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Kurzfassung

Einzelne Photonen stellen eine wichtige Ressource in den Bereichen des photonischen
Quantencomputings und der Quantenkommunikation dar. In dieser Arbeit wird ein
theoretisch vorausgesagter Prozess, die Nonlinear Down-Conversion, in einem einzel-
nen Quantenpunkt experimentell nachgewiesen und genauer untersucht. Dieser Prozess
erlaubt es, die Eigenschaften der emittierten Photonen durch ein optisches Kontrollfeld
maßzuschneidern.

Um diesen Prozess beobachten zu können, mussten zunächst die notwendigen spektro-
skopischen Techniken entwickelt werden. Hierbei wurde ein besonderer Fokus auf die Un-
terdrückung zurück reflektierten Laserlichts gelegt. Das Resultat dieser Entwicklung war
ein experimenteller Aufbau, der gekreuzt polarisierte Detektion mit spektraler Filterung
verwendet. Weiterhin wurden Solid Immersion Lenses zur Erhöhung der Detektionsef-
fizienz des von den Quantenpunkten emittierten Lichts eingesetzt. Durch Verwendung
von hyperhemisphärischen Linsen aus kubischem Zirkonia konnte eine Verbesserung um
den Faktor 2,9 erzielt werden.

Da der Ausgangszustand für den Down-Conversion-Prozess der Biexziton-Zustand ist,
wurde dessen Anregung zunächst genauer untersucht. Als geeignete Methode für weite-
re Experimente stellte sich die phonon-assistierte Zwei-Photonen-Anregung heraus, da
diese sehr robust gegenüber Verstimmungen ist.

Basierend auf diesen Vorarbeiten, konnte dann die Nonlinear Down-Conversion experi-
mentell nachgewiesen werden. Im Folgenden wurde dieser Prozess dann genauer unter-
sucht. Dabei konnte die Emission in einem Abstimmbereich von 0,5 meV um Exziton-
und Biexzitonlinie beobachtet werden. Diese zeigte weiterhin ein Anti-Crossing mit die-
sen zwei Emissionslinien. Eine tiefergehende Analyse dieses Verhaltens zeigte die nahe
Verwandtschaft zwischen der Down-Conversion und dem Konzept von Dressed States.

Weiterhin wurden polarisationsabhängige Experimente zur Down-Conversion durch-
geführt. Hierbei konnte die theoretisch erwartete Polarisationskontrolle für lineare und
zirkulare Polarisation erfolgreich demonstriert werden. Die Messdaten zeigten weiterhin
eine sehr gute Übereinstimmung mit theoretischen Daten, was die Gültigkeit der Aus-
wahlregeln auch für elliptische Polarisation nahelegt.

Abschließend wurde noch ein Spezialfall untersucht, bei dem sowohl die Biexzitonpopu-
lation, als auch das virtuelle Niveau durch einen einzelnen Laser erzeugt werden.
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Abstract

Single photons are an important resource in the growing fields of photonic quantum com-
putation and quantum communication. This work demonstrates and takes a close look
at the theoretically predicted process of nonlinear down-conversion in a single quantum
dot that allows tailoring the single photon emission using an optical control field.

To be able to observe this process, the necessary spectroscopic techniques were devel-
oped, where a major emphasis was put on the suppression of backscattered laser light.
The result of this development was a setup combining cross-polarized detection with
spectral filtering. Furthermore, solid immersion lenses were investigated as a means to
increase the collection efficiency for the light emitted by the quantum dots. By applying
a super-hemispherical lens consisting of cubic zirconia, an improvement by a factor of
2.9 could be achieved.

Since the down-conversion process requires the quantum dot to be in the biexciton state,
different methods of preparing this state were studied. Phonon-assisted two-photon ex-
citation was determined as the method of choice for further experiments, as it proved to
be robust against detuning.

With these building blocks in place the nonlinear down-conversion could be demon-
strated and subjected to a detailed study. During these experiments a tuning range of
0.5 meV around the emission of exciton and biexciton could be achieved. Furthermore,
the down-conversion showed an anti-crossing with these two lines. A closer analysis
showed a close relation between nonlinear down-conversion and the concept of dressed
states.

Furthermore, polarization dependent measurements of the down-conversion were con-
ducted. Here, the theoretically expected polarization control could be experimentally
demonstrated for linear and circular polarization. The results are furthermore in good
agreement with a theoretical model, suggesting validity of the selection rules also for
elliptical polarization.

