of Fig.
4.5 the extracted Rabi frequency € is plotted versus the square root of
excitation power v/P. As theoretically expected from the definition of
the Rabi frequency (see Eq. 2.50) Qg o V/P, a straight line nicely fits
the data extracted from the HRPL spectra, thus revealing consistency
with theoretical expectations. The slope of the line depends on the
specific system under investigation and the experimental conditions. It
is worth mentioning that the power P was measured outside the cryo-
stat and can only be regarded in terms of a relative excitation intensity.
In contrast, the experimentally observed Rabi frequency includes the
electric field at the TLS location inside the semiconductor sample.

Figure 4.6(a) shows a series of laser-detuning-dependent Mollow triplet
spectra taken at a constant excitation strength of P = 500 uW. The
laser-detuning between the driving field and the bare emitter resonance
hwy modifies the dressed emission, according to Eqs. 4.5, 4.6.

The extracted spectral positions for the red and blue Mollow sidebands
and the central Rayleigh line are depicted in Fig. 4.6(b). The fit corre-



64 Chapter 4. Emission properties of resonantly excited QDs

sponding to Eqs. 4.5, 4.6 perfectly reproduces the experimental data.
So far the power- and detuning-dependent observations have been in
agreement with theoretical predictions of a resonantly excited TLS.
A closer look at the detuning-dependent Mollow triplet series reveals
distinct broadening of the Mollow sidebands with increasing A, accom-
panied by a change in the relative sideband intensities. This results
from the fact that even when the QD exciton is treated as a TLS, the
interaction of the surrounding solid state medium especially with the
phonon bath has to be incorporated. In the following sections phonon
interaction in the specific case of excitation-induced dephasing will be
introduced and a theoretical approach in terms of a polaron master
equation will be presented, which includes the phonon interaction in a
refined theoretical description.

4.6 Excitation-induced dephasing

State-of-the-art experimental investigations on the resonance fluores-
cence emission of a single QD by Ulrich et al. [64] have revealed a sys-
tematic Mollow triplet sideband broadening with increasing excitation
strength found to be proportional to the square of the Rabi frequency
Q. These studies in the spectral domain have been in good agreement
with earlier experiments from Ramsay et al. [65,66]. Their investi-
gations have revealed a non-monotonic damping of Rabi rotations via
pulsed photocurrent spectroscopy under increasing pump strength. The
experimentally observed behavior cannot be explained by assuming a
constant pure dephasing independent of 2 as the only pure dephas-
ing mechanism that the TLS undergoes. As has been shown in these
publications, the data has been convincingly modelled with a power-
dependent dephasing rate of I'p;p = KQ? being proportional to the
square of the Rabi frequency 2. For a theoretical description of this
effect the solid state surrounding medium of the QD has been iden-
tified as the principle source of the observations explained above in
terms of exciton interaction with longitudinal acoustic phonons via
deformation potential coupling [67-71]. The effect is usually termed
as excitation-induced dephasing (EID) and can be understood qualita-
tively from a general resonance argument. The dephasing is dominated
by the phonons that are most strongly coupled to the QD carriers which
correspond to those that have a wavelength comparable to the QD size.
The frequency that corresponds to these maximally coupled phonons is
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termed cut-off frequency w.. These modes are most effectively driven
when the carrier dynamics, which implies the Rabi frequency, is reso-
nant with them, too. As the Rabi frequency is increased towards w,., the
carrier-phonon coupling increases as well, leading to a larger dephasing
in terms of damped Rabi oscillations in combination with broadened
Mollow sidebands. The dephasing rate decreases again when the car-
rier dynamics and therefore the Rabi frequency is increased further.
This resonant nature of the carrier-phonon coupling behavior leads to
a subsequent disappearance and reappearance of Rabi rotations as the
driving field is systematically increased.

According to Ref. [70] the spectral density for the phonon states reads:

D. — Dy)? wrd?
J(CU) = wgﬁ exp < - 2u2 ) (47)

= a,w’ex o
- ? P 2w?2

For the calculation a spherical harmonic confinement potential of the
QD and the assumption of equal electron and hole ground-state lo-
calization length have been made. D. and D are the bulk electron
and hole deformation potential constants, respectively. u denotes the
speed of sound in the material, d is the dot dimension and A the
sample density. In addition the derivation is based on the assump-
tion of a linear dispersion in terms of w, = uq. For typical param-
eters for In(Ga)As/GaAs QDs (see Appendix A), Fig. 4.7 displays
the normalized phonon density of states for three different QD sizes
d =5,10,15nm. The spectral density increases towards the cut-off fre-
quency w ~ w, = u/d, and is found to be higher in energy for smaller
dots. Thus for increasing driving strength €2, the density of the reso-
nant phonons increases towards the cut-off frequency, leading to larger
dephasing in the system. For very high excitation strength, the phonon
density decreases again and therefore the phonon-induced dephasing is
also reduced.

From an experimental point of view, the reachable Rabi frequencies
under resonant cw excitation 2 < 100 ueV are far below the cut-off
frequencies w. > 1meV. Therefore it is only possible to observe the
increased dephasing in terms of Mollow sideband broadening, but not
the sideband narrowing regime.
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Figure 4.7: Normalized phonon density of states for three different dot
diameters d according to Eq. 4.7. For smaller dots the cut-off frequency
w. indicating the energy maximum of the phonon density function shifts to
higher energies.

4.7 Polaron master equation for a resonant-
ly excited TLS with phonon interaction

In chapter 2.3 the interaction of a bare TLS and a monochromatic
laser field was introduced. For a thorough description of the excitonic
emission spectra of a QD, the exciton-phonon interaction has to be
incorporated into the theoretical model. From a theoretical point of
view, there are various different approaches how to obtain an equation
of motion for the QD dynamics from the system Hamiltonian. One way
is to apply the numerically exact path integral method [72,73], another
option is to use a fourth-order correlation expansion [74,75] or employ
a master equation approach of weak coupling [70], variational [76] or
polaron type [71,77].

The joint experimental-theoretical investigations of the detuning-de-
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pendence of a coherently excited QD [78| presented in chapter 4.8, the
research about the Mollow quintuplets of a coherently excited QD [79]
(see chapter 4.9), and the work about phonon-assisted incoherent ex-
citation of a QD [80] (see chapter 6) have been performed in close
cooperation with the group of Prof. Stephen Hughes (Queen’s Univer-
sity, Kingston, Ontario, Canada). The experimental data have been
modelled with a polaron master equation-based theory, which has been
developed by Prof. Stephen Hughes and co-workers, as described in
detail in Refs. [71,77-80]. In this section, a brief introduction into the
system Hamiltonian will be given together with the discussion of sev-
eral important aspects of the model. For a comprehensive description,
which is not the aim of this section, the reading of the listed above
references is suggested.

Theoretically the QD is modelled as an effective TLS driven by a co-
herent cw pump field. The phonon bath is represented by a continuum
of harmonic oscillators of frequency w, with phonon annihilation and
creation operators b, b:g. Aq is the coupling strength of the electron-
phonon interaction due to deformation potential coupling with LA
phonons. The system Hamiltonian is the starting point for the theoret-
ical analysis. After transformation to the frame rotating with respect

to the laser pump frequency wy,, the Hamiltonian reads

H=-hAcTo™ + (ot +07) (4.8)
+0T0T Y hAg(bg + b)) + > hwgbib,
q q

with o/~ being the Pauli operators of the exciton and 7, = 2§ the
exciton pump rate of the coherent cw laser field. In the following €2,
denotes the renormalized Rabi frequency due to exciton-phonon inter-
action. For negligible phonon interaction €2, equals €.

The first part of the Hamiltonian expresses the exciton energy, the
second one the dipole interaction of the TLS with the driving field (see
chapter 2.3.2). The third summand accounts for the electron-phonon
interaction, whereas the last term is the total phonon energy of the
system. Via the transformation
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H' =¢eHe™  with (4.9)
A
gty f
S=oc%o E wz (b —bg) (4.10)

q

the Hamiltonian is transformed into the polaron frame. The Hamilto-
nian can be divided into three summands, a system part Hg, a reservoir
part Hf,, and an interaction part Hj, according to

Hy =n-A—Ap)oto™ +(B)X, (4.11)

Hp = hwgbib, (4.12)
q

Hy = X 65+ Xubu (4.13)

The following abbreviations are used above: §{; = 1/2(B,+B_—2(B)),
&u=1/(20)(By —B_), X, = hny(c~ +07"), and X, = ihn, (ot —07).

B are the coherent displacement operators of the phonon modes
Bs :exp(izﬁ(b —b+)) , (4.14)
g W o

after thermally averaging the operator reads

(B) = exp (— % /O " o JL“;) coth (hw/(ZkBT))> . (4.15)

The polaron frequency shift is given by

aoe [Cate) o
0 w

it accounts for the renormalization of the QD exciton resonance fre-
quency due to coupling to the phonon modes; however, it is assumed
that the polaron shift is implicitly included in the exciton energy w,.
The phonon-induced renormalization also affects the Rabi frequency
and the radiative decay rate. The former can be visualized as the
slowing down of the Rabi rotation under resonant excitation due to
phonon-coupling. Due to the interaction, the oscillation accumulates a
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phase difference with respect to the excitation, which leads to a reduc-
tion in the Rabi frequency. Secondly, due to the phonon interaction,
the radiative decay rate is also renormalized and therefore lowered, re-
sulting in a larger decay time [77]. The renormalized Rabi frequency €2,
can be significantly smaller than {2 for suitably large electron-phonon
coupling, even at low temperatures. For In(Ga)As/GaAs material pa-
rameters given in Appendix.A and at low phonon bath temperature
of T = 6K, (B) ~ 0.75 and this value decreases with increasing bath
temperature.

In addition to the electron-phonon interaction, it is necessary to in-
clude pure dephasing 7' and radiative decay < into the model to ob-
tain a complete description of the system dynamics. This is done
in a phenomenological manner via Lindblad operators of the form
L[O] = 20p0" — OT0p — pOtO. Tt is then possible to derive the
Markovian time-convolutionless master equation, and based on sev-
eral restricting assumptions an effective phonon master equation, which
leads to the same results as the full master equation for the regime of
interest as discussed in detail in Ref. [78]. The effective master equation
reads:

ot

) - re’
[HY, p(1)] + %L[a*] + %L[ﬁa*] +LLfot] (a17)

o 1

ot ih
Fg}; Tr~— cd ( _+ _+ — o
+ TL[O- ] - th(a po +o po )

The pump-driven scattering processes are obtained from

ot /o QZ oo .
re,’ :;Re[ /O dTei‘AT(eqﬁ(T)—l)} (4.18)

02 o
F;‘fl = ;Re[/ drcos (AT)(1 — e_¢(7))} ; (4.19)
0

with the phonon correlation function

6(t) = /0 oodwjgs)[coth(hw)/(%BT)cos(wt)—isin(wt)} . (4.20)

It is worthwhile having a closer look at the different physical origins of
the dephasing that the system undergoes.
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Figure 4.8: Illustration of the physical meanings of ng/i. Left: F;; re-
sults in phonon-assisted incoherent excitation of a TLS for laser excitation-
detuning from the bare TLS resonance. The energetic difference between
laser energy and TLS resonance is compensated by the absorption or emis-
sion of a phonon with corresponding energy. The phonon vibration modes

are indicated by green horizontal lines. Right: F;‘,; is the phonon-assisted
rate corresponding to the opposite process termed phonon-enhanced radia-
tive decay.

ng is the rate of phonon-assisted incoherent excitation as illus-
trated in Fig. 4.8. When the laser excitation is slightly detuned
from the TLS resonance, the difference energy is mediated via
phonon absorption or emission. A detailed study of this effect is
presented in chapter 6.

Fg,; corresponds to the opposite process of FZZ , termed phonon-
enhanced radiative decay, illustrated in Fig. 4.8.

The magnitude of the combined phonon scattering rates vy,n =
FZ; +T'g, is proportional to Q7. ~,, affects the spectral width
of the Mollow triplet components according to Eq. 4.22 and is
therefore identified as the origin of excitation-induced dephasing.

F;ﬁll is the cross-dephasing rate that only affects the off-diagonal
components of the Bloch equations (see Ref. [78]). Therefore it
only affects the polarization but not the population of the system.
According to Eq. 4.18, it is dependent on the excitation strength
and the phonon correlation function. Concerning the spectral
width of the Mollow triplet components, the cross-dephasing term
acts to squeeze the sidebands while broadening the center line.
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From the calculations in the limit of high-fields and on-resonance exci-
tation (A = 0), the system reveals the familiar Mollow triplet [81]

Yeenter 1 Vside

v t 2+7
ceZ er +(W7WO)

Satoliow (W) =
2 ’Yzide + (w —wy — Qr)2

(4.21)

+ } ; Vside
2 szlde + (w —wo + QT)Z

with the following abbreviations for the Mollow sideband width ;g
and central linewidth Yeenter:

Yeenter = 7Y + ’YI + ’Vph(Qr) + Vcd(Qr) (422)
3 1
Vside = 5('7 + ’th(Qr)) + 57/ - 'ch(Qr) . (423)

It is perfectly obvious that the Mollow sidebands and the central line
have a different linewidth. All three lines are broadened by ~,n. The
central line is additionally broadened by 7.4, whereas the sidebands are
squeezed due to the cross-dephasing rate. In the ideal case of a Fourier
transform-limited system (only intrinsic radiative decay v # 0 and
Y = Yph = Yea = 0) the sidebands have a width of y5/71 = 2+ whereas
the central linewidth is 1L = « (given in angular frequencies), hence

the coherence of the sidebands and the central line differs.

4.8 Detuning-dependent Mollow triplet:
Regimes of sideband broadening and
narrowing

The effect of Mollow triplet sideband narrowing dependent on the laser-
excitation detuning from the bare emitter resonance was previously
reported by Ulrich et al. on a QD embedded in a micropillar struc-
ture [64]. Nevertheless, in this publication the explanation of the phe-
nomenon had to be left open for further in-depth theoretical analysis.
Motivated by these findings, McCutcheon et al. [82] have shown theoret-
ically that increased excitation-detuning from the excitonic resonance
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can lead to an increased narrowing of the Mollow triplet sidebands
(see Fig. 2 of their publication). In this section, which is based on
the publication of Ref. [78], the change of the Mollow sideband width
in terms of sideband broadening or narrowing will be discussed and
the theoretical predictions will be compared to a detailed analysis of a
detuning-dependent Mollow triplet series. The calculations are based
on the polaron master equation approach introduced in chapter 4.7.

In order to distinguish the different regimes of sideband narrowing and
broadening the ratio r, defined as

r:’7p0l+7cd:1{1+7/+27cd:| ’
“pop 2 Y+ vk
is introduced, with the following abbreviations for polarization and

population decay

(4.24)

1

Ypol = 5@;; +T%, +v+7) (4.25)
Yoop =00 +T5 +7 (4.26)
and
Yon =T +T2, (4.27)
Yea =TS0 . (4.28)

As illustrated in Fig. 4.9, a systematic increase of the excitation-
detuning A can either result in spectral sideband broadening or nar-
rowing, depending upon the value of r, which is definded in a way that
the cross-over between the two different regimes occurs at r ~ 1. For
r < 1, spectral sideband narrowing is predicted theoretically, this is
the case if 4" + 2v.q < v + Ypn. For typical experimental conditions
Yea and v, are much smaller than +" and -, therefore the approxi-
mate condition for sideband narrowing becomes v’ < ~, thus it can
be observed for systems with small pure dephasing rate compared to
the radiative decay rate. The opposite trend of sideband broadening
occurs for r > 1 and therefore for systems with large pure dephasing
fulfilling ' > ~. Interestingly enough, the reverse trend is observed
for the center resonance. When the sidebands broaden (narrow) the
center line narrows (broadens) with increasing A. For strictly resonant
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Figure 4.9: (a) Analytically computed spectrum as a function of detuning
for three different values of r. Positive and negative detunings |A| simply
reveal a mirror image of each other. For the calculation, the following pa-
rameters are used: €. = 50pueV, Yea ~ 0.6 ueV and vpn ~ 1.6 ueV. 7~
and v are adjusted to maintain the same on-resonance FWHM value of the
sidebands of 5.6 peV. For r = 0.7, 1.0, 1.81, v'(v) are 0.4(2.4),2.2(1.8) and
5.1(0.8) ueV, respectively. (b) Extracted FWHM of the lower (red dots) and
higher (blue dots) energy sideband as a function of detuning A. The trend of
either increasing or decreasing sideband linewidth as a function of increasing
laser-detuning A, depending upon the value of r, can clearly be observed. r
is defined in a way that r =~ 1 denotes the cross-over between sideband broad-
ening and narrowing. In addition to the change of the sidebands’ width the
red and blue sidebands reveal different areas for A # 0 for all values of .

excitation A = 0, the Mollow sidebands have equal width and area. In
contrast, off-resonant driving A # 0 leads to a Mollow triplet where
the two sidebands have different areas. For A # 0 the Mollow triplet
is only symmetric for the hypothetic case where all phonon terms are
neglected and v/ = 0 (i.e. no pure dephasing).
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Figure 4.10: Determination of the pure dephasing rate v’ and electron-
phonon coupling strength o,. The graphs show the expected linear in-
crease of the FWHM of the Mollow sidebands versus 2 as extracted from a
power-dependent Mollow series (not shown) under strictly resonant excita-
tion (A = 0) due to excitation-induced dephasing. A comparison between (a)
the theoretical predictions (slope: 9.3x10™*(ueV) ') and (b) the experimen-
tal data (slope: 9.8 x 107*(ueV)™!) reveals best consistency for a dephasing
rate of ¥/ = 4.08y = 3.43 eV and o, /(27)% = 0.1540.01 ps® (T = 6.0+0.5K,
v = 0.84 4 0.04 ueV (784 & 10ps)). 7ea and ~ypn scale with Q2. Evaluated
at Q, = 22.7 peV, they have the following values: vcq = 0.13 £ 0.01 peV and
Yph = 0.34 £ 0.02 peV.

In the following, an experimentally measured detuning-dependent Mol-
low triplet series for the conditions r > 1 will be compared to the theo-
retical descriptions. Before modelling the data, the characteristic values
for the theoretical calculations were derived via independent experi-
ments. The sample temperature was measured to be T'= 6.0 = 0.5 K.
Due to the planar sample structure with no Purcell-like enhancement,
all QDs have a similar decay rate -y, which is extracted from time-
correlated photon counting measurements. Typical decay times are
found to be 750 — 850 ps, yielding v = (0.77 — 0.88 ueV). The renor-
malized Rabi frequency of Q, = 22.7 ueV is derived from the Mollow
center-to-sideband splitting of a excitation power-dependent Mollow
triplet series at A = 0. The cut-off frequency proportional to the in-
verse dot size is set to w. = 1meV. To carefully identify the pure
dephasing rate «' and the electron-phonon coupling strength «,, the
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spectra of a power-dependent Mollow triplet series of the QD at zero-
laser-detuning A = 0 were modelled with v and «,, as the only free
parameters. The extracted FWHM of the Mollow sidebands in depen-
dence on Q2 can be reproduced adequately with a pure dephasing rate
of v/ = 4.08y = 3.43 ueV, equivalent to a pure dephasing time of 192 ps
and a,/(2m)? = 0.15 £+ 0.01 ps®. A direct comparison between the ex-
tracted FWHM of the experimental data and the theoretical model is
shown in Fig. 4.10. The theoretically expected linear increase in the
FWHM with Q2 due to EID (left panel) shows very good agreement
with the experimentally extracted slope of the linear fit (right panel).
The extracted value for the electron-phonon coupling constant o, is
higher than the values used in Ref. [80,83]. However, no accepted num-
bers exist in literature to date. a;, quantifies the strength of the exciton
phonon-coupling linked to the dimensionless Huang-Rhys parameter via
the relation Spr = a,/(2m)*c} /12, (c; being the speed of sound and
le/n the electron/hole confinement length) [83]. For the experimental
conditions above the calculated Huang-Rhys parameter is found to be
Syr = 0.085. Experimentally the Huang-Rhys factor is often derived
directly from the ratio of phonon replica compared to the ZPL in photo-
luminescence measurements. For In(Ga)As/GaAs QDs the experimen-
tally derived values cover a large range Syr = 0.01 — 0.5 [84,85]. As
has been shown, Sg g varies from sample to sample and is dependent on
the size, shape, and possible inhomogeneity of the strain distribution in
the QD and therefore the excitonic wave function of the confined carri-
ers. In addition, Sy g is known to be enhanced in zero-dimension QDs
compared to bulk material [86]. Here the usually employed adiabatic
approximation, assuming that the confinement energies exceed char-
acteristic phonon energies so that phonon coupling between different
electronic states can be neglected, might not be valid anymore. Non-
adiabatic effects and defects surrounding the QD have to be considered
for the calculation of a phonon-coupling strength that is in agreement
with experimental results.

According to the calculations in Ref. [78], the phonon scattering rates
Ypr = 0.34 ueV and cross-dephasing v.q = 0.13 ueV can be derived
and are found to be constant in the detuning range accessible in the
experiments.

With all parameters at hand, the experimentally measured detuning-
dependent Mollow triplet series is compared with the theoretical expec-
tations in terms of sideband broadening and the change in the relative
sideband areas Ap/p = Ir/p/(Ir + I7), with I denoting the integrated
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Figure 4.11: Detuning-dependent Mollow triplet series at P = 500 ueV,
showing theoretical predictions (upper panel) versus experimental results
(lower panel) for a system with r = 2.01. (a) Mollow triplet spectra for
increasing detunings, A, the spectra are plotted with respect to the ener-
getic laser position set to zero. (b) FWHM of the blue and red Mollow
sideband reveal distinct sideband broadening with increasing laser-detuning.
(c) Change of the relative Mollow sideband area with A. In all three cases
the theoretically expected trend is in accordance with experimental findings.

peak areas of the F' and T sideband, respectively. Figure 4.11(a) shows
a direct comparison of the Mollow triplet spectra for increasing detun-
ing A > 0, from which the FWHM and relative intensities are extracted.
The discrepancy between the expected and measured central Mollow
line intensity results from the fact that the theoretical calculations in-
clude only the incoherent part of the resonance fluorescence, whereas
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in the experiment the central R-line has additional contributions of the
coherent emission part and scattered laser stray-light that cannot be
experimentally separated. It is therefore only possible to compare the
theoretical expectation for the Mollow sidebands with the experiments,
but not the central Rayleigh peak. As calculated via the different de-
phasing rates, the system under investigation reveals r = 2.01 and
therefore an increase in the sidebands’ width is expected according to
the theoretical model. As a matter of fact, Fig. 4.11(b) reveals a sys-
tematic increase with increasing detuning A. In addition, the relative
sideband areas Ap,r dependent on A are plotted in Fig. 4.11(c). As
becomes visible from the Mollow spectra for positive detunings, the red
sideband gains in intensity whereas the blue sideband area decreases
and vice versa. The crossing between relative intensities is expected
to occur at A = 0. Interestingly enough, the detailed analysis of all
detuning-dependent Mollow triplet series performed on different QD
revealed a crossing at moderate negative laser-detuning values. A de-
tailed interpretation of the physics behind this effect has to be left open
to further in-depth analysis.