Finally, a special case was investigated, where both the population and the virtual level
are created by a single laser.
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1 Introduction

In recent years the field of quantum technology has seen rapid advances. One ma-
jor aspect in this regard is quantum computation, which has made the transition from
purely academic research towards the development being mainly driven by privately
funded companies[46, 9]. This has lead to first claims of quantum supremacy being
achieved[6, 136]. In the field of communication, photonic quantum technologies are of
great interest[47, 100], as photons provide stable quantum systems that can be trans-
mitted over large distances, using optical fiber networks and satellites[27, 28].

For these applications, as well as for photonic quantum computing, high quality quantum
light sources are key building blocks. Many different platforms are being investigated
with regard to their quantum emission properties. Well known examples are parametric
down-conversion in nonlinear crystals[90, 80, 60, 135], color-centers in diamond[69, 8],
2D materials[26, 36] or trapped atoms and ions[57, 51]. Semiconductor quantum dots
(QDs) are also very interesting in this regard. Not only have they been shown to be
excellent sources of single[83, 113, 124] and entangled photons[87, 110], but they can also
be integrated into photonic and electronic structures using nano-fabrication techniques,
well-known from semiconductor technologies[108, 75, 78, 132].

When quantum dots are used as single photon sources, nonlinearities can be exploited
to enhance the performance. Well-known examples are the exploitation of Rabi oscilla-
tions, which represent a nonlinearity in the population, for deterministic single photon
sources[53] or the nonlinear optical process of two-photon excitation to the biexciton
state, the decay of which results in very pure single photons[111] and entangled photon
pairs[93].

The properties of the photons generated by these schemes largely depend on the prop-
erties of the individual quantum dots, which show statistical variation due to the self-
organized growth[84]. Examples of those parameters are the emission energy, the life-
time/linewidth and the polarization. The lifetime can be manipulated to some extend
by embedding the dot into a cavity structure, to make use of the Purcell effect[72]. This
has the additional benefit of increasing the brightness of the emission[116].Furthermore,
electric fields[14] and strain[112] can be used to tune the emission energy of the QD,
while magnetic fields have an influence on the fine-structure splitting[117].

A further mechanism for tailoring the emission is provided by exploiting a nonlinear
process. Here, a strong non-resonant laser field defines the properties of the emission.
Theoretical works have shown that emission energy, lifetime and polarization can be
manipulated by means of a nonlinear down-conversion process from the biexciton to
the ground state[55, 22, 23]. These works are supported by experimental evidence for
Λ-systems in quantum dot molecules[123, 129, 103]. These systems are mathematically
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1 Introduction

equivalent to the ladder system formed by exciton and biexciton in a single quantum
dot and therefore also allow the control of emission energy and lifetime[23].

On this background, this thesis is intended to study the theoretically predicted process
of nonlinear down-conversion in a single quantum dot from an experimental perspective.
This includes the development of the required spectroscopic techniques, the preparation
of a suitable sample with sufficient brightness and a good understanding of the biexciton
state before being able to study the down-conversion process itself.
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1 Introduction

Structure of this thesis

Chapter two, entitled ”Fundamentals” provides a brief introduction to the underlying
physics on which this thesis is based. First, some general information on quantum dots
is provided, followed by a few more specialized aspects. Furthermore, the topics of single
photon emission and polarization of light are discussed, as they are of particular impor-
tance for this work. The discussion of all these topics is generally done in a brief manner
with a focus on the main points.

The chapter ”Experimental Setup and Methods” presents the spectroscopic setup and
measurement techniques used in this work. The system is broken down into basic func-
tional units that are then discussed individually. Special attention is given to the aspect
of the suppression of back-scattered laser light, which proved to be of particular impor-
tance.

This is followed by the chapter ”Signal collection enhancement with solid immersion
lenses”. Here, the fabrication of MBE material into functional pin-diodes large enough
to house a solid immersion lens and their characterization is presented. The intention
behind this is to increase the collection efficiency of quantum dot emission. Therefore,
the chapter includes a characterization of the achieved signal enhancement.

The fifth chapter takes a closer look at the general properties of the investigated quantum
dots. It contains standard measurements that lay the foundation for further experiments
and their correct interpretation.

This is followed by a thorough study of the biexciton state. Several methods for it’s
preparation are investigated, which provides a the starting point for the experiments on
nonlinear down-conversion. In this scope several phenomena that appear during these
measurements, such as saturation, dressed states and an emission from the positive trion,
are studied.