Due to the high value of pure dephasing 7/ in the MOVPE grown
sample, which causes r > 1, the effect of spectral sideband narrowing
could not be observed experimentally on QDs in the planar sample
structure. Nevertheless, the regime of distinct sideband narrowing has
been accessed experimentally by Ulrich et al. [64] (see Fig. 3(d) of the
publication) on a QD embedded in a micropillar cavity structure. Due
to the small pure dephasing in the sample grown by molecular beam
epitaxy, the regime of 7 < 1 can be reached. A direct comparison of
the results with the theoretical model requires the inclusion of QED-
cavity coupling into the polaron master equation approach. It is worth
mentioning that previous numerical studies by Prof. Stephen Hughes
[81] were performed in this regime. The experimentally observed very
strong narrowing with increasing laser-detuning could not be obtained
quantitatively, suggesting that further work is required to explain the
significant narrowing effects that can be observed in the experiment.

4.9 Mollow quintuplets

As described in chapter 2.1.3 the excitonic QD state is subject to
electron-hole spin exchange interaction. For QDs with anisotropic con-
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Figure 4.12: Schematic depiction of a QD embedded in a weakly coupled
planar cavity under cw laser-excitation with a field vector that is linearly
polarized within the © — y plane and tilted by an angle © (e.g. © = (7w /4))
relative to xgp. Both fine-structure components with their electric dipole
oriented along xop and yop (internal coordinate system of the QD, as indi-
cated in the graph) can be excited simultaneously with the laser. The linear
laser polarization is indicated by double arrows.

finement (symmetry lower than Dyp) the corresponding emission re-
veals a so-called fine-structure splitting, typically in the range of ~
10 eV [63]. Depending on the QD orientation and therefore the orien-
tation of the dipole moments of the two fine-structure components with
respect to the excitation laser, it is possible to resonantly excite both
components at the same time. The two different exciton configurations
for the electron-hole pair can be considered as two individual excitons.
Therefore both should display the typical Mollow triplet in the spectral
domain under resonant excitation above saturation. Hence, intuitively
the combined spectrum should theoretically reveal a six-peak struc-
ture, the combination of two Mollow triplets, one for each exciton. For
the investigations of the Mollow quintuplets from coherently excited
QDs [79], the theoretical expectations based on the polaron master
equation approach (see chapter 4.7) will be presented first. Then the
theoretically expected behavior will be compared to experimentally de-
rived Mollow triplet HRPL spectra.
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To better illustrate the system, Fig. 4.12 shows a schematic of the exci-
tation geometry and a QD with random orientation with respect to the
sample edge. The theoretical calculations are again based on a polaron
master equation approach as described in chapter 4.7. The Hamil-
tonian is modified to account for the two fine-structure components
of the exciton; they are treated as two independent excitons coupled
to a common phonon bath. Neglecting any QD zero-phonon line decay
mechanism and working in the rotating frame with respect to the pump
laser frequency wy,, the Hamiltonian reads

H=-Y hAjofo; +> (hQ)/2)(c] +07) (4.29)
J J
+ ) hXjqo) o5 (bl +bg) + > hwgblibg (4.30)
Jq q

In accordance with chapter 4.7, the following notations are used: A;
wr, — wg; are the laser exciton detunings (where the index j = 1,
indicates the correspondence to the two different excitons), 0';_, o;
are the Pauli operators of the jth exciton, ); 4 are the exciton-phonon
coupling strength, and Qg are the effective Rabi frequencies.

In the most general case, the two exciton fine-structure components will
have different dipole moments, leading to different maximum renormal-
ized effective Rabi frequencies Q; = <B>Q§-). According to the illustra-
tion in Fig. 4.12(b), the pump polarization angle © with respect to the
dipole orientation needs to be considered. Therefore the two renormal-
ized effective Rabi frequencies are ) = 5 cos(©) and Q5 = Qg sin(O).
For the theoretical calculations illustrated in Fig. 4.13, equal Rabi fre-
quencies were assumed for the sake of clarity Q10 = (B)Q, = ¢/,
though in general these will differ. The red traces in Fig. 4.13 show
the theoretically calculated emission spectra without exciton-phonon
coupling, whereas the blue traces show the results with phonon scat-
tering. As directly reflected from the Rabi center-to-sideband splitting
in all the spectra, the interaction with phonons leads to a renormal-
ization of the Rabi frequency in terms of a reduction due to (B) < 1.
The different peak width and areas are due to the slightly detuned
excitation with respect to the exciton resonance. These characteristic
features are explained in detail in chapter 4.8. The main parameters
for the calculations are given in the figure caption. The left panel of
Fig. 4.13 shows the theoretical expectations for the incoherent part
of the resonance fluorescence emission for a fixed Rabi frequency and

o Il
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Figure 4.13: Theoretical calculations of the incoherent resonance fluores-
cence spectrum. The red trace shows the spectrum without phonon scattering
whereas the blue trace depicts the spectrum with exciton-phonon interaction.
The maximum Rabi frequencies €)' are assumed to be equal for both exci-
tons, and therefore Q] = ' cos(©) and Q5 = ' sin(0). As is clearly visible,
phonon scattering leads to a renormalization and therefore a reduction of the
Rabi frequency. Left panel: Spectra for three different excitation angles © for
fixed Q' = 30 ueV. Right panel: ' is increased (from bottom to top) under
the assumption of a fixed © = 7 /8, leading to an increasing Mollow center-to-
sideband splitting. For the calculation the following parameters are used: A
phonon bath temperature of T = 6 K, a radiative and pure dephasing decay
rate of y12 = fy{,z = 1peV, a fine-structure splitting of Apss = —12 ueV
with the two detunings A1 = —As = —6ueV from the bare resonance of
the two excitons. In addition, standard parameters for In(Ga)As/GaAs QDs
are employed (see Appendix A). a1, is a scaling parameter that adjusts the
strength of the excitonic emission through cavity decay. It is proportional to
the exciton dipole moments and may differ depending upon the amount of
asymmetry in the QD, here a2 = 1.

different angles between laser-excitation and dipole orientation ©. For
© = 0, only one exciton component (xgp) is excited and the spectrum
shows the expected Mollow triplet for a resonantly excited QD under
strong excitation conditions. As © increases, the other orthogonal ex-
citon component (yop) is gradually excited, as can be clearly seen at
O = 7/8, where the Mollow triplet evolves into a Mollow quintuplet. At
© = /4, the quintuplet merges into a triplet again if the two excitons
share symmetric parameters. In this case the effective renormalized
Rabi frequencies are equal €2} , = ' cos (7/4) = ' sin (7/4) and both
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Figure 4.14: Experimental data for a resonantly excited In(Ga)As/GaAs
QD and the corresponding theoretical simulations for a phonon bath tem-
perature of T = 6 K. Black lower and red upper trace: Experimental HRPL
spectra for pump powers of 50 uW and 100 uW, respectively. Blue: The-
oretical fits to the data using the following parameters: v1 = 0.55 ueV (=
1197ps), v2 = 0.85 ueV (= 774ps), v1 = 5.93 ueV (= 111ps), v5 = 7.13 ueV
(= 92ps), Arss = 10pueV, a1 = 1 and az = 0.4. The Rabi frequen-
cies are Q) = 13.66/v2pueV, Q4 = 21.96/v/2 ueV (black lower trace) and
O} = 13.66 peV, Q5 = 21.96 ueV (red upper trace).

individual Mollow triplets coincide. In the right panel of Fig. 4.13 the
spectra at © = 7/8 for various Rabi fields are depicted. As expected,
the Rabi center-to-sideband splitting increases with increasing pump
strength (bottom to top). Theoretically, one might expect six peaks
for the incoherent spectrum in the general case. However, both central
Rayleigh peaks are situated at the laser pump frequency and therefore
merge to one peak, so there are actually five peaks resolvable.

Figure 4.14 shows the experimental results (black lower and red upper
trace) in combination with the theoretical simulations (blue traces).
Due to the fact that the experimental central peak includes both co-
herent and incoherent contributions from the resonance fluorescence
signal and additional parasitic laser stray-light, the theoretical expec-
tations can only be compared for the Mollow sidebands, but not with
the central Rayleigh line. The black data points belong to an excitation
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strength of P = 50 uW whereas the red points correspond to twice the
excitation power P = 100 uW. The black inner arrows and red outer ar-
rows indicate the inner and outer sidebands of the quintuplet. It should
be mentioned that no additional characterization measurements exist
for the QD on which the HRPL data has been taken. Therefore the
values necessary to model the data are set to reasonable values in accor-
dance with Refs. [78,80,87], where the investigations were performed on
QDs of the same planar sample structure. The aim of the comparison
between experiment and theory is therefore to prove the validity of the
theoretical model and the observation of the effect of Mollow quintuplet
emission in a qualitative manner. For the reasonable parameters given
in the figure caption, the experimental results obtain very good agree-
ment with the theoretical expectations. It is worth mentioning that
the spectral features of Mollow quintuplets were observed on many
In(Ga)As/GaAs QDs in the planar sample under investigation.

In the theoretical model the two fine-structure components of the ex-
citon are treated as two independent excitons. The comparison of the
experimentally derived Mollow quintuplet emission spectra with the
theoretical investigations has been found to be in very good agreement,
thus validating the theoretical approach. Nevertheless it is worth hav-
ing a closer look at the outcome of the cross-correlation of for example
the two higher energetic Mollow quintuplet sidebands originating from
the two different fine-structure components of the resonantly excited
exciton. For the auto-correlation of the Mollow triplet sidebands single-
photon emission with ¢(*)(0) = 0 is expected, as discussed in chapter
5.1. For the cross-correlation between two independent antibunched
emission lines the auto-correlation should display g(2)(0) = 05. In
fact, the two fine-structure components are not independent. Resonant
excitation of a QD leads to the creation of exclusively one electron-hole
pair corresponding to one fine-structure component. The creation of
a second electron-hole pair would lead to the formation of a biexci-
ton and not to the population of the second fine-structure component.
Thus both exciton fine-structure components cannot be excited simul-
taneously. Due to this reason the cross-correlation among the Mollow
sidebands of different exciton spin configurations should display anti-
bunching in terms of g(?(0) = 0.



Chapter 5

Indistinguishable photons
from the Mollow sidebands

The experimental verification of two-photon indistinguishability is based
on a simple beam splitter experiment, as depicted in Fig. 5.1. Classi-
cally, two photons entering a beam splitter from opposite sides have four
different possibilities to exit the BS, either through different ports or
through the same output port. Figure 5.1 left panel shows the the joint
probability of photon-detection at the two outputs. Ideally, g(z)(()) can
be as low as 0.5. If the two photons that enter the BS are indistinguish-
able, meaning they have identical wave packets, the simultaneous coin-
cidence detections will be zero, under the prerequisite of perfect photon
wave packet overlap at the BS. The coalescence of photons at the same
output port reflects the bosonic nature of photons. The described above
experiment is termed Hong-Ou-Mandel (HOM) experiment after Hong
Ou and Mandel, who were the first to report on two-photon interfer-
ence from photons created by parametric down conversion in a seminal
work in 1987 [88].

It is worth mentioning that the outcome of the HOM experiment is ex-
actly contrary for the interference of indistinguishable fermions instead
of bosons. In this case both fermions repel one another and exit the
BS through different output ports. Bocquillon et al. [89] have recently
verified this behavior for indistinguishable single electrons created by
independent synchronized sources.

The pioneering indistinguishability measurements of consecutively emit-
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Figure 5.1: Schematic depiction of the different possibilities of two photons
that enter a BS simultaneously from opposite sides. (a) Distinguishable pho-
tons have four different possibilities to exit the BS either through the same or
via different output ports. A typical photon-correlation measurement of such
a two-photon interference experiment under cw excitation is depicted at the
bottom of panel (a), with the characteristic zero-delay dip of g'®(0) = 0.5.
(b) The interference of indistinguishable photons with perfect spacial over-
lap at the BS causes them to always exit through the same output port.
Here the two-photon coalescence at zero delay cancels completely, reflected
by g?(0) = 0.

ted photons from a QD have been reported by Santori et al. [90]. In
this study the QDs were quasi-resonantly excited with a pulsed laser,
revealing a visibility contrast up to 81%. Shortly after, many other
groups published their results of the investigations on indistinguishable
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photons from QDs [91]. A particular focus of the studies has been
placed on the indistinguishability of electrically excited QDs [92-94],
site-controlled grown QDs [95] and the specific influence of the Purcell
effect of a surrounding photonic crystal [96] or micropillar cavity [97-99]
on the indistinguishability of consecutively emitted photons. These ex-
periments have all been performed under non-resonant emitter state
preparation, where the degree of indistinguishability has so far been
limited to 82% [98]. In the non-resonant excitation scheme the carri-
ers have to relax via phonon-mediation to the QD ground state before
radiative recombination can take place, thus inducing additional de-
phasing and a timing jitter that limits the two-photon visibiliy. In
order to circumvent these indistinguishability-limiting processes, a di-
rect creation of electron-hole pairs in the QD s-shell has a beneficial
influence. As a matter of fact, three publications have reported high
two-photon interference visibilities > 90% for the indistinguishability
of photons under resonant QD excitation. In the Heitler regime (exci-
tation below emitter saturation), Matthiesen et al. [100] have demon-
strated two-photon indistinguishability under pulsed excitation with a
visibility that reaches 100% within the experimental uncertainty. This
regime offers the distinct advantage of phase coherence of the QD emis-
sion with the excitation laser, which might allow to build a network of
multiple QDs all phase-locked to one master laser. One major drawback
is the limited generation efficiency (~ 5 —10%) under excitation below
saturation. In a different study, Ates et al. [55] have verified indistin-
guishable photons with a post-selected visibility of 90% under resonant
cw excitation at 80% saturation of a QD in a micropillar cavity. Re-
cently, He et al. [101] have measured triggered two-photon interference
with a visibility contrast of 97% at saturation, employing 7 pulses that
invert the TLS system.

From an application point of view, the generation of indistinguishable
photons from remote QDs is appreciable. The emission wavelength of
self-assembled grown QDs is in general not degenerate and depends on
the effective potential of the carrier confinement, thus on the QD size,
material composition and strain. Therefore, the major challenge for the
creation of indistinguishable photons from different QDs is to tune the
QD s-shell emission of two separate QDs into resonance exactly. Up to
the present day, two groups have verified two-photon interference from
remote QDs. Flagg et al. [102] employed strain tuning, to controllably
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tune the emission of one QD into resonance with a spatially separated
other dot. The Hong-Ou-Mandel type two-photon interference experi-
ment under pulsed emitter state preparation reveals a visibility of 18%
(47 % post-selected). It is worth noting that the limited indistinguisha-
bility is claimed to be mainly due to dephasing in the system and not
to the different wave packets of the two-photons because of the differ-
ent coherence and lifetimes. In another study, Patel et al. [103] have
shown indistinguishability of separate QDs under electrical excitation
of one and cw optical excitation of the other QD. To tune the indi-
vidual s-shells into resonance they applied an electric field. The raw
measurement data reveals 33% visibility.

Besides the generation of indistinguishable photons from remote QDs,
the verification of two-photon indistinguishability of the photons of a
QD with photons generated by different physical processes has been
studied. Bennett et al. [104] interfered photons from the spontaneous
QD emission with the stimulated photon emission from a tunable laser.
Polyakov et al. [105] measured two-photon interference of photons from
a QD with photons from parametric down conversion (PDC). Whereas
the coherence of the photon emission from the QD is limited due to
the interaction of the exciton with the solid-state surrounding medium,
PDC offers the advantage of a decoherence-free process. For the pulsed
experiment, the photons from the spectrally broad PDC process are
pre-filtered via a Fabry-Pérot interferometer. The degree of indistin-
guishability is found to be 16%, limited by the coherence of the QD.
For typical In(Ga)As/GaAs QDs the s-shell emission is usually around
~ 900nm, but frequency conversion can be employed to up or down-
convert the original QD emission wavelength. Ates et al. [106] have
shown that frequency conversion with a high signal-to-background ra-
tio does not lead to a degradation in purity of the photon wave packet
in terms of single-photon emission and two-photon interference.

Solid-state single-photon emitters offer the distinct advantage of easier
integratability when compared to e.g. atoms. Besides QDs, there are
of course other solid-state single-photon emitter systems able to emit
highly indistinguishable photons. Several out of the many publications
of current research shall be mentioned in the following. For example the
two-photon interference of the emission of single [107] and remote [108]
molecules under cw excitation were tested successfully. The latter in-
vestigation also reveals quantum beats for energetic detuning between
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the two emitter emission energies as already observed for atoms by
Legero et al. [109]. Sanaka et al. [110] verified quantum interference of
photons generated by the radiative decay of excitons that are bound to
spatially separate isolated fluorine donor impurities.

In this chapter a comprehensive study of the emission of indistinguish-
able photons from the Mollow triplet sidebands is presented. As al-
ready mentioned above, resonant excitation has a beneficial influence
to achieve high two-photon interference visibilities. To date the re-
ported verification of indistinguishability on the QDs’ emission under
resonant excitation has been limited to excitation powers at or be-
low saturation. The regime above saturation has not been accessed
experimentally via Hong-Ou-Mandel type two-photon interference ex-
periments so far. Since background-free single-photon emission is a
crucial requirement for the experimental verification of photon indis-
tinguishability the expected photon statistics for the different Mollow
triplet components will be presented first in the following.

5.1 Mollow triplet photon statistics

In a pioneering work of 1980, Aspect et al. [61] provided the first ex-
perimental demonstration of photon correlation bunching between the
Mollow triplet sidebands on a strontium atomic beam. Shortly after
the expected photon correlations on and among the individual Mollow
triplet components were described theoretically by Dalibard et al. [111].
A comprehensive presentation of the intensity correlations between the
components of the resonance fluorescence triplet in a dressed TLS pic-
ture together with supporting experiments on natural barium was pub-
lished by Schrama et al. [60]. This work was based on an earlier pub-
lication by Arnoldus et al. [112] and complemented by Refs. [113,114].
In this section, the brief presentation about photon correlations will
be restricted to the auto-correlations on the individual Mollow triplet
components. The nomenclature is in accordance with Ref. [60] and the
dressed state representation in chapter 4.2.

In the experiment the Mollow triplet components are individually se-
lected with a filter having a spectral bandwith that is larger than the
Mollow triplet emission channels, to assure no deformation of the se-
lected lines. In addition the filter is much smaller than the Rabi fre-
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Figure 5.2: (a) Illustration of the photon correlations on the individual Mol-
low triplet components. For the auto-correlations gg}/TT(T) on the F' and
T sideband, perfect anti-bunching is expected, whereas the photon statistics
on the central Rayleigh lines displays Poissonian statistics g, 1)2( )=1. (b)
Dressed state representation to illustrate the expected results for the auto-
correlations depicted in (a). (I) g(2) (): After the emission of an F photon
the system ends up in dressed state |2). Therefore it can emit either a T or an
R photon, but never a subsequent F' photon. This leads to anti-bunching in
the second-order photon correlation of the Mollow triplet sideband. A similar
scenario applies to the explanation of the anti-bunching of the blue Mollow
sideband. (II) g<2) (7): Rayleigh photon emission can start either from state
|1) or state |2), respectively. After the emission of an R photon the system
ends up in the same state of the adjacent manifold therefore the population
of the system is not changed, which results in Poissonian statistics for the
central Rayleigh line.

quency, to grant that only one single Mollow component is selected.
Figure 5.2(a) illustrates the theoretically expected outcome of auto-
correlation measurements on the individual Mollow triplet components.
For the second-order photon correlation on the F' or T sideband, anti-
bunching is theoretically predicted, according to

—v(ct+st)T
GeN(T) = gin(r) =1 — eI (5.1)

where v denotes the spontaneous decay rate of the TLS. Thus the anti-
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bunching timescale under resonant excitation is given by the modified
emission rate Ymoq = y(c* + s).

The anti-bunching behavior can be explained by the aid of the dressed
state picture illustrated in Fig. 5.2(bI). Considering the auto-correlation
on the F' sideband, after the first emission of an F' photon the system
ends up in dressed state |2) and therefore has no population from which
a second F' photon emission is possible. As is indicated schematically
the F' photon will be followed by a possible emission of a T' or R pho-
ton. Therefore there will never be two subsequent F' photons, resulting
in the theoretically expected anti-bunching behavior. An analogue ex-
planation is valid for the T' Mollow sideband (not shown). The first ex-
perimental evidence of single-photon emission from the Mollow triplet
sidebands of a resonantly excited QD was presented by Ulhaq et al. [57].

In contrast to the sidebands, the correlation function of the central
Rayleigh line is found to be independent of time, revealing

gap(r) =1 . (5.2)

The Poissonian statistics reflects, that the emission of a Rayleigh pho-
ton does not modify the density matrix in terms of |1) and |2) and that
the emission rate of Rayleigh photons is independent of the dressed
state populations. Figure 5.2(bII) illustrates that if the dressed state
initially is in state |1(n + 1)) for example, it ends up in state |1(n)) of
the neighboring manifold, which means that the electronic configura-
tion is not changed and a subsequent emission of another R photon is
possible.

5.2 Experimental techniques

For the indistinguishability measurements on the Mollow triplet side-
bands sophisticated experimental techniques are employed besides the
commonly used experimental methods, which are described in chapter
3. For the verification of indistinguishable photons a Hong-Ou-Mandel
setup is required, which will be introduced in the next section. In
addition a double Michelson setup will be presented in chapter 5.2.2,
which was used to spectrally pre-filter the individual Mollow triplet
components.
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Figure 5.3: Schematic depiction of the fiber-based Hong-Ou-Mandel setup
employed for two-photon interference measurements. Spectrally pre-filtered
light is divided by a non-polarizing 50 : 50 beam splitter and sent to an unbal-
anced Mach-Zehnder interferometer, imposing a fixed delay of At between
the two arms. The photons are then interfered at a second beam splitter
(HOM-BS), where the Hong-Ou-Mandel type two-photon interference mea-
surement takes place. To set the polarization of the interfering photons
mutually parallel or perpendicular, a polarizer is incorporated in one inter-
ferometer arm. For the coincidence detection two APDs are employed with
subsequent histogramming via TAC and MCA.

5.2.1 Hong-Ou-Mandel-setup for two-photon inter-
ference measurements

The aim of this section is to introduce the Hong-Ou-Mandel setup for
the indistinguishability measurements. The crucial requirement is to
experimentally assure, that photons enter the Hong-Ou-Mandel beam
splitter simultaneously from opposite sides.

The heart of the fiber-based Hong-Ou-Mandel (HOM) setup illustrated
in Fig. 5.3 is an asymmetric Mach-Zehnder interferometer. The spec-
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trally pre-filtered photons are coupled into a single-mode polarization-
maintaining fiber and split by a non-polarizing 50 : 50 beam splitter.
The two fiber-arms between the beam splitters have different length im-
posing a fixed photon runtime delay of A7 = 13 ns. This delay is chosen
much greater than the coherence length of the individual photons, en-
suring that only fourth-order interference effects occur at the second
beam splitter, where the Hong-Ou-Mandel type two-photon indistin-
guishability experiment takes place. The bosonic photon-interference
is crucially dependent on the spatial overlap of the two photon streams
entering the second beam splitter from opposite directions. This over-
lap has been independently derived to be V' = 0.984+0.02. Further setup
characterizations have revealed T'= R = 0.5£0.02 for the transmission
T and reflection R of the two beam splitters.

For the studies of the indistinguishability of photons under continuous
wave excitation, the Hong-Ou-Mandel experiment has to be performed
for mutually perpendicular and parallel polarized photons, to extract
the interference contrast Vyoys from the experimental data according
to Eq. 5.12. Therefore a polarizer (A\/2 wave-retarder plate) is in-
tegrated into the long optical fiber arm to set the photon polarization
mutually parallel or perpendicular, thus making them indistinguishable
or distinguishable, respectively. The coincidence detection via APDs
and further analysis is carried out similarly as described in chapter 3.2
via TAC and MCA.

5.2.2 Double Michelson interferometer filtering
technique

The auto-correlation and especially the two-photon interference mea-
surements presented in this chapter crucially rely on the spectral purity
of the signal. In addition, a high enough countrate > 2000 cts/s is re-
quired to achieve any reasonable photon statistics measurement. Due
to the small energetic separation of the Mollow triplet components (typ-
ically in the range of 20 — 60 ueV), the conventional method of spectral
filtering with the 750 mm focal length spectrometer is not suitable for
filtering just one Mollow triplet component. For the experimental con-
ditions, the 1200 lines/mm grating had to be employed to achieve a
high enough correlation countrate on the Mollow sidebands, offering a
resolution of AE ~ 55 ueV. Under these conditions, it is not possible to
separate one Mollow line from the other two with the spectrometer. It
is worth mentioning that it was not possible to use the 1800 lines/mm
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Figure 5.4: Schematic depiction of the double Michelson interferometer
used to selectively filter one individual Mollow triplet component from the
other two. The input signal consists of the full Mollow triplet. The delay be-
tween the arms of the first interferometer is set to a position according to Eq.
5.6, where the central Mollow triplet line interferes destructively, whereas the
two sidebands exit the interferometer via constructive interference. The two
sidebands are sent to a second Michelson interferometer. Here one sideband
is suppressed via destructive interference, whereas the other one interferes
constructively at the output of the Michelson interferometer.

grating with a better resolution, because of the low countrate, verified
in test measurements. The same is true for the scanning Fabry-Pérot
interferometer, where the resolution is AE =~ 0.6 ueV, but the signal is
impaired by very low transmission efficiency.

For the correlations on the Mollow triplet sidebands a specially designed
double Michelson interferometer is therefore adapted in the setup as
a pre-filtering technique introduced by Aichele et al. [115]. Via this
method the exciton and biexciton emissions from a single QD were
previously separated [115]. In another recent study [57] the Mollow
triplet sidebands were spectrally filtered from the central Rayleigh line
via the same method.

The idea of the filtering technique in principle is based on selective
constructive interference of one Mollow triplet component at the output



Chapter 5. Indistinguishable photons from the Mollow sidebands 93

port of the double Michelson interferometer (depicted in Fig. 5.4) in
combination with destructive interference of the other two Mollow lines
via a two-step filtering process.

The output probability of the Michelson interferometer for photons
with wavelength A is a sinusoidal function oscillating between 1 and
0 [115]

I 2 =0.5+0.5c0s (2rAs/A) (5.3)

where As denotes the path length difference between the two interfer-
ometer arms. The minimum path difference S at which two spectral
components with wavelength separation AX show opposite phases in
their interference pattern can easily be calculated according to Ref.
[115]. The path delay for destructive interference for a wavelength A
reads

1
S=(m+ A n=0123... | (5.4)

and for the same delay the wavelength A + A\ needs to interfere con-
structively according to

S=nA+AN) n=0,1,2,3... . (5.5)

The path difference .S that fulfills both conditions simultaneously found
by inserting Eq. 5.5 in Eq. 5.4 is

g_ :I:l AN+ AN)
2 AN
For the experiment one has to consider that the light passes the in-
terferometer arm twice, therefore the delay has to be set to S/2. The
output probability for the three Mollow triplet components is depicted
in Fig. 5.5(a) and (b). In the first filtering step the Rayleigh line inter-
feres destructively at S whereas the Mollow sidebands both interfere
constructively. As obvious from the graph, the same situation is valid
for the neighboring interference cycles. In the second filtering step the
output from the first Michelson at S is sent to a second Michelson
interferometer. The filtering procedure is similar. A precondition of
the applicability of this method is that the path difference between the
two interferometer arms S is well below the coherence length [.,, of
the photons, which is readily fulfilled for the experimental conditions
of the correlation measurements. The minimum coherence length is

(5.6)
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Figure 5.5: Basic concept of the double Michelson filtering technique. (a)
First Michelson interferometer: Output probability of the different Mollow
triplet components through one interferometer arm versus path difference
with respect to S (calculated according to Eq. 5.6). S represents the delay
position for which the R photons interfere destructively, whereas both the
sidebands pass the interferometer via constructive interference. Indicated
in black, red (vertically shifted for clarity), blue: central R line, F and T
Mollow sideband output probability. (b) The output signal from the first
interferometer (two constructively interfering Mollow sidebands) is sent to the
second Michelson interferometer. Here the filtering takes place in a similar
manner. At S one sideband is suppressed via destructive interference, while
the other one passes the double Michelson due to constructive interference.

leon & 71 mm, corresponding to a coherence time of 237 ps (see chapter
5.3.1), whereas the maximum path difference S =~ 14 mm, correspond-
ing to a Rabi splitting of 45.5 eV, is significantly below the coherence
length.

To grant the functionality of the Michelson filtering technique, a very
good beam overlap after the two Michelson interferometers in terms of
a high laser visibility has to be assured. Therefore the alignment was
checked with a laser, where the visibility in the experimentally acces-
sible delay range is expected to reach 100%, due to its long coherence
length. A corresponding measurement and the resulting visibility ver-
sus linear stage position for both interferometers is shown in Fig. 5.6.
For the correlation measurements the linear stages are positioned in
the yellow-shaded regions, here the visibility is found to exceed 99%.
In addition to the visibility check, the double Michelson interferome-
ter has been tested to ensure the functionality of the described above
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Figure 5.6: Laser alignment test of the two Michelson interferometers. Up-
per panel: The laser visibility has been measured for different stage positions
of both linear stages of the Michelson interferometers. Sy denotes the zero
path delay position for the two Michelson interferometer arms, respectively.
The yellow-shaded regions display the range where the linear stage is posi-
tioned for the calculated delay position S in the experiments. In the region of
interest the visibility is almost ideal, exceeding 99%, and therefore granting
very good beam overlap. Lower panel: Laser visibility measurement with
sinusoidal fit to the data for extracting I,,qz/min for the visibility calculation
according to Eq. 3.3.

technique. The corresponding HRPL spectra after the first and second
filtering steps are depicted in Fig. 5.7.

The technique of the Michelson interferometric filtering relies on a high
degree of stability of the path difference between the two interferometer
arms. For the wavelength of the QD emission ~ 905 nm, constructive
and destructive interference have a path difference of only ~ 230 nm.
Thus, even slight drifts in the stage position lead to a non-vanishing
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Figure 5.7: Performance check of the double Michelson interferometer.
Via high-resolution spectroscopy the functionality of the double Michelson
interferometer has been tested. Left panel: The full Mollow triplet is sent
to the first Michelson interferometer. The path delay between the two arms
is set to the position where either the R line or the two Mollow sidebands
interfere constructively. Right panel: The two Mollow sidebands are sent to
the second Michelson interferometer. The path delay is chosen in a way to
selectively suppress the T or the F sideband, while the other one passes the
double Michelson setup via constructive interference.

contribution of the undesired other two Mollow triplet components as
visible in Fig. 5.8. Stability tests have revealed that a few minutes after
maximizing for instance on the T' Mollow triplet line, the other compo-
nents start to contribute to the Michelson interferometer output signal,
thus indicating a drift from the original linear stage positions. Due to
the high sensitivity of the double Michelson interferometer, the correct
stage positioning was verified and realigned every 5 minutes during the
measurement if necessary, to guarantee for the spectral selection of only
one Mollow component for the correlation measurements.
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Figure 5.8: Stability test of the double Michelson interferometer. The path
delays were adjusted so that originally the T Mollow sideband interferes
constructively, while the R and F' lines are suppressed. High-resolution spec-
troscopy reveals a drift in the path delay and therefore distinct contribution
of the R and F line to the detected signal on a timescale of, typically, a few
minutes.

5.3 Experimental results

For the two-photon interference measurements on the Mollow triplet
sidebands a suitable QD embedded in a planar sample structure (as
described in chapter 4.3) was chosen that revealed a background-free
Mollow triplet dressed state emission in combination with an adequate
countrate on the Mollow sidebands necessary for correlation measure-
ments. Pre-characterization measurements were performed to indepen-
dently derive the coherence time Ty and ¢(*)(0) for the Mollow side-
bands. These parameters are used for modelling the Hong-Ou-Mandel
correlation data. It is worth mentioning that the evaluations presented
in the following are based on a TLS affected by two dephasing mecha-
nisms, radiative decay and pure dephasing. The phonon interactions of
the exciton are only accounted for by a phenomenological pure dephas-
ing time. This is in contrast to the polaron master equation approach
presented in chapter 4.7, where the exciton-phonon interaction is ex-
plicitly introduced in the system Hamiltonian additional to further pure
dephasing effects. Nevertheless, the aim of the experimental investiga-
tions is to prove the emission of indistinguishable photons in general.
The employed theoretical description can of course be refined in terms
of exciton interactions with the solid-state surrounding medium, e.g.
in the framework of the polaron master equation approach.



98  Chapter 5. Indistinguishable photons from the Mollow sidebands

Intensity (arb. units)

-20 0 20 40 60
Spectral Detuning 5 (peV)

Figure 5.9: Power-dependent Mollow triplet series of the QD under inves-
tigation. The FWHM and the coherence of the Mollow triplet sidebands are
extracted from Lorentzian fits to the sidebands. The results are shown in
Fig. 5.10.

5.3.1 Mollow triplet sideband coherence

From a power-dependent Mollow triplet series of the QD depicted in
Fig. 5.9 the coherence time of the Mollow sidebands was extracted. Be-
cause of the Fabry-Pérot-based technique in HRPL, all spectral features
appear periodically with an offset equal to the free spectral range of
the interferometer (AEpsr = 62.04 peV). With increasing excitation
power, the evolution of two symmetrically spaced sidebands is clearly
visible (blue arrows) around the central Rayleigh line.
To extract the coherence time Ty from the Mollow sidebands, a Lo-
rentzian was fitted. The FWHM of the Mollow sidebands versus the
squared Rabi frequency  is plotted in Fig. 5.10(a). The expected
linear increase due to excitation-induced dephasing is clearly observ-
able. The FWHM of the sidebands is linked to the coherence time 15
according to

ABpwan = —& (5.7)

7TT2

The coherence time is calculated from the spectral width of the Mol-
low sidebands, the results are depicted in Fig. 5.10(b). The data can
be fitted with a straight line and allows to derive the coherence times
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Figure 5.10: (a) Lorentzian FWHM of the Mollow sidebands versus square
of Rabi frequency. The linear increase of the FWHM with Q2% is due to
excitation-induced dephasing. (b) From the sidebands’ width the coherence
time T5 is calculated according to Eq. 5.7. The coherence times T corre-
sponding to the experimental Rabi splittings of the correlation measurements
were calculated via the linear fit to the data. The values are given in the
inset box.

for the Rabi splittings that are employed for the correlation measure-
ments. From the fit the following coherence times are extracted: For
Q = 45.5 ueV the coherence is 75 = 264 £+ 35 ps and for Q@ = 53.8 ueV,
Ty = 237 £ 29 ps, respectively.

For an ideal bare two-level system only affected by radiative decay, but
no pure dephasing, the Mollow triplet emission is Fourier transform-
limited. As described in chapter 2.3.4, the Mollow sidebands at the
Fourier-transform limit have a spectral width of Aw = 3/2-~v. As-
suming the experimentally measured decay time of 74.. = 1008 ps (for
details see chapter 5.3.4), a linewidth of AE = 0.98 ueV for the Mollow
triplet sidebands at the Fourier-transform limit is expected, linked to a
coherence time of Ty = 1343 ps. Obviously, the emission of the QD un-
der investigation is not Fourier-transform limited for the chosen Rabi
splittings of the correlation measurements. This is due to excitation-
induced dephasing and additional interaction of the exciton with the
solid-state surrounding medium, e.g. carrier-carrier scattering.
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Figure 5.11: Auto-correlation on the central Rayleigh line for a Rabi split-
ting of 53.8 ueV. Theoretically, Poissonian statistics in terms of g<2)(7') =1
can be expected. Experimentally, the Poissonian statistics is found to be su-
perimposed with a long-timescale bunching. The bi-directional exponential
fit to the data reveals a bunching timescale of Thynch = 14.3 ns.

5.3.2 Auto-correlations

For the Hong-Ou-Mandel type two-photon interference on a beam split-
ter, single-photon emission is a crucial experimental requirement. One
pre-characterization measurement has therefore been the auto-corre-
lation on the individual Mollow sidebands as well as on the central
Rayleigh line. For the first set of correlations a Rabi splitting of
Q = 53.8 ueV was chosen. Spectral filtering of the individual Mollow
components was performed with the double Michelson interferometer
filtering technique.

Figure 5.11 shows the auto-correlation on the R line. For the photon-
correlation, theory predicts Poissonian statistics in terms of ¢g(*)(7) = 1.
As is clearly visible, the Poissonian statistics is superimposed by a long-
time bunching, as commonly observed due to so-called blinking of the
excitonic state between two or more neighboring competing states.

The blinking effect can be assigned to the switching of the QD exci-
ton from one configuration to another. For example the QD carriers
can undergo a spin flip mediated by phonon interaction or carrier ex-
change interaction. Via this process the exciton can switch from a
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bright to a dark spin state, which is non-radiative in nature. This
results in a bunching effect with a certain power-dependent blinking
timescale [116]. The phenomenon of blinking can also be explained by
different charge configurations of the excitonic complexes. The emission
of one of these configurations is energetically outside the detection win-
dow of the correlation measurement, which also results in blinking of
the detected signal. This effect was investigated under quasi-resonant
excitation [117], where Tpyncn was found to be in the ns range. In
addition, the blinking effect was observed even under strictly resonant
excitation [118,119]. Here a non-resonant laser leads to the neutraliza-
tion of residual charges inside the QD before a neutral exciton can be
excited. The neutralization is limited by the recapture of a hole, thus
leading to a resonance fluorescence intermittency and therefore a blink-
ing in the signal. In this experiment, ultraslow capture timescales in
the range of us are found. For the QD under investigation the blinking
due to different charge configurations is unlikely since the excitation
is strictly resonant and an optical gating effect similar to the work of
Nguyen et al. [118,119] has not been observed. The blinking is there-
fore most likely due to switching between the dark and bright spin state
configuration of the exciton.

The bunched auto-correlation data has been fitted with a bi-directional
exponential fit

9@(7) =1+ a-exp (=|7|/Touncn) (5-8)

revealing a bunching timescale of Tpynen, = 14.3ns. This bunching is
found to be power-dependent and to superimpose all photon correla-
tion measurements.

Figure 5.12 displays the auto-correlation on the F' Mollow sideband.
The anti-bunching is superimposed by the long-timescale bunching al-
ready observed on the auto-correlation of the Rayleigh photons. The
data is fitted by the following function [120]

9P(7) =1=b-exp (=|7|/7) + a-exp (=|7|/Tounen) . (5.9)

which accounts for the bunching as well as the anti-bunching of the
correlation data. The fit reveals ¢ (0)cony = 0.36 £ 0.03 (blue solid
line). Deconvolution with the Gaussian instrumental response function
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Figure 5.12: Auto-correlation on the red Mollow sideband for a Rabi split-
ting of 53.8 ueV. The observed and theoretically expected anti-bunching is
superimposed by the long-timescale bunching. The fit to the raw data (blue
dashed line) reveals a g'®(0) = 0.36 + 0.03 and a decay time constant of
7r = 570ps. Deconvolution with the instrumental response of 400 ps (red
solid line) leads to g'®(0) = 0.08 + 0.02.

with a FWHM of 400 ps displays ¢‘®)(0)gecony = 0.08 +0.02. The cor-
relation data unambiguously demonstrates single-photon emission with
a fitted decay time constant of 7. = 570 ps. The finite background in
the auto-correlation can be attributed to a small drift of the Michelson
interferometers during the correlation measurement, allowing the spec-
trally close Mollow central peak to contribute to the detected signal as
non-vanishing uncorrelated background.

5.3.3 Indistinguishability of the Mollow triplet side-
band emission

The very good background-suppression in the auto-correlation on the
Mollow sideband is a promising starting point for indistinguishability
measurements, which crucially rely on single-photon emission. The
experimentally employed Hong-Ou-Mandel setup for these two-photon
interference experiments is presented in chapter 5.2.1. The delay of the
fiber-coupled asymmetric Mach-Zehnder interferometer is fixed and has
been independently measured to be A7 = 13ns [33]. To extract the
degree of indistinguishability the two-photon interference experiment
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was performed for mutually perpendicular (distinguishable) and par-
allel (indistinguishable) photon polarizations between the two interfer-
ometer arms. The data has been modelled according to Ref. [103] with
the following functions:

9P (1) = 4(T? + R3)R11Trrg® (7)

+4R;Ty [szlg(2) (7- _ AT) + R%[Q(Q)(T +Ar ] (510)
gl(\Q) (1) = 4(T? + R} Ry T119'® (1) + AR T; [T gP (1 — A1)
+R719® (r + AT)][L = Vexp(=2|7|/T2)] (5.11)

T and R denote the reflectivities and transmittivities of the two BS of
the asymmetric Mach-Zehnder interferometer and V' is a function that
depends on the overlap of the wave functions at the HOM-BS.

Before the experimental data is presented, it is worth having a closer
look at the fit functions of the two-photon correlations. The behavior
of g(f)(T) and gﬁ2)(7) is depicted in Fig. 5.13. Figure 5.13(I) shows
the expected photon correlations for a system at the Fourier-transform
limit, whereas Fig. 5.13(II) depicts a system with the approximate
values of the experimental conditions of the measurements presented
below. Balanced beam splitters with R = T = 0.5, perfect overlap of
the photons at the HOM-BS in terms of V' = 1 and background-free
single-photon emission (without bunching) have been assumed for the
sample calculation. In the perpendicular case the first summand leads
to g(f)(()) = 0.5 and simply reflects the single-photon emission of the
emitter in the two-photon interference measurement. The neighboring
side dips at A7 with gf)(:leT) = 0.75 indicate the single-photon emis-
sion in the case where subsequent photons take the same arm of the
asymmetric Mach-Zehnder interferometer. In addition equal side dips
reflect a balanced 50 : 50 BS. The widths of the dips are governed by
T1, here T7 = 600 ps has been used for the calculations in both cases,
therefore the perpendicular two-photon correlations in (I) and (II) are
identical. For the parallel configuration the fitting function differs from
the perpendicular one by the last factor in Eq. 5.11. For a vanishing
photon overlap at the HOM-BS V = 0 the photons do not interfere
and g(f)(T) = gﬁQ) (7). For the case of ideal photon overlap in terms

of V=1 gﬁz) (0) = 0, reflecting the coalescence of simultaneously
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Figure 5.13: Theoretical expectations for the two-photon interference cor-
relations according to Eqs. 5.10, 5.11. It is assumed that the system is
not affected by blinking, therefore the correlations exhibit no superimposed
bunching behavior. (I) System at the Fourier-transform limit T> = 2T. (II)
System close to the conditions of the experiments. (left panel) Distinguish-

able (perpendicularly polarized) two-photon interference g(f)(r): The dip at

zero delay gﬁ_2>(0) = 0.5 reflects that single perfectly anti-bunched photons

enter the HOM-BS from opposite sides. The side dips with g(f) (£AT) =0.75
reflect the delay of the asymmetric Mach-Zehender interferometer and arise
from single-photons that take the same interferometer arm. The widths of
the dips are governed by Ti and are therefore equal for (I) and (II). (right
panel) Two-photon interference for indistinguishable (parallelly polarized)
photons gﬁQ)(T): The difference to the perpendicular case is the vanishing

photon-correlation at zero delay gﬁz)(O) = 0, reflecting the bosonic nature

of photons that coalesce at the same output of the BS. The width of the
central dip is governed by T and 15, therefore it is broader for the Fourier-
transform limited system compared to the narrower dip in (II) due to the
smaller coherence time of To = 250 ps close to the experimental conditions.
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Figure 5.14: Data set for two-photon interference correlation on the red
Mollow sideband at §2 = 53.8 ueV. The raw measurement data clearly reveals
the classical behavior of two-photon interference of perpendicularly polar-
ized photons at the BS with g(f)(O) > 0.5 and the non-classical behavior in
the parallel case g(Q)(O) < 0.5. Equations 5.10, 5.11 fit the data perfectly

I
in full accordance with the values derived from the pre-characterizations

(tr = 570 S, Tounch = 14.3ns, To = 237ps). Via Eq. 5.12 the post-selected

conv

visibility is calculated to be V55 = 0.43 £ 0.07, with a deconvoluted value
of V&esenv = 0.97 4 0.02.

entering photons at one output of the BS. The width of the Hong-Ou-
Mandel dip is ruled by T7 and the coherence time, assumed to be (I)
T, = 1200 ps and (II) 250 ps, hence it is narrower for the experimental
conditions compared to the Fourier-transform limited system.

For this analysis of the experimental data the reflectivities R and trans-
mittivities T' of the beam splitters were independently measured as
R =T = 0.540.02 and the wave packet overlap at the Hong-Ou-Mandel
beam splitter was determined to be V' = 0.98 £ 0.02. Figure 5.14 dis-
plays the data set for the two-photon interference correlations for a
Rabi splitting of 2 = 53.8 ueV. This corresponds to the experimental
conditions of the pre-characterization auto-correlation measurements
presented above. From the raw measurement data the non-classical
behavior of indistinguishable photons (parallel polarization) is already
visible, at zero delay gﬁQ)(O) = 0.43, distinctly below the classical limit
of 0.5. The width of the Hong-Ou-Mandel dip is governed by the co-
herence time of the emission, which is in the same range as the in-
strumental response of the setup. Due to this, the Hong-Ou-Mandel
dip is narrow and cannot be fully resolved in the raw measurement
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data. The side dips at 7 = A7 = £13ns are not shown in the cor-
relation data because they are not perfectly resolved in the raw data
sets. Due to the tricky experimental conditions, which necessitated
a regular repositioning of the Michelson linear states in combination
with a moderate countrate on the detectors, it was possible to gather
approximately ~ 30cts/channel at the Poisson level. Therefore the
data is not as smooth as the Hong-Ou-Mandel data achieved by Ates
et al. [63], that has been measured with the same experimental setup,
in this study the side dips are resolved. The fits to the experimental
data are found to be in full accordance with the pre-characterizations
presented above: Tpynen = 14.3ns, 7. = 570 ps and the extracted co-
herence time Ty = 237 ps derived from the HRPL power series. Via
the parallel and perpendicular measurements the two-photon visibility
is calculated according to [103]

@)y _ s
Viron (r) = 22200 91 10 ( i2> IS (5.12)
9. ()

A very high post-selected two-photon visibility (at 7 = 0) of Vyon =
0.97 £ 0.02 (convoluted Vyonr = 0.43 £ 0.07) was extracted from the
deconvoluted fits to the two-photon interference data.