These main results of this thesis are presented in the chapter entitled ”Nonlinear down-
conversion in a single quantum dot”. This includes first a demonstration of the process
by identification of the corresponding emission before a detailed study of several aspects
is conducted. A point of particular importance is the polarization control of the photons
emitted by this process. Finally, experiments are presented where both the biexciton
population and the virtual level for the down-conversion are created by the same laser
field.

The thesis is concluded with a summary of the findings presented in this work and their
meaning for further research.
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2 Fundamentals

This chapter aims at providing a foundation for understanding and interpreting the ex-
perimental and theoretical investigations presented in this work. Generally, this is done
in a brief fashion, summarizing the key elements that are necessary to gain an overview
of each subject. More in-depth information can be found in the referenced literature.

The main subject of this work are epitaxialy grown semiconductor quantum dots. There-
fore, the basic properties of these nanostructures are discussed in conjunction with a few
more specialized but relevant aspects. This is followed by the more general topics of
single photon sources and polarized light which are important in the scope of this work.

2.1 Quantum dots - A general introduction
Quantum dots (QD) are a form of low dimensional semiconductor structure. The sim-
plest form of these is the quantum well[41]. Here a thin layer of a semiconductor material
with a smaller bandgap is embedded in a semiconductor with a larger band gap. Typ-
ically such structures are grown by molecular beam epitaxy (MBE) or metalorganic
chemical vapor deposition (MOCVD) which provide the necessary layer quality. In case
of a type I heterojunction, a confinement potential for both electrons and holes is formed
in growth direction. If the thickness of the confinement region is in the range of the de
Broglie wavelength of the confined carriers (a few nm), discrete energy levels are formed.
In a quantum well, this confinement and the resulting discretization only occur in growth
direction while the carriers can freely move within the layer. As a result this structure is
called two-dimensional (2D) and the density of states takes a step-like shape. Restrict-
ing the carrier movement in an additional dimension results in one-dimensional (1D)
quantum wires[16]. The final iteration is the quantum dot (QD) with confinement in
all three spatial dimensions resulting in complete discretization of the density of states.
These discrete states allow for spectrally sharp optical transitions in the quantum dot,
a property usually characteristic for atoms. For this reason quantum dots are often
referred to as ”artificial atoms”[65].

2.1.1 Epitaxial growth of quantum dots
Quantum dots can be divided into several types. Colloidal quantum dots for example are
obtained by chemical synthesis from a solution. These quantum dots can be produced in
large batches making them useful for many applications[25, 71, 63]. Epitaxial quantum
dots on the other hand are grown on a semiconductor substrate making it possible to
integrate them into electronic or photonic structures[116, 59, 14, 132].

Within this work, only epitaxial quantum dots grown by the Stranski-Krastanov method
were used. A detailed discussion of this method can be found for example in [17, 104,
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2 Fundamentals

115].

Here, the semiconductor material for the quantum dots is deposited on the substrate
with monolayer precision by MBE or MOCVD. For this growth mode the lattice con-
stant of the deposited material needs to be larger than the one of the substrate material.
The first monolayer(s) form a strained wettinglayer on the substrate. When the criti-
cal thickness of up to several monolayers is reached, the accumulated strain causes the
wettinglayer to crack and form small ”islands” of several 10 nm in size. These quantum
dots are then overgrown by the substrate material.

a) b)

Figure 2.1: Microscopic images of quantum dots a) Image of a single QD taken
with a transmission electron microscope [42]. b) Top view of a QD without capping
taken with a scanning tunneling microscope [32].

This process is of statistical nature, leading to an ensemble of QDs that is heteroge-
neously broadened, due to variations in size, shape and composition. The area density
of QDs is highly sensitive to the amount of deposited material. To fabricate samples
with a low density of QDs (typically 1 QD/µm2), often a gradient approach is applied.
In an MBE, the sources for the deposited materials are usually not placed exactly per-
pendicular to the wafer surface, but at an angle, resulting in inhomogeneous deposition
across the wafer. During the growth of homogeneous layers the wafer is rotated to
compensate for this. For the growth of the quantum dots this rotations is halted. As-
suming suitable growth parameters, this leads to no QDs at one side of the wafer and a
high density of QDs at the other side. In between, there exists a region with the desired
density that can be cleaved out and used for further experiments on single quantum dots.