Indistinguishable photon emission was also verified for the blue Mol-
low sideband under the same experimental conditions (2 = 53.8 ueV).
The auto- and two-photon interference correlation measurements are
depicted in Fig. 5.15. From the auto-correlation on the blue Mollow
sideband a decay time of 7, = 570ps is extracted. From the g(®(7)-
measurement on the central Rayleigh line at 2 = 53.8 ueV a bunching
time constant of Tpyncn = 14.31s is derived and the coherence time is
Ty = 237 ps. The fitting of the two-photon interference correlations re-
veals full consistency with the pre-characterization measurements and
the experimental results on the red Mollow sideband at the same Rabi
splitting. The post-selected Hong-Ou-Mandel visibility is calculated to
be Vyoum = 0.92 £ 0.02 (convoluted Vyon = 0.39 £ 0.08).

To prove that indistinguishable photon emission from the Mollow side-
bands is a general feature of the dressed state emission independent of
a specific Rabi splitting, the auto- and two-photon interference corre-
lation measurements were performed on the red Mollow sideband for a
different Rabi splitting of 2 = 45.5 ueV. The corresponding data set
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Figure 5.15: Auto- and two-photon interference correlations for the blue
Mollow sideband at Q = 53.8ueV. (a) The pre-characterization auto-
correlation reveals T, = 570ps, the bunching timescale is Tpynch = 14.31s
(see auto-correlation on R chapter 5.3.2). The Hong-Ou-Mandel data set
can be reproduced perfectly when employing the values from the pre-
characterizations (1> = 237ps). The extracted deconvoluted post-selected
visibility is VA& = 0.92 £0.02 (V5% = 0.39 +0.08).

is depicted in Fig. 5.16. The auto-correlation on the central Rayleigh
line again reveals bunching on top of the Poissonian statistics, showing
a timescale of Tpunen = 9.51ns. The auto-correlation on the sideband
reveals a decay time of 7. = 540ps. Together with a coherence time
of To = 300ps, close to the experimentally extracted value from the
power-dependent Mollow triplet series of To = 264 4 35 ps, these values
reveal a good fit to the two-photon interference correlations. It is worth
mentioning that ¢(® (0) for the parallel two-photon correlation measure-
ment is assumed to be slightly better than for the fits in Fig. 5.16 (b)
and (c). Due to the fact that the anti-bunching value is very sensitive to
the positioning and the stability of the two Michelson interferometers,
the better g (0)-value for the parallel two-photon interference mea-
surement can be related to a more stable positioning of the Michelson
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Figure 5.16: Auto- and two-photon interference correlation for the red
Mollow sideband at Q = 45.5ueV. (a) The auto-correlation of the central
Rayleigh line reveals bunching on top of the Poissonian statistic with an
extracted value of Touncr, = 9.51ns. (b) The auto-correlation on the sideband
is anti-bunched with a decay timescale of 7, = 540 ps. (c-d) Hong-Ou-Mandel
correlation measurements: For data modelling 7, Touncnh and 1o = 300 ps,
close to the value of T> = 264 ps extracted from the power-dependent Mollow
triplet series, are used. The post-selected visibility is found to be VA& =
0.93+0.01 (V& = 0.47 £ 0.08).

interferometers during the measurement time (less background from
the Mollow central line). Considering the setup response, the follow-

ing values are extracted from the fits: gf) (0)deconv = 0.61 +0.04 and

gﬁQ)(O)decom = 0.04 £ 0.01. Therefore, a close to ideal post-selected

visibility of Vgoar = 0.93 £ 0.01 (convoluted Vyon = 0.47 £ 0.08) for
the indistinguishability of the red Mollow sideband can be concluded.

Under cw excitation the value of the post-selected two-photon interfer-
ence visibility at 7 = 0 is ruled by the instrumental response time of
the setup 07 and given by the ratio T5/(267). The visibility extracted
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from the raw measurement data is limited by the fact that the Mollow
sideband emission has a rather short coherence time. In the ideal case
of infinitely fast detectors (deconvolution), the post-selected visibility
should always reach Vgoy = 1. The experimentally measured visibil-
ity values are found to be < 0.97, the deviations from the ideal value
can mainly be assigned to the imperfect auto-correlation anti-bunching
values of the selected emission channels in terms of g(2)(0) # 0. This
can be attributed to slight drifts from the ideal position of the Michel-
son interferometers during the course of the measurement. Due to this,
the neighboring central Rayleigh line emission contributes to the cor-
related signal and lowers the degree of single-photon emission.

The post-selected visibility is more a theoretical value since it only con-
siders the simultaneous photons arrival at 7 = 0, but even single-photon
wave packets have a certain time duration. From an application point
of view, triggered indistinguishable photons are desirable. In contrast
to cw excitation, the suppressed central peak in the pulsed two-photon
correlation reveals insight into pure dephasing of the system since the
maximum visibility in the pulsed experiment is ruled by 75/(271) and
reaches one for Fourier-transform limited photons.

5.3.4 Decay timescale of the emission

As discussed above, the results of the pre-characterization measure-
ments are found to be in excellent agreement with the values used for
fitting the Hong-Ou-Mandel type two-photon correlations. In spite of
this, it should not be withheld that the extracted value of the decay
time 7, derived from fitting the Mollow sideband auto-correlations and
the experimentally derived 74.. extracted from TCPC measurements
reveal distinctly different values.

As theoretically described by Schama et al. [60], the emission time
modifies under resonant excitation according to

Trad
Tmod = A T P (513)

The coefficients ¢ and s are defined in Eq. 4.3. For the experimental

conditions of resonant excitation (A = 0), they are found to be c = s =
1

ﬁ.

For the independent derivation of 7,,,q4, time-resolved photolumines-
cence investigations under pulsed quasi-resonant emitter-state prepa-

ration have been performed. The experimental data of the TCSPC
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Figure 5.17: TCSPC raw measurement data. The first decade is fitted by
a mono-exponential function revealing a decay time of Tgec = 1008 4 67 ps.
The experiment was performed under pulsed d-shell excitation at P = 18 uyW
and a sample temperature of T = 4 K.

measurement is shown in Fig. 5.17. Via a mono-exponential fit to
the first decade of the data a decay time of 74.. = 1008 ps is ex-
tracted. Therefore the modified decay time of the system is calcu-
lated to be Ty0q = 2016 ps. The corresponding time constant from
fitting the auto-correlations on the Mollow sidebands consistent with
the two-photon interference correlations 7, is found to be distinctly
smaller: 7. = 540 — 570ps. It should be emphasized that a similar
discrepancy between the experimentally extracted 7, to the theoreti-
cally calculated 7,,,q was already observed previously by Ata Ulhaq
and co-authors [28,57].

The deviation might be attributed to the different experimental con-
ditions of the cw resonant excitation for the correlation measurements
and the pulsed quasi-resonant emitter-state preparation for the TC-
SPC measurement. The quasi-resonant excitation into higher energetic
shells of the QD is accompanied by relaxation of the carriers into the
QD s-shell before radiative recombination can take place. Thus the
experimentally accessible time constant of decay characterizes the time
between laser excitation and radiative electron-hole pair recombination,
including the relaxation processes. But it is worth mentioning that the
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relaxation timescale is usually in the range of a few tenth of ps and
can therefore not explain fully the much larger time difference of more
than 1000 ps between 7, and Tgec.

As already discussed above, the evaluation of the indistinguishabil-
ity measurements only includes dephasing effects of the exciton and
the solid-state medium in terms of a phenomenological pure dephas-
ing time. The polaron master equation-based theory (described in
chapter 4.7) explicitly includes exciton-phonon coupling in terms of
deformation potential coupling with LA phonons. The phonon interac-
tion also leads to a renormalization of the radiative decay rate accord-
ing to Yrenorm = (B)?y. Since the thermally averaged bath displace-
ment operator is found to be smaller than 1 for non-zero temperatures
(B) < 1, the decay rate should be smaller under exciton-phonon in-
teraction. Thus the radiative lifetime should be expected to be longer.
When comparing 7, with 74.., the experimental results presented in
this chapter reveal the opposite behavior, to what the polaron master
theory would suggest. For these reasons a plausible explanation of the
effect is not possible so far and a profound theoretical analysis has to
be left to further in-depth analysis.






Chapter 6

Phonon-assisted
incoherent excitation

6.1 Dephasing in semiconductor QDs

In the optical Bloch equations of a TLS interacting with a monochro-
matic laser field introduced in chapter 2.3.3, two different damping
terms have been added via the Lindblad formalism. These are pure
dephasing with a time constant of T},,,. and 17 being the lifetime of
the excited state. They are found to be connected via the relation

L_ 1 1
T2 B 2711 Tpure

; (6.1)

where Ty denotes the coherence time of the system. Due to the fact
that the decay of an exciton is an intrinsic property, the coherence
can maximally reach the so-called Fourier transform-limit, yielding
T5/(2T71) = 1. This is the case when all pure dephasing effects are
fully suppressed, thus Tpure — 00. The decay of the exciton leads to
a loss of phase due to population change in the QD, whereas the pure
dephasing accounts for all processes that change the phase but not the
population of the QD. Pure dephasing can be due to carrier-phonon
and also carrier-carrier scattering of the exciton in the QD because of
its’ interaction with the solid-state surrounding medium.

The optical Bloch equations of a TLS and the dephasing relation of

113
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Eq. 6.1 are a good starting point to describe the dephasing in a QD.
The phenomenologically introduced pure dephasing can be refined un-
der consideration of the specific physical mechanism that leads to the
dephasing of the exciton, for example in terms of exciton-phonon in-
teraction due to the solid-state surrounding medium. The interaction
of excitons with phonons in 7] — V semiconductor QDs has been an
intensively discussed topic in literature since the early 1990s and sev-
eral aspects are still under discussion. In the following, the different
dephasing mechanisms and the resulting spectral properties of QDs will
be discussed.

6.1.1 Radiative dephasing

The decay of an electron-hole pair in a QD provides a fundamental
limitation of the coherence of the emitted photon. The maximally
achievable emission coherence at the Fourier transform-limit is found
to be Ty /(2T1) = 1. The decay time is measured via TCSPC, the corre-
sponding experimental setup is presented in chapter 3.3. A typical data
set from a time-resolved photoluminescence measurement is shown in
Fig. 6.1(a) together with a mono-exponential fit to the first decade of
the correlation data to extract the decay time of the system. As is visi-
ble from the raw data, the decay behavior is more complicated and the
mono-exponential function does not fit the data in the full delay time
range. There are various reasons for the non-mono-exponential behav-
ior. Uncorrelated background in the correlation measurement leads to
a certain y-offset. The addition of a constant to a mono-exponential
decay function results in a non-linear dependence in the logarithmic
plot. Another reason for the deviation from a mono-exponential is the
asymmetric response function of the ID-Quantique APDs used for the
TCSPC measurements, depicted in Fig. 6.1(b). For a correct repro-
duction of the experimental data the function that accounts for the
physical behavior of the decaying system has to be convoluted with
the instrumental response of the setup. These two factors lead to a
non-exponential appearance of the TCSPC raw data, even for a mono-
exponentially decaying TLS. For an exciton in a QD it can also be
the case that the decay deviates from a simple mono-exponential due
to physical reasons. Two different theoretical approaches that explain
the non-mono-exponential behavior of the time-resolved data are worth
mentioning. Wiersig et al. [122] reported about non-exponential and
also excitation intensity-dependent decay of the QD emission. This is
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Figure 6.1: (a) TCSPC measurement of a single QD under pulsed p-shell
excitation at T'= 6 K and P = 500 uW. The solid line is a mono-exponential
fit to the experimental data, yielding a decay time of Tgec = 720 ps, which
is a typical value of an In(Ga)As/GaAs QD in a planar sample without
Purcell enhancement. (b) Auto-correlation of the pulsed laser with the ID-
Quantique APDs used for TCSPC correlations. The data has been taken by
S. Bounouar [121].

attributed to scattering processes that can redistribute electrons and
holes independently. In addition, dephasing and screening effects can
reduce the electron-hole correlations due to Coulomb interaction, re-
sulting in a non-mono-exponential decay. Another explanation for a
bi-exponential decay of the transient in time-resolved photolumines-
cence is the competing between bright and dark excitonic states. The
solution of the rate equation of a three-level system results in the bi-
exponential decay of the QD emission as described by Johansen et
al. [123]. The spin-flip process is phonon-mediated by a phonon with en-
ergy that matches the exchange energy between bright and dark state;
typical spin-flip times are found to be in the ns range. Experimentally,
the QD is excited under quasi-resonant (p-shell) pulsed excitation for
TSCPC measurements. In this case the extracted 74..-value addition-
ally includes the carrier relaxation between p- and s-shell which is in
the range of 10 —20 ps. To derive the decay time from the raw measure-
ment data, the first decade is fitted with a mono-exponential function
under the assumption that there is no non-radiative carrier recombina-
tion, or that the spin flip from dark to bright state is on a much longer
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timescale. In addition, the carrier relaxation from higher energetic lev-
els is within much shorter timescales compared to the radiative decay
time and therefore negligible, i.e. T} & Tqec-

6.1.1.1 Phonon bottleneck effect

Experimentally, it has been observed that electron-hole pairs that are
quasi-resonantly generated in a QD can relax down to the lowest ener-
getic QD state from where they radiatively recombine. This relaxation
process does not alter the coherence of the QD s-shell emission but
it induces a time jitter to the photon emission event. This can be a
limitation of the indistinguishability derived from two-photon interfer-
ence experiments where the simultaneous arrival of photons on a beam
splitter is a crucial experimental requirement.

Due to the discrete nature of the QD states the conservation of energy
in the relaxation process is hardly fulfilled for LO phonons. This is also
supported by calculations via Fermi’s golden rule which predict that the
relaxation of carriers between electronic levels is prohibited, resulting
in the so-called phonon bottleneck effect [124]. The experimental obser-
vations of the phonon bottleneck, i. e. the reduced exciton relaxation
rate from the inefficient phonon emission at low temperatures, have
been controversial. A large number of experimental photoluminescence
investigations under quasi-resonant QD state preparation have negated
the existence of the phonon bottleneck, and fast relaxation processes
are experimentally observed.

There are several different explanations of the fast carrier-relaxation
process inside a QD. An overview about the different proposed mech-
anisms is given in Ref. [20] and references therein. For example, in-
tradot relaxation within a continuum of states (cross-over between 2D
continuous wetting layer and 0D discrete QD states) via the emission
of localized phonons was proposed by Toda et al. [125].

The strength of the LO phonon-exciton coupling depends on the dipole
moment of the electron-hole pair and therefore the spatial separation
of the wave functions in the QD. When electrons and optical phonons
enter the strong coupling regime, the new eigenstates of the interacting
exciton-phonon system are the excitonic polarons [126]. In the polaron
frame the optical phonon absorption or emission by an exciton is not
a valid image anymore. Instead, what allows relaxation between ener-



Chapter 6. Phonon-assisted incoherent excitation 117

getic QD states is the instability of the phonon part of the polaron wave
function. In analogy to the exciton-photon interaction in a strongly
coupled cavity this can be visualized by a phonon exchange which re-
sults in damped Rabi oscillation between excited and ground state of
the QD. The Rabi frequency is given by the polaron coupling strength.
Due to the short lifetime of the LO phonons the oscillations are quickly
damped, which basically leads to the relaxation from a higher energetic
(p-shell) to the QD ground state within a typical timescale of ~ 10 ps.
This kind of relaxation is efficient for a wide range of energy detunings
between LO phonons and the electronic level splitting inside QDs [20].

6.1.2 Pure dephasing
6.1.2.1 Independent boson model

The framework used to describe dephasing effects due to the inter-
action between an excited two-level system (exciton) with acoustic
as well as optical phonons is the exactly solvable independent boson
model (IBM) [127]. The IBM is based on the adiabatic approxima-
tion, which assumes that the confinement energies exceed the energy of
the phonons, therefore the energy mixing of different electronic states
by phonon coupling can be neglected. The corresponding Hamilto-
nian includes linear coupling between the exciton and phonons. After
transformation in the frame rotation with respect to the laser wy, it
reads [77]:

H = hwoot o~ +0"07 > " hdqj(bq +b] )+ hwg bl ibq;  (6.2)
a7

a.J

with o1/~ being the Pauli operators of the exciton. The index j denotes
the different acoustic and optical phonon branches, whereas hwq ; is the
phonon energy including the energy dispersion of the individual phonon
branches. bq ; and bIL ; are the bosonic phonon field operators, fwg the
exciton energy and Ay ; the exciton-phonon coupling constant. In the
IBM the carrier-phonon interaction does not lead to a change in the QD
exciton occupation because the Hamiltonian commutes with the occu-
pation operator 7o ~. Due to the fact that the IBM does not provide
an energy relaxation mechanism, the recombination of the electron-hole
pair has to be included phenomenological via the Lindblad formalism
described in chapter 2.3.3. Because of the dephasing arising from the
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calculation of the IBM Hamiltonian of Eq. 6.2, it is only possible to
describe the pure dephasing of the system that is not accompanied by a
population change. Under the assumption that the surrounding barrier
and QD material do not differ significantly in their lattice properties,
the phonon modes of the corresponding three-dimensional bulk modes
of the barrier material can be used for the calculations [75]. This is also
supported by the investigations by Stork et al., where optical phonon
replica of electrically excited QDs are observed only at the energy of
the GaAs bulk material energetically detuned by 36.6 meV from the
exciton s-shell, but not at an energetic detuning of 30.3meV, which
would correspond to the phonons of the InAs QD material.

A convenient variation of the IBM is the polaron transformation, which
is described in chapter 4.7. Metaphorically speaking, due to its charge
the electron creates a polarization cloud in a polar lattice, which moves
around with the electron and changes its dynamic properties. Thus,
electron-phonon interaction leads to a new quasi-particle, the electron
and its polarization cloud, called polaron, due to the polar electron-
phonon coupling that causes the interaction. A theoretical model based
on a polaron master equation approach is used for modelling the ex-
perimental data of phonon-assisted incoherent excitation described in
this chapter as well as the study of the investigations of the detuning-
dependent Mollow triplet emission properties in chapter 4.8 and also
the study of Mollow quintuplets (see chapter 4.9).

Based on the calculations of the IBM with linear coupling to acoustic
phonons, the ZPL is a é-peak and does not show any broadening with
temperature, in contrast to what is usually observed in the experiment,
e.g. Ref. [128]. To date the physical understanding of the broaden-
ing of the ZPL has not been clarified yet. There are several possible
mechanism that can lead to temperature-dependent and temperature-
independent ZPL broadening. As mentioned above, the IBM does not
account for the decay of the exciton. Inclusion of the finite lifetime
of the exciton leads to a broadening of the ZPL. The extension of the
IBM in terms of quadratic coupling to acoustic phonons in addition to
the linear coupling leads to a broadening of the ZPL with increasing
temperature [129]. The ZPL can also be broadened by exciton-carrier
interaction as described in section 6.1.2.3 below.
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6.1.2.2 Exciton-phonon coupling mechanisms

There are several coupling mechanisms of the exciton either to optical
phonons (LO) or the acoustic phonons (LA, TA), which can be at-
tributed to distinctly different physical origins. In the following, the
different coupling mechanisms will be introduced together with the re-
sulting spectral properties of the QD absorption. The discussion is
based on the publication by Krummbheuer et al. [75].

For all types of coupling mechanisms the coupling matrix elements
can be factorized in a coupling constant that accounts for the specific
coupling mechanism and a contribution that can be calculated from the
wave function of the electron and hole in the QD potential according
to

Pt = [ oyt ) exp Giar) (63)

F. g’h is termed form factor and is the Fourier transformation of the prob-
ability density function that characterizes which values in k-space the
carrier wave function square covers. Due to a resonance argument the
exciton-phonon interaction only occurs between carriers and phonons
with the same momentum. The effective form factor that includes the
difference between electron and hole form factor is depicted in Fig. 6.2
(left panel). In smaller (larger) dots the wave function is restricted to
a smaller (larger) area in real space leading to a larger (smaller) distri-
bution in k-space.

Polar optical coupling to LO phonons

The LO phonon-exciton coupling in polar semiconductors arises from
the polarization of the lattice due to different charge distributions of
the electron and hole in the QD. The coupling is sensitive to the specific
wave functions of the carriers, in the special case of identical electron-
hole wave functions LO phonon features would not be observable. In
contrast, the dipole moment and therefore the coupling strength can
be enhanced by the Stark effect, shape asymmetries, and compositional
nonuniformities that reduce the electron-hole wave function overlap.

As mentioned above, the coupling is described by a product of effective
form factor and specific coupling mechanism. Fig. 6.2 (left panel) de-



120 Chapter 6. Phonon-assisted incoherent excitation

40
| “|T<10K T>40K
35 Lo £
<30 =
225 £
E LA S LO Phonon
3201 c Replica 8 4 0 4 8
5 15 2 A (mevV)
& 10 5 LA Phonon |ZPL
5 d= 2nm 2 Replica
1 d=10 nm
4 V. N B — N
o 2 4 6 8 10 -40 -20 0 20 40
Wavevector k (nm™) Detuning A (meV)

Figure 6.2: Left panel: Schematic depiction of the dispersion relation for
LO and LA phonons together with the normalized effective form factors that
describe the coupling of the exciton confined in QDs with two different di-
ameters d = 2,10nm, respectively (adapted from Ref. [75]). Right panel:
Schematic QD absorption spectrum with respect to detuning from the s-shell
resonance for low temperatures (T' < 10K) under consideration of exciton-
phonon coupling. At A = 0 the unbroadened ZPL is visible surrounded by
asymmetric acoustic phonon sidewings. At a detuning of A = 36.6 meV cor-
responding to the LO phonon energy in bulk GaAs broadened LO phonon
replica are visible, surrounded by acoustic phonon sidebands. Inset: At
higher temperatures the acoustic phonon sidebands become symmetric due
to the increasing probability of phonon absorption (adapted from Ref. [28]).

picts the normalized effective form factor together with the dispersion
relation of LO as well as LA phonons. For larger dots with diame-
ter d > 10nm the LO phonon energy is almost constant for the wave
vector range covered by the effective form factor. In the absorption
spectrum a J-peak like unbroadened ZPL and sharp peaks at the LO
phonon energy detuning A = 36.6 meV are expected. For smaller dots
the dispersion of LO phonons comes into play, leading to a broadening
of the LO phonon features with decreasing QD size. The spectrum
changes from purely discrete to a system with continuum parts in the
spectrum. Figure 6.2 (right panel) illustrates the spectral position and
shape of the phonon features; the relative weights of the various lines
depend on temperature and the effective coupling constant.

Up to the present day many experimental studies have reported about
LO phonon features in QD spectra. To name but a few, Lemaitre et
al. [130] observed first- and second-order LO phonon sidebands in PLE
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absorption, whereas Duféker et al. [131] observed LO phonon replica
up to second-order in PL emission.

Deformation potential coupling to LA phonons

Acoustic phonons are characterized by a continuous dispersion spec-
trum starting at zero frequency as depicted in Fig. 6.2(a). Therefore
the acoustic phonon sidebands are continuous and approach the ZPL.
The pronounced temperature dependence is also visible in Fig. 6.2(b).
At low T the acoustic phonon sidebands are asymmetric due to unequal
probabilities of phonon absorption and emission. The inset shows that
the phonon replica become more symmetric at elevated temperatures
T>40K.

For In(Ga)As/GaAs QDs deformation potential coupling is the physical
origin of coupling between the exciton and longitudinal acoustic (LA)
phonons. The local homogeneous compression or dilation A(r) caused
by acoustic phonons can be described as a local relative volume chance
according to [132]

AV
=5 )
It is experienced by a carrier as a local change in the lattice constant
which shifts the single particle energy. The interaction Hamiltonian

which accounts for deformation potential coupling can be written as
[132]

A(r) (6.4)

Hel—ph = _ZDA(TJ) ) (65)

where D denotes the deformation potential constant. These deforma-
tion potential constants, which are different for electrons and holes,
describe how an energetic level shifts with increasing pressure (accom-
panied by a volume change) on the solid [127]. Until the present day
there have been no solid numbers for the deformation potential con-
stants in literature [133]. Several theoretical calculations receive a good
reproduction of experimental data with the values of D, = —14.6eV
and Dy, = —4.8eV [75].

One of the first observations of electron-acoustic phonon coupling was
reported by Besombes et al. [134], where acoustic phonon sidebands
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were observed in the PL emission spectra around the ZPL. In another
study Favero et al. [135] found that the relevant parameter for the ob-
servation of acoustic phonon sidebands is the linewidth of the central
ZPL.

Piezoelectric coupling to LA and TA phonons

The third electron-phonon coupling mechanism is the piezoelectric cou-
pling. The piezoelectric effect describes the situation where homoge-
neous static strain causes a polarization. This can be extended to
dynamical strain fields connected with acoustic-phonons, which give
rise to piezoelectric electron-phonon coupling with LA as well as TA
phonons.

The relevant tensor that describes the piezoelectric coupling only has
nonvanishing elements for crystals without inversion symmetry [132].
Therefore piezoelectric coupling between exciton and acoustic phonons
can be neglected for In(Ga)As/GaAs QDs due to the inversion symme-
try of the zinc blende type crystal structure. For this material system,
the piezoelectric coupling has been found to be less than 1% [75] com-
pared to deformation potential coupling. The relevant exciton-acoustic
phonon interaction mechanism of In(Ga)As/GaAs QDs is deformation
potential coupling.

6.1.2.3 Pure dephasing due to the fluctuating charge envi-
ronment

Due to the fact that the QD is embedded in a solid-state host matrix,
charges can be trapped in the vicinity of the QD by impurities or de-
fects. These charges can randomly hop in and out the traps, leading to
a fluctuating charge environment of the QD. This induces micro-electric
fields that shift the QD emission line due to the quantum-confined Stark
effect. This effect of Coulomb interaction of the bound carriers inside
the QD with surrounding charges is usually termed spectral diffusion.
In the In(Ga)As/GaAs QD type studied in this thesis, spectral dif-
fusion effects shift the QD emission energy slightly, thus leading to a
time-integrated single-emission line in micro-photoluminescence inves-
tigations which is larger than the Fourier transform-limit, determined
by the statistical distribution of the small energetic shifts of the QD
emission. The introduced spectral jitter can range from tens of ueV to
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several meV [136], depending on the conditions of emitter-state prepa-
ration.

Resonant emitter-state preparation can decrease the QD emission line-
width at low sample temperatures compared to quasi-resonant or non-
resonant excitation schemes, where more carriers are created in the
vicinity of the QD. A possibility to measure the timescale of spectral
diffusion was presented by Sallen et al. [137]. Auto-correlation mea-
surements on the spectral half of the emission line reveal the spectral
diffusion timescale as a superimposed bunching on top of the anti-
bunching due to the single-photon emitter nature of the QD. The tech-
nique offers a time-resolution limited only by the system response time.

Depending on the distinct values of the modulation amplitude that
randomizes the emission energy over a spectral range of ¥ within a
characteristic timescale of the modulation 7., spectral diffusion can
lead to a broadening of the emission line as well as to the opposite ef-
fect referred to as motional-narrowing. Considering the ratio (¥7.)/h,
the two regimes can be distinguished from each other. In the regime
of slow modulation (37.)/h > 1, the first-order correlation function
exhibits a gaussian decay, leading to a gaussian emission in the spec-
tral domain as well. In the regime of fast modulation (X7.)/h < 1,
the visibility decays exponentially, resulting in a Lorentzian emission
lineshape. In the limit of fast modulation the fluctuations of the en-
vironment are smoothed out and the lineshape is therefore motionally
narrowed. Berthelot et al. [138] experimentally observed the cross-over
between the exponential to gaussian decay in Michelson interferometric
visibility measurements with increasing excitation power and temper-
ature. This result is counter-intuitive, at first glance one would expect
the opposite behavior due to more motion in the carrier environment
with higher excitation power. The asymmetry of the capture and es-
cape mechanisms is the fundamental reason why motional-narrowing
strikingly occurs with decreasing excitation power, as explained in de-
tail in Ref. [138].

Figure 6.3 depicts two data sets of first-order coherence time measure-
ments under different excitation conditions of two different QDs. Under
an excitation power of P = 250 uW a mono-exponential decay of the
visibility can be observed as shown in Fig. 6.3(a), indicating that the
system is operating in the fast modulation regime, where the emis-
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Figure 6.3: First-order correlation function measured via a Michelson in-
terferometric visibility measurement. For the experimental conditions in (a)
P = 250 uW the visibility decay versus delay time can be reproduced with
an exponential fit to the data. In contrast, the higher excitation power in
(b) P =2.5mW leads to a Gaussian decay of the QD emission visibility.

sion has Lorentzian lineshape. In contrast, Fig. 6.3(b) shows a gaus-
sian decay of the visibility with a distinctly shorter coherence time of
To = 19ps for a QD excited at an excitation power of P = 2.5mW,
thus revealing a Gaussian lineshape of the QD emission characteristic
for a system in the slow modulation regime. In agreement with the
observations of Berthelot et al., at a low temperature the system is in
the fast modulation regime at low powers, whereas slow modulation
occurs at higher excitation powers.

6.2 Experimental results

The investigations on the effect of phonon-assisted incoherent exci-
tation (PAIE) have all been measured on the planar sample struc-
ture described in chapter 4.3. First experimental indications of PAIE
are shown in Fig. 6.4(a). The experimental conditions reveal that
the laser excitation is energetically blue-detuned from the emitter by
A = h(wr, —wqgp) = 596 peV. Interestingly enough, even though the
laser is non-resonant, considerable emitter intensity can be observed in
the u-PL spectrum. Due to a typical energetic s- to p-shell separation
of ~ 25 meV it can be ruled out that the laser excites electron-hole pairs
into higher energetic QD shells. Figure 6.4(b) shows the corresponding
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Figure 6.4: Demonstration of photon-assisted incoherent excitation of a
single QD. (a) p-PL emission spectrum of a QD non-resonantly excited
via a cw laser. Even though the laser is detuned by A = 596 peV from
the QD s-shell, the QD reveals significant emission intensity. (b) Corre-
sponding auto-correlation measurement on the QD s-shell proving almost
background-free single-photon emission with a deconvoluted anti-bunching
value of ¢'® (T)gecons = 0.16 & 0.02 (convoluted: ¢'® (T)cons = 0.35 & 0.04).

auto-correlation measurement of the QD emission. The single-photon
emission nature can be proven unambiguously via a g(2)(0)com—value
of 0.35+0.04. Deconvolution with respect to the setup time resolution
of 450 ps yields ¢(®(0)gecons = 0.16 & 0.02.

To gain more insight into the effect of the phonon-induced incoherent
excitation, the cw laser was scanned over the QD resonance in steps
of ~ 15ueV. Under constant excitation power, a u-PL spectrum was
taken at each step. The gathered spectra are depicted in Fig. 6.5(a).
This near resonance scan reveals appreciable QD emission over a long
range of frequencies even detuned from the s-shell resonance. The per-
sistent continuous presence of the QD signal for a relatively large range
of laser energies rules out excitation of the QD via the quantized en-
ergy eigenstates of the dot itself. Instead, this is a first indication that
the excitation of the QD over a continuum of frequencies might be
attributed to the presence of the phonon bath. Via phonon coupling
the QD is effectively excited by either emitting (A > 0) or absorbing
(A < 0) phonons which compensate for the energy difference between
the excitation source and the exciton s-shell energy. Figure 6.5(b),
which shows a zoom into the region A = 0, displays the fine frequency
(resonance) scan over the QD s-shell with a step size of ~ 2 ueV. The
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Figure 6.5: (a) Near resonance scan: The excitation laser energy was varied
systematically in steps of ~ 15 ueV to scan over the QD s-shell with a con-
stant power of P = 500 uW. As is evident from the color plot, emission from
the QD can be traced continuously. (b) Resonance scan: Detailed scan over
the QD s-shell in steps of ~ 2 ueV revealing the onset of resonance fluores-
cence around A = 0. (c-d) QD and combined QD+ laser stray-light emission
intensity extracted from (a) and (b), respectively . (e) QD intensity profile:
Combination of (¢) and (d).
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increase of the signal towards A = 0 reflects the clear onset of reso-
nance fluorescence which overtakes the laser stray-light intensity in the
composite fluorescence and laser signal. To evaluate the PAIE effect
quantitatively, the QD emission intensity versus detuning is extracted
from the scans in Fig. 6.5(a-b). The near resonance scan reveals QD
emission in the meV detuning range, where the excitation is mediated
by LA phonons. The extracted intensity is asymmetric with respect
to zero detuning, this can be explained by the fact that at low sample
temperatures phonon-mediated excitation is more likely for the case
of a higher energetic laser, since the excitation leads to phonon emis-
sion whereas the opposite scenario requires phonon absorption. Figure
6.5(d) depicts the combined QD and laser stray-light intensity extracted
from the resonance scan spectra. On top of the nearly constant laser
background the resonance fluorescence profile in terms of the ZPL is
visible. Combining the evaluation of Fig. 6.5(c) and (d) results in the
QD intensity profile depicted in 6.5(e). The aim of the PAIE investiga-
tions is to theoretically explain and model these intensity profiles. In
the following, the theory in terms of the polaron master equation will
be introduced, the influence of different theoretical parameters on the
intensity profiles will be investigated, and the theoretical model will be
compared to experimentally derived data sets.

6.2.1 Theory

The effect of phonon-assisted incoherent excitation is theoretically mod-
elled with the polaron master equation introduced in chapter 4.7. The
explicit expression for the steady-state exciton population reads

+
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(6.6)

For the planar system of interest, the QD intensity from the vertical
decay channel of the sample is simply Igp o N,. What is impor-
tant is that, Eq. 6.6 includes the detuning and pump dependence of
the phonon-induced scattering rates. For the PAIE effect the Fgﬁ rate
plays a major role, since this process describes the phonon-assisted
incoherent excitation responsible for the phonon side wings which are
predicted theoretically and observed experimentally. The PAIE process
is illustrated in Fig. 4.8. It is worth mentioning that for the PAIE-

calculations the cross-dephasing rate 7.4 has been neglected, due to its
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negligible influence on the observations of phonon-assisted incoherent
excitation.

Before the experimental results are compared to the theoretical pre-
dictions, it is very instructive to have a closer look at the influence of
the different parameters w., T, ap, 15, v and 4’ on the resulting QD
intensity profile. The calculated intensity profiles are depicted in Fig.
6.6. One parameter is varied as indicated in the graph, whereas the
other parameters are kept fixed according to w, = 0.5meV, T = 6 K,
a, = 6 x 0.06m%ps?, v = 0.8ueV (823ps), v/ = 0.8 ueV (823ps),
Ny = 12peV. In the following, the physical meaning of the parame-
ters and their influence on the QD intensity profile will be discussed in
detail.

(a) Cut-off frequency

The cut-off frequency w, is proportional to the inverse QD size [70],
therefore it is higher for dots with smaller height. The effective form
factor for different dot sizes that characterizes the exciton-phonon cou-
pling strength is depicted in Fig. 6.2. For smaller dots (higher cut-off
frequency) the effective form factor covers a larger range in k-space,
thus phonons with higher k-vectors couple to the exciton as compared
to larger dots (with lower cut-off frequency). Due to this, the phonon
side wings show a strong dependence on w.. With increasing cut-off
frequency the phonon replica cover a larger range of energies. In addi-
tion, the maximum of the phonon side wings shifts to higher detuning
A values. Both effects result from the effective form factor dependence
on the QD size and therefore the cut-off frequency.

(b) Temperature

With increasing temperature T’ the phonon side wings on the higher and
lower detuning side of the ZPL become more symmetric. The average
thermal occupation number of the phonon mode k at a temperature T'
is described by the Bose-Einstein statistic, according to

1
™ (exp (hww/kpT)) — 1

(6.7)

At low T ny is small, therefore the probability of phonon absorption
A < 0 is less likely than phonon emission A > 0, leading to asymmetric
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phonon side wings. With increasing temperature these features become
more symmetric due to the increasing phonon occupation, according to
Eq. 6.7. In addition, the phonon features become more intense with
increasing temperature.

(c) Coupling Constant

The coupling constant o, is a material parameter that includes the
deformation potential constants of electrons and holes. It defines the
strength of exciton-phonon coupling. Due to this, the phonon side
wings are more intense for a larger coupling constant. In the graph (...)
denotes (0.06m%ps?).

(d) Pump rate

The pump rate 7, is linked to the Rabi frequency via the definition
1, = 200. With increasing pump strength the effect of phonon-assisted
excitation becomes more effective, therefore the phonon side wings gain
in intensity.

(e) Radiative decay

Compared to the parameters discussed above, v as well as 7' have a
very small influence on the phonon side wings. Increasing the radia-
tive decay rate «y leads to a broadening of the ZPL of the QD intensity
profile. Larger v means a shorter T-time of the system, hence the
coherence time decreases as well, reflected by the broader ZPL.

(f) Pure dephasing

Pure dephasing «" accounts for dephasing effects besides linear exciton-
phonon coupling which is explicitly included in the polaron master
equation approach. An increase in 4’ broadens the ZPL, due to the
decrease in the emission coherence. Overall, the pure dephasing rate
has only a minor effect on the QD intensity profile, as visible in the
graph.

For modelling the experimental data, three of the parameters discussed
above are derived independently. The temperature T of the sample
is measured. The pump strength 7, is linked to the Rabi frequency
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Figure 6.6: Theoretical investigations of the influence of the relevant pa-
rameters on the intensity profile of the QD emission. While keeping the other
parameters fixed (w. = 0.5meV, T = 6K, v = 0.8 ueV (823ps), ¥/ = 0.8 ueV
(823ps), n: = 12ueV, ap = 6 x (0.067%ps?)), the (a) phonon bath cut-off
frequency we., (b) temperature T, (c) coupling constant oy, the (d) pump
rate 1., the (e) radiative decay rate v and the (f) pure dephasing rate ~'
were systematically increased as indicated in the graphs.
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of the system, it can therefore be extracted from the Mollow triplet
center-to-sideband splitting extracted from HRPL measurement data
under resonant QD excitation. The decay rate + can be derived from
time-resolved photoluminescence measurements (TCSPC). The other
three parameters we, o, and 7’ are used as fit parameters in the data
modelling.

6.2.2 Experiment versus Theory

To compare the theoretical predictions of Eq. 6.6 to experimental re-
sults, combined near resonance and resonance u-PL scans have been
evaluated in terms of normalized QD intensity versus detuning. For
the investigation two scans on the same QD were taken, but at a dif-
ferent sample temperature T and excitation strength 7, respectively.
The results of these scans are displayed in Figs. 6.7(a) and (b) as black
data points. The raw experimental data reveals strong resonance fluo-
rescence emission of the QD near A = 0 in terms of the ZPL. Moreover,
a less intense, but distinctly broad QD phonon-assisted emission with a
corresponding detuning range between A ~ —1.5meV and 42 meV can
be traced clearly. The data was modelled with a fit derived from the
polaron master equation theory as described above, indicated by red
solid lines. To unambiguously identify the physical process resulting
in the phonon side wings, the theoretical calculation with Fg]: turned

off is depicted as a dashed blue line in the graph. For Fg; = 0 only
the ZPL can be reproduced, but no phonon side wings are expected
theoretically. This confirms that the laser-driven incoherent excitation
process is the dominant phonon-scattering process.

For a quantitative modelling of the data the sample temperature T,
pump rate 7, and radiative decay v were derived experimentally by in-
dependent measurements and are therefore fairly accurate values within
their experimental margin of error. 7, can be accessed experimentally
by measuring the Rabi frequency of the system. The corresponding on
resonance HRPL spectrum is depicted in the inset of Fig. 6.7(a). The
center-to-sideband Rabi-splitting  is found to be (16.7+£0.7 ueV), giv-
ing n, = % = (5.32 £0.23 ueV). The decay time for most of the QDs
in the sample is found to be rather similar due to no preferential radia-
tive enhancement of selective QDs by Purcell-like effects. Independent
time-correlated photon counting measurements have revealed a typical
radiative decay time of (750—850 ps), which gives v = (0.77—0.88 ueV).
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Figure 6.7: Intensity profiles: Integrated QD intensity derived from a com-
bined near resonance and resonance scan (similar to those depicted in Fig.
6.5) plotted as a function of laser-QD detuning. The scans were performed
at different temperatures and different excitation strengths (Rabi frequen-
cies). Black filled circles: Experimentally derived data points. Red solid
line: Theoretical fits to the data including FZZ + I‘g;:. The following values
are used to reproduce both data sets: w. = 0.6 meV, a;, = 6 x 0.06 x 72ps?,
v = 0.82ueV (803 ps) and v = 0.6 ueV (1097 ps). The thermally averaged
bath displacement operator is calculated to be (B) = 0.91 for the conditions
in (a) and (B) = 0.87 for (b). Inset: HRPL spectrum with the characteristic
resonance fluorescence spectrum in the spectral domain, revealing a Rabi fre-
quency (center-to-sideband splitting) of Q = 16.7£0.7 ueV. The blue dashed
line shows the theoretical expectations for the Fg; process turned off. Under
these conditions the theory can reproduce only the ZPL, but no phonon side
wings, giving clear evidence that the phonon-assisted incoherent excitation
process is the origin of the LA phonon replica.

The coupling constant describing the interaction between the exciton
and the LA phonons via deformation potential c, = 6 x 0.067%ps?, the
pure dephasing rate v/ = 0.6 ueV (1097 ps), and the cut-off frequency
we = 0.6 meV are then derived via fitting. The values are not affected
by temperature or excitation strength, therefore they are the same for
the two different intensity scans in Fig. 6.7.

The theoretical fits show very good agreement with the experimen-
tally derived data points. It should be mentioned that in most of our
measurements the experimentally extracted phonon side wing inten-
sity shows a dip at a certain detuning, whereas the fit is smooth and
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monotonically decreasing with increasing detuning A, similar to the
situation in Fig. 6.7(b) (dip at ~ 1meV). A recent publication by
Nysteen et al. [139] suggests a theoretical explanation of this quench-
ing of phonon-induced processes at certain detunings via electron-hole
asymmetries. The red line in Fig. 1(a) in their publication shows the
QD population that reveals a similar behavior as the experimental data
in Fig. 6.7(b). For their study they used different wave functions for
electrons and holes, because due to the different effective masses of the
carriers the confinement in the QD potential and the eigenenergies are
different. At a certain detuning (corresponding to a certain phonon
energy) it is therefore possible that the different deformation potential
constants for electrons and holes can be compensated by the different
wave functions, leading to a suppressed coupling of certain phonon-
modes. In the polaron master equation-based theory, which is used
to model the data in Fig. 6.7, the same wave functions for electrons
and holes are assumed. In this case the suppressed phonon interaction
would appear at infinite detuning. The spectral position of the dips
that correspond to suppressed phonon coupling is dependent on the
QD material composition and also on the exact QD potential.

6.2.3 Emission coherence

Photon-visibility measurements have been performed via Michelson in-
terferometry to determine the coherence properties of photons emitted
under both resonant and off-resonant excitation conditions. Figure
6.8(a) shows the sinusoidally-varying visibility of the QD emission un-
der strictly resonant excitation which indicates the presence of the Mol-
low triplet in the spectral regime. The data was fitted by the following
function

1 .
g(l)(T) =3 exp (—VeenterT) €xp (iwT)

1 .
+ o exp (—YsideT) exp (i(w — Q)T)

1 .
+ 1P (=vsideT) €xp (i(w + Q)7) (6.8)
which is the Fourier transform of the spectral Mollow triplet (see Eq.
4.21), according to the Wiener Khintchine theorem. The following de-
notations are used: Yeenter = 2Ypot AN Vside = Ypol + Vpop, as defined
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Figure 6.8: (a) Visibility of a Michelson interferometric coherence time
measurement of the QD emission under resonant excitation (A = 0). The os-
cillations in the visibility-delay time plot indicate the different Mollow triplet
frequency components in the spectral domain. The oscillation period reveals
a Rabi frequency of 2 = 21.1 pueV. From the overall exponential decay of the
visibility, a coherence time of T> = 258 ps is extracted. (b) Corresponding
HRPL measurement. The Rabi frequency 2 = 21.3 ueV extracted from the
Mollow triplet center-to-sideband splitting is in excellent agreement with §2
extracted from the visibility-oscillations.

in Egs. 4.25 and 4.26.

Via the decay of the visibility-oscillations, a coherence time of T, =
258 + 31 ps is extracted. The oscillations period of the visibility of
Tose = 196 ps reflects the Rabi frequency 2 = 21.1 ueV of the resonantly
excited QD. This value can be compared to the renormalized Rabi fre-
quency extracted from the HRPL data depicted in Fig. 6.8(b). The
Mollow triplet center-to-sideband splitting of = 21.3 ueV is found
to be in excellent agreement with the value derived from the visibility
oscillations. It is worth mentioning that even under strictly resonant
excitation the emission is not Fourier transform-limited, which may be
attributed to spectral diffusion effects.

As a comparison, the emission coherence was also measured under
the non-resonant excitation conditions of phonon-assisted excitation.
Figure 6.9 depicts Michelson interferometric visibility measurements
for three different detuning conditions A. The data is fitted with a
Gaussian function and reveals a coherence time of (a) 7o = 17ps at
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Figure 6.9: The QD visibility under phonon-assisted incoherent QD ex-
citation reveals short Ta-times of 17 + 4ps for A = 1.5meV, 20 + 3 ps for
A =0.9meV, and 27+7 ps for A = 1.0meV. In comparison to the longer res-
onance coherence of 2568+ 31 ps, the distinctly shorter coherence times can be
attributed to the phonon-assisted incoherent excitation process. Solid lines
are the corresponding Gaussian fits to the experimental data.