Aside from the quantum dot density, the emission wavelength is an important parameter.
For this work InGaAs quantum dots emitting in the range of 900 − 950 nm were used.
Here, the emission energy can be controlled by adjusting the ratio of Indium and Gallium.
Another method that can be applied to obtain the same effect is the In-flush technique[38].
For other wavelength ranges different materials and/or growth methods can be used (eg.
GaAs/AlAs droplet QDs for emission at ∼ 790 nm[31], InAs QDs on metamorphic buffer
layers for emission at ∼ 1550 nm [102]).
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2 Fundamentals

2.2 Spectroscopic properties of quantum dots
This section deals with the states and optical transitions that occur in single quantum
dots. The starting point is a simple model for the energy levels of single charge carriers
in the confinement potential of the quantum dot. This is followed by a discussion of
several multi particle configurations, the so called excitons.

2.2.1 Single particle states
Giving a precise quantum mechanical description of a quantum dot is a challenging task
since the exact shape and composition of an individual quantum dot are generally not
easily accessible and subject to statistical variations. In spite of this, a rather simple
model can be employed to get a good qualitative system description[58].

In growth direction only the lowest level shall be considered. Since the quantum dots
are rather flat structures, the energy gaps between two levels are larger in this direction
than in the xy-plane. The confinement in this plane shall be described as a harmonic
potential for both electrons and holes. The resulting energy levels are

En,m = ℏω0(n + m + 1) (2.1)

In analogy to atomic physics, the main quantum number N = n + m and the azimuthal
quantum number l = n − m can be defined. The azimuthal quantum number character-
izes the states as s-, p-, d-,... type. For an optical transition ∆l = ±1 must be fulfilled.
Due to the p- and s-nature of the valence and the conduction band, this criteria is met
for interband transitions between the energetically lowest states of electrons and holes.

Furthermore the spin configuration of the involved particles must be taken into account.
Here, only the lowest level (N = 0, l = 0) will be considered, as it is the decisive
for the processes investigated in this work. The electron spin of se = 1/2 results in
two configurations for the electrons jz,e = lz,e ± sz,e = ±1/2. In case of the holes a
distinction between heavy holes jz,hh = ±3/2 and light holes jz,lh = ±1/2 is necessary.
Here, especially the heavy holes are important as they have the lower quantization energy.
Based on this four configurations of jz,hh = ±3/2 and jz,e = ±1/2 are possible of which
only the two with jz,total = jz,hh + jz,e = ±1 are optically accessible while the other two
with jz,total = ±2 are dark (see figure 2.2).
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2 Fundamentals

j =+1/2z,e

j =+3/2z,hh

j =-1/2z,e

j =-3/2z,hh

Electrons

Holes

bright

dark

Transitions

Figure 2.2: Optical transitions between electrons and holes Optical transitions
are allowed if jz,total = jz,hh + jz,e = ±1 (solid lines). The transitions with jz,total = ±2
(dashed lines) are not allowed and hence called ”dark”.

2.2.2 The Exciton state
The previous dicussion of the energy levels in a QD does not take into account the
coulomb interaction between multiple charged particles in the QD. This interaction gives
rise to a renormalization of the energy levels effectively introducing a binding energy be-
tween the carriers. In principle, this binding energy can be either positive or negative
depending on the charge configuration and the confinement potential of the individual
QD. In analogy to bound electron-hole pairs in bulk semiconductors, the corresponding
charge configurations in a QD are also called excitons.

The most basic configuration is the (neutral) exciton state consisting of one electron
and one hole. Usually, it is denoted as |X⟩. Due to the Coulomb interaction, its optical
transition energy is different from multi-exciton states. It can therefore be selectively
excited by a resonant laser field, making it a good model system to study and exploit
the dynamics of a two-level system (TLS) such as coherent spectroscopy [119, 137, 120]
or single-photon emission[83, 54].