A = 1.5meV, (b) T, = 20ps at A = 0.9meV, and (¢) T = 27ps
at A = 1.0meV. The coherence is found independent of the specific
excitation-QD s-shell emission detuning. It is rather limited compared
to the value under resonant excitation. This might be attributed to the
phonon-assisted excitation mechanism that induces additional dephas-
ing compared to the resonant emitter-state preparation, resulting in an
emission coherence approximately 10-times higher.
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6.3 Discussion

It is worth mentioning that QD excitation via phonon-coupling is ob-
served to be efficient and approximately 20% of the QD intensity is
achieved with respect to strictly resonant excitation with the distinct
advantage that the laser stray-light can easily be separated from the
QD emission.

Besides the described above off-resonant pumping, which leads to QD
s-shell emission, the opposite effect of resonant QD excitation and de-
tuned phonon-assisted QD emission should also be observed experi-
mentally. It should not be withheld that in the experiment it was not
possible to trace phonon side wings under resonant s-shell excitation.
This might be attributed to the very weak intensity of the phonon
features compared to the intense ZPL dominating the spectrum. Nev-
ertheless, this effect was monitored recently by Matthiesen et al. [100],
the corresponding spectrum is shown in the inset of Fig. S6(b) of the
supplementary material of their publication.

One of the advantages of carrier-phonon interaction for QD state prepa-
ration was pointed out by Gléssl et al. [140]. In their publication they
show that the exciton and biexciton state of a QD can be prepared
with high fidelity on a picosecond timescale when a strong but slightly
off-resonant laser pulse is applied to the system. The exciton-phonon
interaction leads to a relaxation of the system towards the dressed
states and was found to be very robust in terms of pulse intensity and
detuning, provided that the pulse is strong enough. In fact, the per-
formance of the presented protocol is shown to be better the stronger
the carrier-phonon interaction is. One drawback of this kind of emitter
state preparation might be the low emission coherence, which has been
found to be limited under cw phonon-assisted excitation, as discussed
in chapter 6.2.3. It is worth mentioning that very recent experimental
investigations by M. Miiller and co-workers [141] revealed similar coher-
ence times for a system that is excited via resonant two-photon absorp-
tion compared to the scenario where the excitation is slightly detuned
from the two-photon resonance and mediated via phonons. These inves-
tigations point towards the fact that the phonon-mediation apparently
does not destroy the coherence of the emitted photons. The difference
compared to the cw coherence time investigations presented above is
the pulsed excitation of the system. A possible explanation might be
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based on the fact that under cw excitation phonons are continuously
present in the system and their interaction with the electron-hole pair
leads to a limited coherence of the emission. Under the pulsed excita-
tion conditions, with pulse length of a few tenth of ps [141], phonons
are only present for short periods of time, compared to the electron-
hole pair recombination time usually in the range of ~ 800 ps. This
might be the reason why phonons do not affect the emission coherence
under pulsed off-resonant excitation. These contrary observations are
indeed interesting, but a profound explanation cannot be given at the
current stage of research. Detailed experimental investigations will be
needed in the regime of cw as well as pulsed excitation to further con-
solidate the experimental results and to find a convincing theoretical
description.






Chapter 7

Non-resonant quantum
dot-cavity coupling

Effects of emitter-mode coupling are usually described in the Jaynes-
Cummings picture that considers the interaction of a TLS with the
photon mode of the surrounding cavity. When the detuning between
the emitter and cavity resonance is increased by a few linewidths out
of resonance, the mode intensity is expected to decrease considerably.
This behavior has been consistently observed for atoms coupled to op-
tical microcavities [142]. In contrast recent investigations in solid state
cavity QED have traced unexpectedly intense mode emission even for
large spectral detunings between emitter and cavity. This effect is usu-
ally referred to as non-resonant coupling (NRC).

Initial reports about NRC date from Hennessy et al. [143] and Press et
al. [144]. In these pioneering studies of 2007 NRC has been explored
under strong-emitter mode coupling via photon cross-correlation mea-
surements. The experimentally detected anti-correlation between emit-
ter and mode emission indicates, that the mode is non-resonantly fed
by the single quantum emitter. On the basis of these studies great
achievements have been made to investigate the emission characteris-
tics of non-resonantly coupled QD-mode systems in the strong, as well
as in the weak coupling regime.

The experimental work of Suffczyniski et al. [145] reveals insight into
the emission dynamics of the non-resonantly coupled mode. Systematic
time-resolved experiments show that the cavity emission is governed
by the dynamics of the spectrally closest QD state. In the case of two

139
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similarly detuned dots, the emission at the mode energy is driven by
the spectrally widest QD state.

The effect of NRC is also of special interest when considering resonant
QD excitation. Whereas the emission from the quantum emitter is
superimposed by laser stray-light from the excitation laser, the mode
can be employed for a background-free monitoring of distinct emit-
ter characteristics. Therefore several studies focus on exploring NRC
under resonant excitation conditions [146, 147], e.g. Ates et al. [63]
have been able to monitor the exciton fine-structure splitting via the
off-resonant cavity mode. Additionally, Ulhaq et al. [148] present the
effect of linewidth broadening and emission saturation with increasing
excitation power via monitoring the off-resonant cavity emission.
Besides the common procedure of exciting the QD and observing the
non-resonantly coupled mode signal, the opposite scenario of pumping
the cavity can lead to a clear and selective excitation of a QD, spatially
located close to the electric field maximum of the cavity mode [149].
Recently it has been shown that selective excitation of one QD can
lead to the emission of another spectrally detuned dot mediated by an
off-resonant cavity [150,151]. Additionally NRC has been verified on
site-controlled QDs [152], as well as on a QD coupled to an external
cavity [153]. What is interesting in terms of applications is also the
work by Strauf et al. [154] where lasing has been achieved from QDs
non-resonantly coupled to a photonic crystal cavity.

7.1 Theoretical descriptions of NRC

In the past years many groups have presented different theoretical mod-
els to provide a fundamental explanation of NRC [83,155-157]. Basi-
cally the effect of NRC can be classified into two different regimes, i.e.
small detuning between the QD exciton and the coupled cavity mode
(A = Egp — Epode) with A < 3meV and large emitter-mode detuning
A > 5meV. The theoretical explanations for the physical origin of
NRC is inherently different for these two regimes, as will be discussed
in the following.

7.1.1 NRC for large emitter-mode detunings

Based on their experimental findings of NRC for large detunings be-
yond A ~ £10nm (A ~ +15meV) under wetting layer excitation of
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the QD, two studies of the Finley group [158,159] attribute the phys-
ical origin of NRC to multi-exciton or charged exciton effects. They
propose so-called photon-induced shake-up processes, in which charged
exciton decay takes place into a continuum of final states, where the
holes are distributed between the dot and the wetting layer contin-
uum. The transitions that are energetically in resonance with the cav-
ity mode can effectively feed photons into the mode and contribute to
the observed mode emission. A more refined version of this theory has
been presented by Winger et al. [160]. Their theoretical calculations
are based on multi-excitonic eigenstates with up to 18 electron and 32
hole states including spin. Due to the variety of initial and final states
the possible transitions merge to a quasi-continuum that gives rise to
background emission that feeds the mode. Subsequent experimental
studies of Laucht et al. [161] reveal a superlinear power dependence
of the mode emission, indicating that the emission stems from multi-
excitons. This strongly supports the theoretical explanation by Winger
et al., which is additionally substantiated by the investigation of the
temporal evolution of the photoluminescence of the system.

7.1.2 NRC for small emitter-mode detunings

NRC for small emitter-mode detunings was initially explained by pure
dephasing effects. Neasby et al. [162] have introduced a quantum me-
chanical description where pure dephasing is modelled via different out-
put reservoirs coupled to the cavity or the QD respectively. With their
theoretical approach they are able to reproduce the intensity-shifting
effect of NRC from the emitter to the cavity frequency. Additionally,
they present a very instructive mechanical analog within their publica-
tion to illustrate how pure dephasing events cause NRC.

In accordance with Neasby et al., Aufféves et al. [163] also attribute
the NRC effect to pure dephasing. In their publication they have high-
lighted the usability of NRC for wavelength-stabilized single-photon
sources robust against spectral diffusion.

Other theoretical approaches model the energy transfer from the QD to
the detuned mode via mediation of acoustic phonons. Hohenester et al.
[164] introduces the phonon-assisted scattering between QD and cavity
mode within the framework of the independent boson Hamiltonian.
The energetic difference between the excitonic s-shell emission energy
and the detuned cavity is compensated by the emission or absorption
of a phonon with corresponding energy. The calculations predict a



142 Chapter 7. Non-resonant quantum dot-cavity coupling

strong asymmetry in the phonon-assisted scattering rate for positive
and negative exciton-cavity detunings, explainable due to the unequal
probabilities of phonon emission and absorption at low temperatures.
This asymmetry is also manifested in the decay times of the emitter
for different detunings. There theoretical predictions are compared
with experimental results and are found to be in good agreement, thus
validating the theoretical model further.

Kaer et al. [165] employ a non-Markovian model taking into account
memory effects of the phonon bath. Similar to Hohenester, they find a
phonon-induced asymmetry when detuning the cavity from the QD res-
onance. Additionally they discuss the phonon-induced lowering of the
effective coupling strength g, which was found to change the criterion
for strong and weak coupling.

Roy et al. [71] have modelled NRC under resonant excitation. The
polaron-based master equation approach includes the interaction with
an acoustic phonon bath up to all orders. Their study puts special em-
phasis on the emission characteristics of the Mollow triplet dependent
on the emitter-cavity detuning.

NRC for resonant s-shell excitation of the QD has also been theoret-
ically described by Majumdar et al. [166]. In their work they show
that a pure dephasing model is not able to theoretically explain NRC
under resonant excitation. The cavity emission is attributed to so-
called cavity-enhanced phonon processes. Their results demonstrate
that these phonon-mediated processes effectively extend the detuning
range in which off-resonant QD-cavity coupling may occur beyond what
is given by pure dephasing processes.

Furthermore Kaer et al. [167,168] have investigated the influence of
non-Markovian phonon-induced processes for a coupled QD-cavity sys-
tem on the indistinguishability of photons emitted by the QD and the
cavity respectively.

Summarizing the current understanding of the NRC phenomenon for
the regime of small emitter-mode detunings under consideration of the
above-mentioned publications, it can be concluded that non-resonant
coupling is a combined effect originating from pure dephasing and
electron-phonon coupling. Pure dephasing includes electron-phonon as
well as carrier-carrier scattering, whereas the contribution of electron-
phonon coupling is a direct mediation of the energetic discrepancy be-
tween exciton and cavity-mode energy via phonon absorption or emis-
sion.
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Figure 7.1: (a) Scanning electron microscope image (SEM) of a micropillar
sample (by courtesy of University of Wiirzburg). (b) Schematic depiction of a
cylindrical micropillar cavity. Self-assembled Ing.4Gag.e As-QDs are embed-
ded at the center of a GaAs-A-cavity sandwiched between top (29-pair) and
bottom (26-pair) distributed Bragg reflectors (DBRs) composed of \/4-thick
periods of alternating AlAs/GaAs.

7.2 Micropillar sample structure

For the investigations of non-resonant emitter-mode coupling, micropil-
lar cavities as depicted in Fig. 7.1 are employed. The sample was grown
by molecular-beam epitaxy (MBE) on a (001)-oriented undoped GaAs
substrate [169,170]. It was fabricated by the Technische Physik, Uni-
versitat Wiirzburg by the group of Prof. Alfred Forchel.

Initially, a planar sample structure is grown, in which the vertical mode
confinement is achieved by distributed Bragg reflectors (DBRs) consist-
ing of quarterwavelength-thick layers of GaAs and AlAs as high reflec-
tivity mirrors on either side of a GaAs one A-thick-cavity (29-pair of top
and 26-pair of bottom DBRs). The self-assembled Ing 4Gag.gAs-QDs
are grown in Stranski-Krastanow growth mode [171]. Here the depo-
sition of InAs on the GaAs substrate primarily leads to the formation
of the so-called two-dimensional wetting layer, compressed uniformly
due to the higher lattice constant of InAs compared to GaAs. Fur-
ther deposition of InAs increases the in-plain strain, which is finally
relaxed by the formation of small islands called self-assembled QDs.
For three-dimensional carrier confinement the QDs are overgrown by
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another layer of the GaAs substrate. This layer of self-assembled QDs
with a lateral dot density of approximately 6 - 10"?cm ™2 is located in
the middle of the A-cavity. The approximately lens-shaped dots have
typical diameters ranging between 20 — 35 nm and a height of 3 —4 nm.
Due to the intermixing of InAs with the GaAs substrate at elevated
growth temperatures, the QDs also contain Ga atoms. For the sample
under investigation the Ga content is approximately 60% [172].

In order to fabricate arrays of high-quality micropillar cavities from
the planar sample structure, an optimized technique of electron-beam
lithography and reactive ion etching in an inductively coupled Ar/Clsy
plasma has been employed. Via this method circular pillars with cross-
section diameters ranging from 1.5 ym up to 4 um are produced. Due
to the optimized etching process a very smooth pillar surface with few
structural defects is achieved, resulting in a small amount of optical
losses due to photon scattering at surface irregularities, while provid-
ing strong and uniform optical confinement. Therefore the micropillars
have high quality factors exceeding ) > 10000 on average. The sample
is finally cleaved parallel to the pillar rows for optimal pillar accessibil-
ity under the use of the side-excitation technique described in chapter
3.1.

The electrical field confinement in the pillar causes the formation of
certain eigenmodes within the cavity. A detailed analytic derivation
of the eigenvalue equation has been carried out by Wolfgang-Michael
Schulz [62]. In Fig. 7.2 the theoretically calculated mode emission
energies are compared to the corresponding experimentally measured
u-PL spectrum of a pillar with a nominal diameter of 1.75 ym. The
spectrum has been taken at high excitation powers under electron-hole
pair creation above the bandgap, therefore it reveals only the distinct
mode energies, whereas the QD intensities are small due to the satura-
tion of the emitters. The theoretically calculated energetic positions of
HE- and EH-hybrid modes are in very good agreement with the exper-
imentally measured fundamental mode (FM) and higher-order mode
energies. The slight discrepancies can be attributed to the idealized as-
sumption of a cylindrical resonator. Deviations from the circular pillar
shape lead to a splitting of degenerate eigenmodes as shown by Ates
et al. [174]. Additionally, the calculation does not include the relative
intensities of the modes, which might explain the missing £ H1; mode
in the spectrum of Fig. 7.2(a).
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Figure 7.2: (a) High-power u-PL spectrum of a pillar with a nominal diam-
eter of 1.75 pm under carrier excitation above the bandgap. The spectrum
reveals the distinct mode emission energies. Due to saturation at high exci-
tation powers the QD intensities are small compared to those of the modes
and therefore not visible in the spectrum. (b) Theoretically calculated mi-
cropillar eigenenergies for a pillar diameter of 1.74 ym and a refractive index
of ngaas = 3.45 and najas = 1 respectively [62,173].

7.3 NRC under quasi-resonant QD excita-
tion

All results of the study of non-resonant emitter-mode coupling pre-
sented in this chapter are measured on a QD-cavity system with a
pillar diameter of 3.5 um. The focus of the investigations is to study
the coupling between a single QD and the fundamental mode (HE; ;
mode referred to as FM) as well as the spectrally closest first excited
mode (denoted as M2), with respect to the emission characteristics of
the system.
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Figure 7.3: Series of temperature-dependent micropillar emission spectra
taken under pulsed p-shell excitation of the QD (P = 80 uW). The system
under investigation consists of a QD, the spectrally close first excited mode
(labeled as M2), and the fundamental mode (FM) of the pillar cavity. The
quality factors of the two modes are found to be Qrn =~ 15000 and Qnr2 =~
8000 respectively.

7.3.1 Temperature-dependent ;-PL

A temperature-dependent p-PL series depicted in Fig. 7.3 has been
taken under pulsed p-shell excitation of the QD (excitation ~ 24 meV
above the QD s-shell) for initial characterization of the system. At low
temperatures of T' ~ 6 K, photons originating from the excitonic s-shell
emission have an energy of 1.3422 eV, blue detuned from both the FM
(1.3384eV) and M2 (1.3418€V) emission channels. With increasing
sample temperature T" the QD as well as the FM and M2 emission shifts
to lower energies, due to the temperature dependencies of the bandgap
E,qp(T) and the refractive indices n(7) of the material. A change of
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Figure 7.4: (a) Emission energy of QD, M2 and FM versus temperature T
extracted from Fig. 7.3 respectively. The crossing of QD and M2 emission
as a typical sign of weak-coupling is visible at T = 27.5K. (b) Relative FM
intensity and combined QD + M2 intensity as a function of detuning A,
revealing strong emission-intensity anti-correlation.

the bandgap is accompanied by a change in the QD s-shell emission
energy which exceeds the change of mode energies with temperature
ruled by An(T), according to

AEop(T) & AEyap(T) > AEmoqe(An(T)) . (7.1)

This difference in temperature shift leads to the fact that the originally
higher energetic QD can be tuned through the mode resonance to its
lower energetic side by systematically increasing the sample tempera-
ture. A crossing between the QD and M2 is observed at T' = 27.5K,
as a typical feature of a cavity-emitter system operating in the weak
coupling regime. Due to the fact that at low 7" the FM is far-detuned
from the excitonic s-shell emission (AEgp—_pum ~ 3.8meV), a crossing
between QD and FM emission energies could not be achieved experi-
mentally. The emission energies of QD, FM and M2 are depicted in
Fig. 7.4(a), revealing the different shift-strength of mode and QD s-
shell emission as well as the crossing between QD and M2.

Based on the u-PL-measurement data, the integrated relative intensi-
ties of the QD and M2 signals have been analyzed according to

g _ JUgp+ Iu2)dE
QPAM2 ™ [(Top + Ingo + Ipar) dE

in comparison to the relative FM intensity

(7.2)
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Ipy dE
I = [ Lrn 7.3
FM f(IQD+IM2+IFM)dE (7.3)

as a function of the detuning A(T) = Egp — Eam2. The results are
depicted in Fig. 7.4(b). The data reveals a clear increase of the relative
QD + M2 emission signal around resonance A — 0 at the expense of
the relative FM intensity. This indicates predominant non-resonant
QD emission coupling to the spectrally nearest mode M2 and points to
a pronounced anti-correlation between the single QD and two distinct
modes of the surrounding microcavity under study.

7.3.2 Correlation measurements

To gain deeper insight into the emission-correlations of the system that
are already indicated by the anti-correlation in the combined QD +
M2 versus FM relative intensities, correlation measurements have been
performed on all possible combinations of the three emission channels
of the spectrum. The experiments have been carried out under pulsed
QD p-shell excitation at "= 6.4 K. The corresponding histograms are
depicted in Fig. 7.5(a)-(e). Figure 7.5(a) shows the auto-correlations of
the QD s-shell emission, in which almost background-free single-photon
emission with a Poisson-normalized value of ggl))(()) = 0.10 £ 0.01 was
verified. In addition to the QD the auto-correlations on FM and M2

also reveal a suppressed central peak with gg]\)/l(O) = 0.56 £ 0.03 and

gJ(VQI)Q(O) = 0.64 + 0.03, respectively. This reflects an anti-correlation
in the time domain of the individual mode emissions, but it also in-
dicates time-uncorrelated background contribution within the mode
signals. The anti-correlation can be attributed to the pre-dominant
non-resonant feeding of the modes by the QD under investigation. The
non-vanishing zero-delay time peak can be explained by the spectrally
broad laser pulse under quasi-resonant excitation of the QD p-shell. In
addition to the p-shell of this QD, the laser with a spectral width of
> 650 ueV has spectral overlap with higher energetic shells of other
QDs in the pillar. This becomes obvious in the u-PL spectra in Fig.
7.3, where besides the three emission channels under investigation dif-
ferent other tiny emission lines can be seen. These additionally excited
QDs can also couple non-resonantly to the two modes, leading to un-
correlated background with respect to the QD under study.

Even though the auto-correlations already indicate the coupling be-
tween the emitter-modes system, these measurements are not sufhi-
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Figure 7.5: Photon-correlation measurements of the coupled QD, M2 and
FM system under pulsed QD p-shell excitation (experimental conditions T' =
6.4K, P=110uW). (a) Auto-correlation of the QD signal revealing almost
background-free single-photon emission. [(b) and (c)] Auto-correlations of
the individual M2 and FM decay channels, demonstrating sub-Poissonian
statistics indicative of dominant coupling to a single-photon emitter. [(d)
and (e)] Cross-correlations between QD-FM and QD-M2, proving dominant
feeding of each distinct mode via non-resonant coupling to the single QD. (f)
Cross-correlation of FM-M2, showing pronounced anti-correlation between
both signals.

cient to prove the coupling of the system. Therefore in a second
step cross-correlation measurements have been performed between all
three emission channels, to prove that the suppressed zero-delay peak
(r = 0) in the FM and M2 auto-correlations originates from the fact
that mainly photons from the detuned QD under investigation con-
tribute to these signals. The experimentally obtained results of the
cross-correlation central peak value are 9(2)(0)QD,FM = 0.23 £ 0.02,
9@ (0)gp_nr2 = 0.34 £ 0.02 and ¢®(0)pasr—_ar2 = 0.58 £ 0.03, clearly
demonstrating that the system of single QD and two distinct cavity
modes is highly correlated. For the correlations between the QD and
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the two individual mode emissions the anti-bunching of the central
peaks clearly proves that the QD predominantly feeds both the modes
via non-resonant coupling. Moreover, an anti-correlation between FM
and M2 has also been experimentally verified (see Fig. 7.5(f)), revealing
that the photons emitted by the two modes are anti-correlated as well.
In other words, coupling of the driving single-photon source (QD) to
either mode (M2 or FM) appears exclusively, i.e. transfer of energy to
M2 or FM will not appear at the same cycle of QD excitation. This is
verified by the suppressed coincidence rate in Fig. 7.5(f). As expected,
it is found that all cross-correlation g(?)(0)-values are in between the
corresponding auto-correlations zero-peak values of the contributing
decay channels.

7.3.3 Decay time and coherence time measurements

To investigate the emission dynamics of the system, TCSPC measure-
ments under pulsed p-shell excitation have been performed to derive
the decay time 74, of all three emission channels of the system. The
results are shown in Figs. 7.6(a)-(c). As expected for systems operat-
ing in the weak emitter-mode coupling regime, the decay time of the
QD emission decreases towards QD-M2 resonance A — 0. The Purcell
enhancement factor of the QD-M2 system has been calculated from
the ratio TdAe?O / TdAec:O and found to be Fpg = 7.1 &+ 1.4. For the pho-
ton emission of M2, predominantly originating from the non-resonantly
coupled QD, an almost identical change in the radiative decay time
Té\gg with a pronounced decrease towards zero detuning A has been
extracted from the TCSPC measurement data. Figure 7.6(b) shows
the raw TCSPC measurement data for all three emission channels at
A =79 peV (T = 25.5K). The first order of magnitude of the tran-
sient decay was fitted with a mono-exponential function, which reveals
the decay time 74.. of the photon emission. For these experimental
conditions nearly identical decay times of Ti? = 242.5 4+ 45 ps for the
QD and 722 = 226.3 £ 45 ps for the M2 emission have been derived.
As visible from Fig. 7.6(a) the trend of emission dynamics is found
to be maintained throughout the non-resonant coupling into M2. It is
worth mentioning that the TCSPC raw measurement data displayed in
Fig. 7.6(b) cannot be fitted with a mono-exponential function in the
full delay time range. The deviation from a single mono-exponential
decay in time resolved pu-PL can be attributed to different origins, a
detailed discussion about the possible reasons of the non-exponential
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Figure 7.6: (a) Radiative decay time T4e. of QD and M2 under pulsed p-shell
excitation (P = 70 uW) as a function of spectral detuning A, revealing almost
identical behavior of both emission channels. (b) Corresponding TCSPC
transient data for A = 79 peV with mono-exponential fits, to extract Tgec.
(c) Radiative decay time of the FM emission, revealing an almost constant
Tdec unperturbed by the detuning A.

decay behavior is given in chapter 6.1.1.

When comparing the QD and FM emission, they are found to be
distinctly detuned, so no Purcell induced decay time decrease is ex-
pected for the non-resonantly coupled FM photon emission. From
Fig. 7.6(b) the FM emission at A = 79 ueV shows a decay time of
T(f;ﬂ/[ = 359+ 47 ps. Indeed the dynamics of the FM effectively remains
the same for all detunings shown here, with Tj;]cv[ ~ 350 ps. This value
is smaller as the expected radiative decay time of the QD emission with
no Purcell enhancement of the emitter, i.e. 74, ~ 800 ps. The shorter
decay time can be attributed to contributions from other additionally
excited QDs in the pillar, due to the fact that the emission dynam-
ics of the non-resonantly coupled mode follows the spectrally closest
QD [145]. The extracted lifetimes of the FM for higher temperatures,
i.e. detunings A < —0.1meV, are found to deviate slightly from the
expected nearly constant 75 value because of the contribution of an
extra QD tuning into the mode at these temperatures. The correspond-
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ing data points are depicted as open circles in Fig. 7.6(c). This second
QD also feeds the FM and influences its emission dynamics due to its
spectral vicinity [145].

To conclude the detailed studies on the emission characteristics of the
coupled QD and multi-mode system, a Michelson interferometer was
used to perform g™ (7)-type coherence time measurements on all three
emission lines. For a damped two-level system including radiative decay
and pure dephasing as described in chapter 2.3.3 the coherence time 75
is linked to the radiative lifetime 77 and the pure dephasing time Ty
according to the following equation:

1 1 1

=4 - 4
T2 2711 M Tpure (7 )

Here T denotes the spontaneous emission lifetime of an exciton in the
s-shell which is only slightly different from 77 derived via TCSPC
measurements. Under the assumption that there is only radiative re-
combination of the carriers in the QD the decay time can be extracted
from a mono-exponential function to the first decade of the measure-
ment data. For quasi-resonant excitation conditions the value of TC?E?
additionally includes the carrier relaxation between p- and s-shell which
is in the range of 10 —20 ps, and can be safely neglected in the following
discussion, i.e. T1 & Tqec-

The evaluated coherence time results are depicted in Figs. 7.7(a) and
(b). For the QD we observe the theoretically expected behavior that
can be explained with the aid of Eq. 7.4. At low temperatures, ap-
proaching resonance A — 0 from positive values, the coherence time
decreases as a consequence of the Purcell-induced decay time reduction
experimentally observed in TCSPC measurements. It is well worth
noting that 75 of the QD emission does not increase again for nega-
tive detunings, unlike the decay time T;. The low coherence time is
due to the increased influence of pure dephasing processes like phonon-
scattering, which become dominant at higher temperatures. In contrast
to the QD emission, the coherence time of both M2 and FM are essen-
tially not affected by tuning the QD into M2 can be seen in Figs. 7.7(a)
and (b). This observation can be explained by two reasons. First of
all the mode emission is mediated by non-resonant coupling of the QD
to the modes. This coupling effect accounts for some extra dephasing
mechanism that the photons undergo while being transferred into either
mode. Therefore, the pure dephasing rate (7,,,1.) in Eq. 7.4 for non-

pure
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Figure 7.7: [(a) and (b)] Results of QD, M2 and FM coherence time T
measurements. The T of the QD reveals significant variations with detuning
(and therefore also temperature), in contrast to the two coupled modes. For
M2 and FM, T is found to be constant and rather limited due to additional
dephasing inherent to non-resonant coupling.

resonantly coupled modes becomes rather high, compared to the pure
dephasing of the QD s-shell emission. This leads to a shortening of the
mode coherence times compared to the one of the QD. Another reason
for the low and almost constant mode coherences is the quality of the
cavity modes. Due to the Q-factor each mode allows a certain spectral
bandwidth in which the QD can non-resonantly couple. Therefore the
coherence of the mode emissions is also determined by the quality of the
individual modes. For the coherence times of the two modes depicted
in Fig. 7.7 the following average values are found T4™ = 34ps and
TM2 = 54 ps. These Ty-times are in the same range than the coherence
times extracted from the linewidth of the two modes. Namely they are

found to be M = 45ps and M2 = 26 ps. Due to this reason it can
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be concluded that the mode emission coherence can be enhanced by
employing cavities with higher Q-factors. The experimentally derived
low coherence of the mode emissions gives an important indication of
the limitation of non-resonantly coupled sources. The low coherence
of the mode emission will for example affect the indistinguishability
of consecutively emitted photons, whereas a high two-photon interfer-
ence visibility is required for many application in quantum information
technology.

7.4 NRC under resonant QD excitation

In addition to the investigations under pulsed p-shell excitation pre-
sented above, u-PL measurements under resonant s-shell excitation
with a narrow band cw laser pumping the QD have been carried out.
Excitation power-dependent spectra were taken while keeping the laser
strictly at the resonance frequency of the s-shell of the QD exciton.
The results are depicted in a color plot (logarithmic scale) in Fig. 7.8.
It can easily be observed that the spectrally-detuned M2 and FM sig-
nals appear sequentially with gradually increasing excitation power P.
For excitation powers below P ~ 2 W, only M2 emission is observable,
whereas at intermediate levels (P ~ 8 yW) we find a M2 : FM intensity
ratio of ~52:1 and ~41:1 at P = 40 uW due to the increasing FM
emission strength. The emission of the detuned mode signals is again a
sign of NRC between the excited QD and the coupled cavity modes. It
should be emphasized that the non-resonantly coupled FM is detuned
by 3.7meV from the resonantly excited QD. This is in between the
value of the two different regimes of small and large emitter-mode de-
tuning where the non-resonant coupling can be attributed to distinctly
different physical origins as presented in chapter 7.1. It is therefore
worth to shortly discuss the possible origins for the observed intensity
of the non-resonantly coupled FM.

Due to the strictly resonant emitter state preparation, the theories pre-
sented above for NRC in the regime of large detunings can be excluded
as possible explanations for the observed non-resonant coupling of the
QD to the FM. Instead, these theories are based on off-resonant wet-
ting layer excitation therefore including a quasi-continuum of possible
transitions in the theoretical description [160]. Here we observe the
NRC effect even in the absence of excited states.

The theories on NRC in the regime of small detunings attribute the
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Figure 7.8: Excitation power series of coupling between the single QD
and the multimode system under strictly resonant QD s-shell excitation.
As illustrated in the lower panel, QD and laser are in resonance and the
two signals cannot be spectrally distinguished. The data clearly reveals the
power dependence of non-resonant coupling of the excited quantum emitter
to two distinctly detuned cavity modes with spacings up to ~ 3.7meV.

coupling to phonon-mediation in combination with pure dephasing. As
it has already been mentioned in Ref. [157], phonon-assisted cavity feed-
ing can play a dominant role for dot-cavity systems with detunings in
the order of a few millielectron volts. Additionally, the coupling range
of the acoustic phonons and also the corresponding coupling strength
depend on the size of the QD [75]. For the current experimental sit-
uation of low sample temperatures but with the mode on the lower
energetic side of the QD emission, the suggested explanation is non-
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resonant QD-FM coupling via acoustic phonon emission. These high
energetic phonons are at the tail end of the phonon density of states,
therefore much higher excitation-powers are needed to trace NRC for
the FM compared to the spectrally close M2.

The results on non-resonant emitter-mode coupling presented in this
chapter have been published by Weiler et al. [175].



Chapter 8

Conclusion and Outlook

Conclusion

The investigations in this thesis focus on two main aspects. One is the
detailed investigation of the emission properties of the Mollow triplet
under resonant emitter state preparation above saturation. The other is
the profound examination of dephasing effects in semiconductor quan-
tum dots. Resonant emitter excitation in combination with suppression
of dephasing effects caused by the interaction of the exciton with the
solid state surrounding medium is beneficial for the creation of close to
Fourier transform-limited highly indistinguishable photons.

Different laser stray-light suppression techniques have paved the way for
a detailed and systematic analysis of the resonance fluorescence emis-
sion above emitter saturation with a high signal-to-noise ratio. The
detuning-dependent Mollow triplet emission was studied with special
focus on the dephasing due to longitudinal acoustic phonons interacting
with the electron-hole pair inside the QD. The study clearly revealed the
distinct differences of a solid state QD emitter structure in contrast to a
bare two-level system without phonon- and/or carrier-assisted dephas-
ing. The joint experimental theoretical study revealed Mollow triplet
sideband broadening with increasing laser-detuning away from the QD
s-shell resonance; thus the coherence of the Mollow sidebands decreases
with increasing detuning, as concluded from the Wiener-Khintchine
theorem. From a theoretical point of view, Mollow triplet sideband
narrowing can be achieved for samples where the excitons in QDs un-

157
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dergo much smaller dephasing compared to the planar MOVPE-grown
sample, which was employed for the study presented in this thesis. In
order to use the Mollow triplet sideband photons for possible appli-
cations, a narrow linewidth is beneficial for the generation of photons
with long coherence times. A route to achieve Mollow triplet sideband
narrowing is to use MBE-grown sample structures and/or QDs embed-
ded in microcavities. In these structures Purcell enhancement can be
employed to reduce the lifetime of the electron-hole pair in the QD,
hence pure dephasing effects such as phonon scattering can be reduced
due to a shorter possible interaction time with the exciton [64].

With the aid of a sophisticated filtering technique based on a double
Michelson interferometer it was possible to measure the two-photon
interference of the Mollow triplet sideband emission. Under the con-
ditions of strictly resonant continuous wave excitation the Hong-Ou-
Mandel type interference experiments revealed a close to ideal post-
selected interference contrast with photon indistinguishabilities up to
97%. The data was found to be in excellent agreement with emis-
sion pre-characterization values derived from systematic independent
measurements. These investigations revealed almost background-free
single-photon emission from the Mollow sidebands with a deconvo-
luted second-order auto-correlation value as low as g(®)(0) = 0.03 and
a Mollow sideband emission coherence of Ts ~ 250 ps. The emission of
the sidebands was found to be not Fourier transform-limited, due to
excitation-induced dephasing. A possible route to increase the sideband
coherence is to reduce the Rabi splitting via applying lower excitation
power. In a previous study the cascaded photon emission between the
Mollow triplet sidebands had already been verified [57]. The combina-
tion of both characteristic features, cascaded photon emission among
and indistinguishable photon emission of the individual Mollow side-
bands, makes them a very attractive source for possible applications in
quantum information processing.

For the verification of indistinguishable photons from the Mollow triplet
sidebands, a background-free Mollow triplet was a crucial requirement.
It has frequently been experimentally observed that the resonance fluo-
rescence emission deviates from the Mollow triplet and reveals a typical
Mollow quintuplet structure. In a combined experimental/theoretical
study it has been shown that this observation has a profound physical
cause and is not due to coincidental excitation of two nearby QDs with



Chapter 8. Conclusion and Outlook 159

degenerate s-shell energies. Instead, the effect of Mollow quintuplet
emission can be explained theoretically by the excitation of an exci-
ton in one of the two spectrally close fine-structure components of the
QD exciton. The combined integrated spectrum results in the Mollow
quintuplet structure. For experimental investigations the background-
free Mollow triplet emission of one exciton fine-structure component is
desirable. This can be achieved by either employing a suitable QD,
with one exciton fine-structure aligned parallel to the polarization of
the excitation laser. In this case the other fine-structure component is
perpendicular to the laser polarization and will not be excited. Another
option to achieve this geometry is to tilt the sample or the excitation
laser with respect to the QD. An alternative approach is to suppress
the Mollow triplet of one exciton fine-structure via polarization filter-
ing in the detection path, if the experimental technique of polarization
suppression is not already used for laser stray-light suppression.

The dephasing in solid state QDs has been studied in terms of defor-
mation potential coupling of longitudinal acoustic phonons to excitons.
The analysis unequivocally proved that phonon-assisted incoherent ex-
citation is the mechanism that leads to the creation of an electron-
hole pair by an energetically off-resonant laser via phonon mediation.
The influence of the different parameters on the quantum dot inten-
sity profile has been verified systematically. Whereas pure dephasing
and radiative decay influence the QD intensity profile only slightly, the
increase in the coupling strength, temperature, cut-off frequency and
excitation strength increase the QD emission intensity under phonon-
assisted incoherent excitation. The emission coherence has been found
to be T5 ~ 20ps under these non-resonant excitation conditions and
therefore one order of magnitude lower compared to the coherence un-
der strictly resonant excitation of T5 = 258 ps. This knowledge is par-
ticularly important for the emission coherence under pulsed resonant
excitation conditions. Due to the fact that these laser pulses are spec-
trally broader compared to the width of the laser under continuous wave
excitation, the excitation leads to direct resonant electron-hole pair cre-
ation as well as phonon-assisted off-resonant excitation. Therefore the
emission coherence under pulsed resonant excitation might be lower
compared to cw resonant excitation conditions. In addition, phonon-
assisted incoherent excitation can be employed to gain insight into the
QD size as well as the exciton-phonon coupling strength o,,. Via the
theoretical modelling of the experimentally derived intensity plots the
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diameter height of the QD under investigation has been found to be
d =5.6nm (w. = 0.6 meV) and the exciton-phonon coupling strength
a, = 6 x (0.067?ps?). Phonon-assisted incoherent excitation offers the
advantage of off-resonant excitation with the distinct benefit, that no
laser stray-light suppression is necessary. Experimentally it has been
found that the QD emission intensity reaches up to 20% compared to
strictly resonant excitation.

The second study of dephasing properties of semiconductor QDs was
carried out on a QD embedded in a micropillar sample structure. In
the study the emission properties of a non-resonantly coupled system
of a single QD coupled to two distinct modes of the surrounding cav-
ity were analyzed systematically under electron-hole pair creation into
the QD p-shell. Whereas both mode emissions reveal the expected de-
cay time dynamics due to Purcell enhancement, the coherence times
of the non-resonantly coupled mode emissions reveal T ~ 40ps and
are therefore limited compared to the maximum QD emission coher-
ence of Ty ~ 820ps. In addition to the investigations under quasi-
resonant excitation, a power-dependent micro-photoluminescence se-
ries revealed non-resonant coupling under strictly resonant excitation
conditions. The observation of non-resonant coupling even for large
emitter-mode detunings up to A = 3.7meV under resonant excitation
reveals insight into the origin of non-resonant coupling. It rules out
possible explanations via so-called photon shake-up mechanism, which
are based on a multitude of involved QD states, and points towards
acoustic phonon-mediation as the origin of non-resonant emitter mode
coupling.

The studies presented in this thesis were published in various journals,
the references and the corresponding chapters are given below.

e Chapter 4 is based on the publications: Detuning-dependent Mol-
low triplet of a coherently-driven single quantum dot [78] and
Mollow quintuplets from coherently excited quantum dots [79].

e Chapter 5 is based on the publication: Postselected indistinguish-
able single-photon emission from the Mollow triplet sidebands of
a resonantly excited quantum dot [87].

e Chapter 6 is based on the publication: Phonon-assisted incoher-
ent excitation of a quantum dot and its emission properties [80].
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e Chapter 7 is based on the publication: Emission characteristics
of a highly correlated system of a quantum dot coupled to two
distinct micropillar cavity modes [175].

Outlook

Up to now, investigations of the spectral Mollow triplet have been per-
formed under cw resonant excitation. From an application point of
view, triggered photon generation is desirable, and this demand makes
profound studies of the Mollow triplet emission properties under pulsed
excitation indispensable. First experimental studies of pulsed resonant
excitation were performed in the Heitler regime below emitter satura-
tion [100], but the regime above emitter saturation has not been investi-
gated experimentally so far. For pulsed resonant excitation, spectrally
narrow laser pulses have to be created. This can, for example, be real-
ized with an electro-optic modulator where the laser output signal can
be controlled by an applied bias voltage.

In a theoretical publication Moelbjerg et al. [176] calculated the Mollow
triplet dressed state emission under strong optically pulsed excitation.
Due to the fact that the Rabi frequency of the system changes within
the laser pulse, which leads to interference effects, triggered excitation
results in several - more than the usual two - Mollow side peaks. Be-
cause of excitation-induced dephasing in the system these side peaks
might overlap and thus smear out the spectral feature to one broad
line. A detailed experimental study of the Mollow triplet under pulsed
excitation would be of interest from a fundamental point of view to
compare the experimental findings with theoretical expectations. The
spectra would also reveal insight into wether the pulsed dressed state
emission above saturation is suitable for the generation of triggered in-
distinguishable photons.

Besides the experimental realization of pulsed resonant excitation an-
other interesting objective is to investigate the properties of resonantly
excited QDs embedded in micropillar cavities.

Microcavities offer the distinct advantage that the emission dynamics
can be influenced controllably by utilization of the Purcell effect. One
achievement would, for example, be to reduce the excitonic lifetime in-
side the QD and therefore also the possible interaction time for phonon-
as well as carrier-dephasing processes. Via this method the coherence
and the indistinguishability of consecutively emitted photons can be
enhanced controllably.
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For the detection of the QD resonance fluorescence a sufficient signal-to-
noise ratio is crucial. Before further investigations can be carried out,
the challenging goal of laser stray-light suppression on micropillar sam-
ples has to be tackled. Due to the different sample geometry the very
effective techniques used for stray-light suppression on planar sample
structures are not capable to sufficiently suppress the laser stray-light
when micropillar samples are employed. The main reason is the fact
that the laser light, which is scattered at the pillar surface, mostly loses
its defined polarization. By comparison, the excitation laser light scat-
tered at the smooth surface of the planar sample is found to be highly
polarized. Due to this reason the polarization suppression technique is
not very effective for micropillar samples and an alternative technique
will have to be adopted. To improve the stray-light suppression and
thus to make possible a reliable detection of the resonance fluorescence
signal, the pillar sample design has been improved. The principle idea
is to have an aluminum shadow mask on top of the pillars as can be
seen in Fig. 8.1. Under orthogonal excitation-detection geometry, the
laser stray-light scattered in the direction of the top-collection is ef-
fectively reduced by the shielding effect of the aluminum mask. The
sample structure shown below is currently being investigated and con-
tinuous improvements are made to reduce the laser stray-light in order
to achieve a high signal-to-noise ratio of the resonance fluorescence
emission. This will pave the way for resonance fluorescence investiga-
tions on QDs in micropillar structures.

For a QD in a micropillar sample another interesting feature that is
worth investigating is phonon-mediated population inversion, which
was predicted theoretically by Hughes and Carmichael [177,178]. The
effect of phonon-assisted incoherent excitation can lead to population
inversion at large driving strength under off-resonant higher energetic
laser excitation. This population inversion can be enhanced further if
the QD is embedded in a high-quality microcavity structure with the
cavity mode located on the higher energetic side of the excitonic s-shell
emission. In cavity samples the population inversion cannot only be
reached for scenario of exciton excitation described above, but also in
the case of cavity pumping, which is accompanied by the annihilation
of a cavity photon that leads to the excitation of an electron-hole pair
inside the QD, which is basically the reverse process of cavity feeding.

Experimentally, the verification of population inversion in the system
can be done via first- and second-order auto-correlation measurements
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Figure 8.1: Scanning electron microscope image (SEM) of a micropillar
sample (by courtesy of University of Wiirzburg). The micropillars are covered

with an aluminum shadow mask for effective laser stray-light suppression
under resonant QD excitation.

under increasing excitation strength. At low excitation strength the
excitonic emission reveals anti-bunching, due to the fact that the QD
is a single-photon source. Under high excitation powers the popula-
tion inversion leads to stimulated emission and therefore lasing. This is
manifested in Poissonian statistics of the second-order auto-correlation
and additionally accompanied by an increase in the coherence length

compared to the regime of spontaneous electron-hole pair recombina-
tion.

Hybrid semiconductor-atomic interfaces are a trendsetting approach
that could make the storage of the QD emission feasible. In a pio-
neering study Akopian et al. [179] have been able to slow down single-
photons from an GaAs QD in atomic Rubidium vapor. For wavelength
between the two hyperfine transitions of the Dy line the atomic vapor
shows weak absorption but a steep slope in the dispersion curve, which
leads to a slow group velocity. In the publication the photon storage



164 Chapter 8. Conclusion and Outlook

time was found to be ~ 15 times its temporal width. In addition, it
has been shown that the photon polarization is preserved during the
propagation through the cell, which is important for quantum memo-
ries, if the quantum information is stored in the photons’ polarization
degrees of freedom.

The study by Akopian and coworkers was performed under non-resonant
QD excitation. Another interesting approach would be to investigate
the QD-atom interaction under resonant electron-hole pair creation in
the regime above and/or below saturation. First experimental tests
have been carried out with the Mollow triplet resonance fluorescence
emission of In(Ga)As/GaAs QDs sent through atomic caesium vapor.
In contrast to the central Rayleigh line, which might contain ener-
getically degenerate laser stray-light, the Mollow triplet sidebands are
ideally background-free. The energetic sideband position can be al-
tered systematically by the detuning-dependence of the Mollow triplet
sidebands in terms of the effective Rabi frequency. Via this technique
a transmission dip could be verified while tuning one Mollow sideband
through an atomic resonance. This is a promising starting point for in-
depth studies of the possibility to slow down the resonance fluorescence
emission, with the distinct advantage of optimized emission coherence.



Kapitel 9

Zusammenfassung

Ziel dieser Zusammenfassung ist es, einen Uberblick iiber die Struktur
der vorliegenden Arbeit und den Inhalt der einzelnen Kapitel in deut-
scher Sprache zu geben.

In Kapitel 2 werden die theoretischen Grundlagen eingefiihrt, die fiir
das Versténdnis der vorliegenden Arbeit unerlésslich sind. Zuerst wird
auf die Eigenschaften niederdimensionaler Halbleiterstrukturen einge-
gangen. Speziell werden hier die moglichen Energieniveaus fiir Elektro-
nen und Locher in null-dimensionalen Quantenpunkt-Strukturen (QP)
diskutiert. Dabei kénnen Elektronen-Lochpaare sogenannte Exzitonen
in QPen ausbilden, die aufgrund der Coulomb-Wechselwirkung korre-
liert sind. Unter Bertiicksichtigung der Spin-Spin-Wechselwirkung zwi-
schen Elektronen und Lochern kann es unter der Voraussetzung eines
nicht rotationssymmetrischen QP-Potentials zu einer Feinstrukturauf-
spaltung zwischen den beiden optisch erlaubten Exziton-Ubergéingen
geben; dieser Sachverhalt wird in Kapitel 2.1.3 dargelegt.