By taking a closer look at this state one can identify two optically active spin config-
urations with anti-parallel spins of h+ and e− (|⇑↓⟩ and |⇓↑⟩), also denoted as |±1⟩,
respectively. In a quantum dot with a perfectly rotational symmetric confinement po-
tential these two states are energetically degenerate and couple to circularly polarized
light (see figure 2.3a). In a real quantum dot however, the confinement potential is usu-
ally not perfectly rotational symmetric, due to strain or an elliptical shape of the QDs.
This causes the emergence of two new eigenstates, which are a superposition of |+1⟩
and |−1⟩. These couple to X- and Y-oriented polarized light and are therefore usually
denoted |X⟩ and |Y ⟩.

|X⟩ = 1√
2

(|+1⟩ + |−1⟩) |Y ⟩ = 1√
2

(|+1⟩ − |−1⟩) (2.2)

These two states are not energetically degenerate, but show the so-called finestructure
splitting (FSS) or anisotropic exchange splitting. The InGaAs QDs investigated in this
work usually show a splitting of 10 − 20 µeV in energy. By properly selecting the
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2 Fundamentals

polarization of the optical field, either one of these two states can serve as a two level
system[77].

lX›

lG›

lY›

VH

l+1›

lG›

-l 1›

R L

EFSS

a) b)

Figure 2.3: Fine-structure of the exciton state a) Level scheme for the exciton
state in rotational symmetric confinement potential. The two states |+1⟩ and |−1⟩ are
degenerate and couple to the ground state |G⟩ via circularly polarized light (R and L)
b) Level scheme for a non rotational symmetric confinement potential. The states |X⟩
and |Y ⟩ show a fine-structure splitting of EF SS and couple to linearly polarized light

2.2.3 The Biexciton State
The biexciton state |B⟩ consists of two electron-hole pairs in the s-shell of a QD. Due to
Pauli-blocking the two electrons and the two holes must have opposite spins. The |B⟩-
state therefore has a total angular momentum of JB = 0. Coulomb interaction between
the involved carriers causes the total energy of the biexciton to deviate from two times
the exciton energy EX by the biexciton binding energy ∆EB.

EB = 2EX − ∆EB (2.3)

The binding energy is dependent on the microscopic structure of the QD. Both binding
and anti-binding biexcitons have been reported in literature[109]. The InGaAs-QDs used
in this work have a typical binding energy of 2 − 3 meV.

The biexciton decays optically via the biexciton cascade, sending out two photons (see
figure 2.4). The first photon recombines with an emission energy of EXX = EX − ∆EB,
referred to as biexcion line or XX,followed by a decay of the remaining exciton with a
transition energy of EX , referred to as X. Please note that in this work, the biexciton
state is labeled B, while the biexciton line is labeled XX, in order to achieve a clear
distinction between the two.

This feature can be exploited to generate high quality single photons. By tuning a laser
to EB/2, the biexciton can be excited via a two-photon process. Since both |G⟩ and
|B⟩ have jz = 0 the laser field must be linearly polarized. The resulting cascade is
then detuned from the laser, which facilitates straylight-suppression and decreases the
propability for a reexcitation[111]. These two effects strongly improve the achievable
g2-values in comparison to the X-transiton.

In an ideal QD without FSS the exciton state is two-fold degenerate, consisting of the
two states |R⟩ and |L⟩ associated with an angular momentum of +1 and -1. The biexci-
ton, being a jz = 0 state, randomly decays into one of these two states, emitting either

9



2 Fundamentals

Figure 2.4: Biexciton cascade a) The biexciton state can be excited via a two-
photon by tuning a laser (green) to EB/2. The decay from the biexciton state |B⟩ to
the exciton state (|X⟩ or |Y ⟩) and then the ground state |G⟩ causes a cascaded emission
of two photons (red and blue) of equal linear polarization. b) The resulting emission
spectrum shows the X- and XX-line separated by the biexciton binding energy ∆EB.
The laser is located in the center of both emissions.

right or left-hand circularly polarized light of equal energy. Since the ground state also
has an angular momentum of J|G⟩ = 0, the second photon therefore must have the oppo-
site circular polarization. Real QDs however usually show a FSS, where the two exciton
states are transformed into |X⟩ and |Y ⟩, which are both a superposition of the states |R⟩
and |L⟩ (see chapter 2.2.2). In this case the XX-emission consists of two orthogonally
polarized lines, which are spectrally separated by the FSS. Correspondingly, the second
photon emitted from either |X⟩ or |Y ⟩ has the same linear polarization as the first one
(see figure 2.4). In both cases, the biexciton cascade can be used as a source of entangled
photon pairs[118, 93].

2.2.4 The Trion state
The two excitonic states discussed so far (|X⟩ and |B⟩), both consist of an equal number
of electrons and holes, making them electrically neutral. If the quantum dot contains
an unequal number of electrons and holes, this changes and these states are then called
charged excitons. Naturally, they can be divided into positively and negatively charged
excitons depending on which carrier type is more numerous. Though they differ in cer-
tain aspects, they do also show similar properties in many regards. For this reason, they
shall be discussed together in the following.