Eine wichtige Kenngrofse bei der Charakterisierung der von QPen emit-
tierten Photonen stellt die Ermittlung der Photonenstatistik dar. Die
zeitliche Korrelation der Photonen hangt von der Art des Lichtfeldes ab.
Die verschiedenen Eigenschaften thermischen Lichts, kohérenter Licht-
zustiande und von Fock-Zustéinden werden in Kapitel 2.2 eingefiihrt.
Bei thermischem Licht treten die Photonen in Biindeln auf, was sich
im Bunching der Photonenstatistik widerspiegelt, wohingegen bei ko-
hérentem Licht die Photonen zeitlich unkorreliert sind. Fock-Zusténde
hingegen weisen eine zeitliche Antikorrelation der Photonen auf, die
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sich als Antibunching in Autokorrelationsmessungen manifestiert.

Zur Beschreibung des mit einem monochromatischen Lichtfeld angereg-
ten Zwei-Niveau-Systems wird der Dichtematrixformalismus eingefiihrt
und der Hamiltonian fiir das System aufgestellt. Mit seiner Hilfe lassen
sich die in Kapitel 2.3 vorgestellten optischen Blochgleichungen unter
spezieller Beriicksichtigung von Dephasierungstermen gewinnen. Die
Emission eines derartigen resonant angeregten Zwei-Niveau-Systems
wird als Resonanzfluoreszenz (RF) bezeichnet. In Kapitel 2.3.4 werden
die grundlegenden Eigenschaften der RF im Regime unter und oberhalb
der Emittersdttigung im Bezug auf die spektrale Gestalt der Emission
und die Korrelationsfunktion erster und zweiter Ordnung diskutiert.
Das Verhalten eines Zwei-Niveau-Systems in einem umgebenden Re-
sonator wird im Rahmen der Quantenelektrodynamik im Resonator
beschrieben. Prinzipiell kann das System sich im Regime starker oder
schwacher Kopplung befinden, abhéingig vom Verhéltnis der charak-
teristischen Raten des Systems. Fiir die Untersuchung der nicht-reso-
nanten Kopplung in dieser Arbeit ist speziell das Regime der schwachen
Kopplung mit dem hierfiir charakteristischen Purcell-Effekt relevant,
mit Hilfe dessen es moglich ist, die Dynamik des Systems gezielt zu
verdndern.

Die fiir die Gewinnung der Messdaten verwendeten experimentellen
Techniken werden in Kapitel 3 kurz eingefiihrt. Die Basis fiir al-
le weitergehenden Messverfahren stellt die in Kapitel 3.1 erlduterte
Mikrophotolumineszenz bei kryogenen Temperaturen dar. Von Inter-
esse sind hierbei im Speziellen die Methoden zur effektiven Streulicht-
unterdriickung (orthogonale Geometrie zwischen Anregung und De-
tektion, Lochblende und Polarisationsunterdriickung), die es ermogli-
chen, unter resonanter Quantenpunktanregung das energetisch entar-
tete Laserstreulicht von der QP-Resonanzfluoreszenz zu separieren.
Eine grundlegende Charakterisierungsmethode der QP-Emission ist die
Verifizierung der Photonenstatistik. Diese Messung gibt Aufschluss iiber
die zeitliche Korrelation der Photonenemission. Als Autokorrelationen
werden hierbei die Korrelationen der Photonen einer einzelnen Emissi-
onslinie bezeichnet, wihrend so genannte Kreuzkorrelationen Informa-
tionen iiber die Emissionskorrelation von Photonen aus verschiedenen
Emissionssignalen geben. Die Photonenkorrelationenmessungen werden
mit einem Hanbury Brown & Twiss-Versuchsaufbau durchgefiihrt; die-
ser wird in Kapitel 3.2 erlautert.

Eine weitere zentrale Charakterisierung stellt die Messung der Zerfalls-
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zeit eines Elektronen-Lochpaares im QP dar. Die Messtechnik wird als
zeitlich korreliertes Einzelphotonenzdhlen (engl. time-correlated single
photon counting, kurz TCSPC) bezeichnet; ndhere Details werden in
Kapitel 3.3 beschrieben.

Eine weitere wichtige Kenngrofie der QP-Emission stellt die Kohé-
renzzeit der emittierten Photonen dar. Diese ist {iber das Wiener-
Khintchine- Theorem mit der spektralen Gestalt der Emissionslinie ver-
bunden und kann mit Hilfe der Michelson interferometrischen Fouri-
er-Spektroskopie ermittelt werden. In Kapitel 3.4 werden die Messme-
thode und die Auswertung der experimentell gewonnenen Daten zur
Ermittlung der Kohérenzzeit genau erlautert.

Fiir Photolumineszenzmessungen mit hoher spektraler Auflosung AF =
0.6 ueV, wie es beispielsweise fiir die Auflosung der energetisch dicht
benachbarten Mollow-Triplett-Linien unter resonanter Anregung von-
noéten ist, wird ein Fabry-Pérot-Interferometer verwendet, dessen Funk-
tionsweise in Kapitel 3.5 erkléart wird.

Mehrere Untersuchungen in der vorliegenden Arbeit befassen sich mit
den Emissionseigenschaften des Mollow-Tripletts, der spektralen Emis-
sion unter resonanter QP-Anregung oberhalb der Séttigung. Einfiih-
rend werden in Kapitel 4 die grundlegenden Eigenschaften der RF
eines Zwei-Niveau-Systems und speziell der QP-RF unter besonderer
Beriicksichtigung der Festkorperwechselwirkung vorgestellt. In einem
einleitenden Literaturiiberblick werden die vorliegenden Arbeiten in
den Kontext bereits vorhandener Publikationen gestellt. Zudem ist fiir
die Erklarung einiger Eigenschaften der RF eine rein quantenmechani-
sche RF-Beschreibung vonnéten; diese wird in Kapitel 4.2 eingefiihrt.
Die experimentellen Untersuchungen der RF im vorliegenden Kapitel
sowie die Messungen der Ununterscheidbarkeit an den Mollow-Triplett-
Seitenbanden und die Experimente zur Phononen-mediierten QP-Anre-
gung wurden jeweils an QPen in einer planaren Probenstruktur durch-
gefithrt; diese wird in Kapitel 4.3 vorgestellt.

Fiir die resonante Anregung von QPen ist die genaue spektrale Ermitt-
lung der QP-s-Schale notwendig; das hierfiir angewandte experimentelle
Vorgehen wird in Kapitel 4.4 anhand eines Beispiels erldutert. Nach-
folgend werden in Kapitel 4.5 die theoretischen Erwartungen fiir eine
RF-Leistungsserie unter strikt resonanter Anregung sowie eine Mollow-
Triplett-Verstimmungsserie unter konstanter Anregungsleistung mit ex-
perimentellen Ergebnissen verglichen. Schon an dieser Stelle wird deut-
lich, dass die RF von QPen Abweichungen vom Verhalten eines reinen
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Zwei-Niveau-Systems zeigt und erste Hinweise auf die Wechselwirkung
des resonant angeregten Elektronen-Lochpaares mit dem umgebenden
Festkorper aufweist.

Ein wichtiges Phdnomen, das aus dieser Exziton-Festkorper-Wechsel-
wirkung resultiert, ist die so genannte anregungsinduzierte Dephasie-
rung (engl. excitation-induced dephasing, kurz EID); sie wird in Kapi-
tel 4.6 erlautert. EID spiegelt sich in der Verbreiterung der Mollow-
Triplett-Seitenbanden bzw. der Dampfung von Rabi-Rotationen mit
steigender Anregungsleistung wider.

Ein theoretisches Modell, das speziell die Wechselwirkung eines Exzi-
tons im QP mit akustischen Phononen in Form von Deformationspo-
tential-Kopplung beriicksichtigt, ist die polaronische Master-Gleichung
(engl. polaron master equation). Die theoretische Modellierung der ex-
perimentellen Daten in diesem Kapitel sowie den Untersuchungen in
Kapitel 5 und 6 wurde mit einer solchen Theorie, die von Prof. Stephen
Hughes und seinen Mitarbeitern aufgestellt wurde, durchgefiihrt. In Ka-
pitel 4.7 wird ein kurzer Uberblick iiber den Formalismus der polaron
master equation gegeben, zusitzlich wird die physikalische Bedeutung
der wichtigsten Kenngrofen erklart.

Die kombinierte experimentelle und theoretische Untersuchung in Ka-
pitel 4.8 befasst sich mit der Betrachtung der spektralen Breiten und re-
lativen Flichen der Mollow-Triplett-Seitenbanden unter Verstimmung
der Laseranregung von der exakten Resonanz der QP-s-Schale. Ab-
héngig vom Verhiltnis der Rate purer Dephasierung zur Elektronen-
Lochpaar-Rekombinationsrate kann es aus theoretischer Sicht sowohl
zu einer Verschmélerung als auch zu einer Verbreiterung der Mollow-
Triplett-Seitenbanden mit zunehmender Laserverstimmung kommen.
Aufgrund der hohen Dephasierung im System konnte experimentell nur
der Fall der Seitenbandenverbreiterung beobachtet werden, diese geht
mit einer Reduktion der Kohérenzzeit einher. Der Vergleich der ex-
perimentell gewonnenen Daten mit den theoretischen Vorhersagen auf
der Basis unabhéngiger Messungen zur Ermittlung der Modellierungs-
Parameter liefert eine sehr gute Ubereinstimmung. Aus theoretischer
Sicht kann eine Verschmélerung der Seitenbanden mit zunehmender
Laserverstimmung erreicht werden, wenn statt der in dieser Arbeit
verwendeten mittels MOVPE-Wachstum hergestellten Probe eine ver-
gleichbare MBE-Probe verwendet wiirde, in der Effekte purer Depha-
singung deutlich geringer sind. Des weiten ist es moglich QPe in Mi-
krokavitdten zu verwenden, hier kann der Purcell Effekt ausgenutzt
werden, um die Lebensdauer des Elektronen-Loch Paares zu reduzie-
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ren und somit Wechselwirkungen mit dem umgebenden Festkorper auf
einen geringeren moglichen Zeitraum zu begrenzen.

Die zweite kombiniert experimentelle und theoretische Untersuchung
in Kapitel 4.9 befasst sich mit so genannten Mollow-Quintupletts. Auf-
grund der moglichen Feinstrukturaufspaltung des exzitonischen QP-
Zustandes kann der anregende Laser prinzipiell in beiden Feinstruktur-
komponenten ein Exziton anregen. Die resonante Anregung jeder ein-
zelnen Exziton-Feinstrukturkomponente oberhalb der Sattigung fiithrt
spektral zur Emission eines Mollow-Tripletts, die kombinierte integrale
Emission beider Feinstrukturkomponenten weist spektral ein Mollow-
Quintuplett auf. Die theoretische Vorhersage der auf die beschriebene
Weise zustandekommenden Mollow-Quintupletts wird in diesem Ka-
pitel mit Hilfe von experimentellen Messdaten bestéatigt. Fir viele ex-
perimentelle Untersuchungen ist eine moéglichst untergrundfreie Mollow
Triplett Emission notwendig. Um sicherzustellen nur eine Feinstruktur-
komponente des Exzitons anzuregen bestehen mehrere Moglichkeiten:
Zum einen kann die Geometrie zwischen QP und der Polarisation des
anregenden Lasers so gewahlt werden, dass eine Feinstrukturkomponen-
te parallel und die andere orthogonal zur Laserpolarisation orientiert
ist. In diesem Fall kénnen nur in einer Komponente Elektonen-Loch
Paare erzeugt werden. Zum anderen besteht die Moglichkeit mittels
Polarisationsunterdriickung im Detektionsstrahlengang eines der bei-
den Mollow Tripletts zu unterdriicken.

Ziel der in Kapitel 5 vorgestellten Untersuchungen ist die Verifizierung
ununterscheidbarer Photonen von der Emission der Mollow-Triplett-
Seitenbanden unter resonanter Laser-Dauerstrichanregung. Fiir Unun-
terscheidbarkeitsmessungen ist experimentell die méglichst untergrund-
freie Einzelphotonenemission der Emissionsquelle vonnéten. Das theo-
retisch zu erwartendende Resultat der Photonenstatistikmessungen an
den einzelnen Mollow-Triplett-Emissionslinien wird in Kapitel 5.1 dar-
gelegt.

Der Versuchsaufbau zur Messung der Ununterscheidbarkeit von Pho-
tonen wird in Kapitel 5.2.1 beschrieben. Er ist nach Hong, Ou und
Mandel, den Autoren der ersten Publikation {iber ununterscheidbare
Photonen aus dem Jahre 1987 benannt. Fiir die untergrundfreie spek-
trale Selektion der einzelnen Komponenten des Mollow-Tripletts wird
ein Doppel-Michelson-Interferometer eingesetzt; dies wird im Detail in
Kapitel 5.2.2 erldutert. Sein Funktionsprinzip basiert auf der geziel-
ten Unterdriickung zweier Mollow-Triplett-Linien mittels destruktiver
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Interferenz, wihrend die dritte Komponente konstruktiv interferiert.

Um die Parameter fiir die Modellierung der Ununterscheidbarkeitsmes-
sungen mit experimentell unabhingig gewonnenen Werten vergleichen
zu koénnen, sind die systematischen Voruntersuchungen zur Ermitt-
lung dieser Parameter den eigentlichen Ununterscheidbarkeitsmessun-
gen vorangestellt. Hier wird im Speziellen die Gewinnung der Mollow-
Triplett-Seitenbandenkohérenz mittels einer leistungsabhéngigen Mol-
low-Triplett-Serie erldutert. Die Emission der Seitenbanden unter den
gewdhlten Messbedingungen betrdgt T ~ 250ps und ist somit er-
wartungsgeméf aufgrund des EID-Effekts nicht Fourier transform li-
mitiert. Zudem werden die Autokorrelationsmessungen an den einzel-
nen Mollow-Triplett-Linien in Kapitel 5.3.2 gezeigt. Die Zentrallinie
offenbart die erwartete Poisson-Statistik, wahrend das gemessene An-
tibunching auf den Mollow Triplett Seitenbanden mit Minimalwerten
bis zu g (0) = 0.03 die hochgradig untergrundfreie Einzelphotone-
nemission nachweist, und somit die Stabilitdt des Doppel-Michelson-
Interferometers im Messzeitraum bestétigt. Mit den in Kapitel 5.3.3
gezeigten Messdaten zur Ununterscheidbarkeit auf der roten sowie der
blauen Mollow-Triplett-Seitenbande lédsst sich die Emission hochgradig
ununterscheidbarer Photonen von den Mollow-Triplett-Seitenbanden
auch bei verschiedenen Rabi-Aufspaltungen nachweisen. Die Daten wei-
sen einen post-selektierten Interferenzkontrast von bis zu 97% auf. Dar-
iiber hinaus stimmen die Werte der theoretischen Modellierung sehr gut
mit denen der unabhéngigen Vorcharakterisierungen iiberein. Einzig
der experimentell gemessene und mittels Fit gewonnene Wert fiir die
Zerfallszeit des Elektronen-Lochpaares weist Diskrepanzen auf; mog-
liche Ursachen fiir diesen Sachverhalt werden in Kapitel 5.3.4 genau
erortert.

In Kapitel 6 wird die Studie zur sogenannten Phononen-mediierten
Anregung eines QPes (engl. phonon-assisted incoherent excitation, kurz
PAIE) vorgestellt. Die Wechselwirkung des QPes mit dem umgebenden
Festkorper beeinflusst die Dephasierung des Systems. In der hier pra-
sentierten Untersuchung wird speziell die longitudinal akustische (LA)
Exziton-Phononen-Kopplung untersucht.

Einfiihrend werden die strahlende Rekombination sowie verschiedene
Mechanismen, die zur puren Dephasierung fiihren, erldutert. Theoreti-
scher Ausgangspunkt der Beschreibung purer Dephasierung, basierend
auf linearer Phononen-Exziton-Wechselwirkung, ist das unabhéngige
Bosonen-Modell. Neben der speziell fiir diese Arbeit relevanten Kopp-
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lung von LA-Phononen mit Exzitonen {iber das Deformationspotential
gibt es prinzipiell noch die piezoelektische Kopplung an transversal und
longitudinal akustische Phononen und die Kopplung von Exzitonen an
longitudinal optische Phononen.

Ein weiterer Dephasierungeffekt, der als so genannte spektrale Diffusion
bezeichnet wird, ist die Wechselwirkung des Exzitons im QP mit dem
elektrischen Feld der Ladungstrdger in der unmittelbaren Umgebung
des QPes; dieser Effekt wird in Kapitel 6.1.2.3 erldutert.

Der sowohl experimentell als auch theoretisch untersuchte Effekt der
Phononen-mediierten Anregung, die es erlaubt, den QP nahe, aber
nicht resonant der QP-s-Schale iiber Phononenkopplung anzuregen,
wird anhand erster experimenteller Befunde in Kapitel 6.2 eingefiihrt.
Die Extrahierung der Quantenpunktemissionsintensitit unter geziel-
ter Verstimmung des anregenden Lasers ergibt den sogenannten QP-
Intensitéts-Graphen. Dieser weist neben der Null-Phononen-Linie Sei-
tenbanden auf, die durch die Kopplung akustischer Phononen mit dem
Exziton stammen. Die theoretische Modellierung erfolgt mit Hilfe der
polaron master equation. Der Einfluss der einzelnen Parameter auf den
QP-Intensitéats-Graphen wird in Kapitel 6.2.1 diskutiert. Die experi-
mentell gewonnenen Messdaten werden dann mit den theoretischen Er-
wartungen verglichen. Hierbei zeigt sich eine sehr gute Ubereinstim-
mung. Die Modellierung gewéhrt zudem Einblicke in die Exziton-Pho-
non-Kopplung dariiber hinaus kann die Grofe des QPes ermittelt wer-
den. Fiir den im Experiment gewdhlten QP betragt die Kopplungsstar-
ke a, = 6 x (0.067%ps?) und der QP-Héhe d = 5.6 nm (w. = 0.6 meV).
Fiir viele Anwendungen ist eine hohe Kohéarenzzeit der Photonenemis-
sion vonnoten, aus diesem Grund wird in Kapitel 6.2.3 die Emissionsko-
hérenz unter resonanter Anregung mit der unter PAIE verglichen. Die
Kohérenzzeit unter resonanter Anregung ist mit 75 = 258 ps im Ver-
gleich zur ermittelten Kohérenzzeit unter PAIE, die unabhéngig von
der genauen Verstimmung ungefdhr 20 ps betréigt, zehnmal héher. Die-
ses Wissen ist speziell fiir die Emissionskohérenz unter gepulst reso-
nanter Anregung wichtig. Im Vergleich zum Laser unter Dauerstrich-
anregung sind die Laserpulse spektral breiter. Aus diesem Grund wer-
den Elektronen-Loch-Paare sowohl direkt in die QP-s-Schale angeregt,
als auch iiber die PAIE-Anregung erzeugt. Die Kohérenz der Emis-
sion unter gepulst resonanter Anregung konnte daher geringer sein,
als die unter vergleichbarer Dauerstrichanregung. Bezogen auf die QP-
Emissionsintensitét unter resonanter Anregung, konnen mittels PAIE
Intensitéiten von bis zu 20% erreicht werden, die Anregung bieten den



172 Kapitel 9. Zusammenfassung

entscheidenden Vorteil, dass keine Laserstreulichtunterdriickung vorge-
nommen werden muss.

Kapitel 7 befasst sich mit der Untersuchung der Emissionseigenschaf-
ten eines Systems nicht-resonant gekoppelter Moden (Fundamental-
mode FM sowie einer Mode hoherer Ordnung, die als M2 bezeichnet
wird) mit einem QP. In Kapitel 7.1 findet sich ein detaillierter Lite-
raturiiberblick tiber die theoretischen und experimentellen Studien zur
nicht-resonanten Kopplung (engl. non-resonant coupling, kurz: NRC),
zudem wird die physikalische Ursache fiir die NRC im Regime kleiner
sowie grofer Emitter-Moden-Verstimmungen diskutiert.

Fiir die experimentelle Untersuchung wurde die Kopplung eines QPes
an die Moden des umgebenden Mikroresonators untersucht. In Kapitel
7.2 wird die Probenstruktur sowie das theoretisch errechnete Moden-
spektrum fiir einen derartigen Mikroresonator vorgestellt.
Ausgangspunkt der experimentellen Untersuchungen ist eine tempera-
turabhéngige Mikrophotolumineszenz-Serie unter quasi-resonanter QP-
Anregung. Das Kreuzen von QP und der energetisch benachbarten Mo-
de M2 mit steigender Temperatur weist auf ein System schwacher Kopp-
lung mit einem ermittelten Purcell-Uberhéhungsfaktor von Fpp = 7.1
hin. Anhand der Auto- und Kreuzkorrelationsmessungen an und zwi-
schen allen drei Emissionskandlen kann nachgewiesen werden, dass der
QP nicht-resonant an beide Moden koppelt und diese fiittert.

Die TCSPC-basierten Messungen zur Rekombinationszeit in Kapitel
7.3.3 spiegeln den Purcell-Effect der schwachen Emitter-Moden-Kop-
plung wider. Wihrend die energetisch stark verschobene FM keine An-
derung in der Zerfallszeit aufweist, unterliegen sowohl QP als auch M2
einer Purcell-bedingten Lebensdauerverkiirzung nahe der Resonanz.
Die Kohérenzzeit der beiden Modenemissionen ist mit T5 ~ 40 ps kurz
und unabhéngig von der Emitter-Moden-Verstimmung, wéhrend der
QP bei tiefen Temperaturen aufserhalb der Modenresonanz eine deut-
lich langere Photonenkohédrenz von T, ~ 820 ps aufweist.

Die nicht-resonante Kopplung des QPes konnte auch unter resonan-
ter QP-Anregung verifiziert werden. Mit steigender Anregungsleistung
ist zuerst ein Koppeln der energetisch dicht benachbarten Mode M2
(A = 0.4 meV) und bei hoheren Leistungen auch der energetisch stér-
ker verstimmten Mode FM (A = 3.7 meV) zu beobachten. Diese Veri-
fikation nicht-resonanter Kopplung unter resonanter Anregung schliefit
als mogliche Ursache Erklarungsansétze die auf eine Vielzahl von QP-
Zustanden basieren aus und deutet auf die Mediation akustischer Pho-
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nonen als die Quelle nicht-resonanter Kopplung hin.






Appendix A

Material parameters

Tabelle A.1: Parameters of In(Ga)As/GaAs material system, taken from
Krummbheuer et al. [75].

Quantity Symbol | Value
Electron rest mass mg 9.109 x 10~ 3 kg
Effective electron mass Me 0.067 mg
Effective hole mass (in plane) m;"? 0.112 myq
Effective hole mass (vertical) mj 0.377 my
LO phonon energy hwro 36.6 meV
Density A 5.37¢g/cm?
Longitudinal sound velocity v, 5110m/s
Transverse sound velocity v 3340m/s
Deformation potential for electrons | D, —14.6eV
Deformation potential for holes Dy, —4.8eV
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