The simplest of these states are the single charged excitons
∣∣X+〉 and |X−⟩ with one

excess hole or electron respectively (see figure 2.5).
In both cases, two different spin configurations can be identified, which are determined by
the single carrier. The resulting optical emission does not show a fine-structure splitting
between both configurations, but the two transitions have opposite circular polarization
for both

∣∣X+〉 and |X−⟩. The different charge configuration does however affect the
binding energy of the two states, causing them to emit at different energies. Their spec-
tral position relative to the X- or XX-line depends on the type of QD, growth parameters
and the statistical deviations between individual dots. In the InGaAs QDs investigated
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Positive Trion 
+

lX › Negative Trion 
-

lX ›a) b)

j =+1/2z,total j =-1/2z,total j =+3/2z,total j =-3/2z,total

Figure 2.5: Spin configuration of charged excitons a) Positive trion b) Negative
trion | The paired carrier type is restricted to anti-parallel spin constellation while the
single carrier type is not restricted. It’s spin determines the polarization of the resulting
optical transition.

here, the X−-line usually appears about 2-3 meV below the XX-line[77, 130] The X+-line
shows a stronger variation between individual dots but usually appears within ±2 meV
relative to the X-line.

Charged excitons can be generated by different mechanisms. During the growth a δ-
doping layer can be incorporated into the sample structure very close to the QD. The
carriers provided by the doping atoms then tunnel into the QD, creating a charged
ground state (

∣∣h+〉 or |e−⟩)[35]. This might also happen in an uncontrolled manner
through impurities in the host material.

A similar process can occur, when the QDs are embedded in a diode structure. If a
suitable bias voltage is supplied to the diode, the first electron level in the QD can
be below the quasi Fermi-level of the electrons in the n-doped region. Hence electrons
can tunnel into the QD and charge it. Due to Coulomb interaction, the energy level
for the second electron is higher up than for the first one, allowing selective charging,
given a suitable voltage and a rather thin tunneling barrier to the electron reservoir.
The same mechanism occurs for holes from the p-doped region if their quasi Fermi-level
is below the hole energy levels of the QD (see figure 2.6). Both types of carriers are
strongly influenced by the positioning of the QD layer within the diode structure. If
the QDs are close to the n-doped region the tunneling of electrons is dominant and
vice versa. This behavior can be used to distinguish the emission lines of charged and
neutral excitons in a voltage dependent photoluminescence experiment (see chapter 5.1).
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a)      Negative charging b)      Symmetric charging c)      Positive charging

Figure 2.6: Charging of a quantum dot a) Negative charging is dominant, if the
QDs are placed closer to the n-doped region. b) If the QDs are placed in the center of
the pin-structure, charging with both types of carriers occurs with similar probability.
c) Placing the QDs close to the p-doped region favors positive charging.

Furthermore, under strong above-band excitation the QD is statistically populated by
different charge configurations including all kinds of charged excitons. This includes
multiply charged excitons like

∣∣X2+〉 or
∣∣X2−〉 and charged biexcitons

∣∣B+〉. A more
detailed discussion of these states can be found for example in[50].

2.3 Rabi oscillations
When a QD is resonantly excited by short laser pulses, it can retain it’s coherence during
this process, enabling the observation of coherent features like Rabi oscillations[119, 137]
or Ramsey interference[120]. In the scope of this work, Rabi oscillations play a role in
the deterministic state preparation[53], which is why this feature shall be discussed in
the following. The mathematical description presented here, is based on [130], which
also provides a more extensive summary of the subject.

The easiest system to describe coherent processes in, is an isolated two-level system
(TLS) consisting of the ground state |0⟩ and the excited state |1⟩. In a QD, such a
system could be provided for example by the neutral exciton. In order to take the
coherence of the system into account, the TLS is described by a density matrix.

ρ̂TLS =
(

ρ00 ρ01
ρ10 ρ11

)
(2.4)

Here, ρ00 and ρ11 describe the population in the two states, while ρ01 and ρ11 describe
the coherence of the system. The time evolution of this density matrix can be described
by a set of differential equations, the optical Bloch equations. Here, it is beneficial
to work in the rotating frame of the driving laser field to cancel out fast oscillations
(ρ01(t) = e−iωLtρ̃01(t)).

12
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d

dt
ρ00 = i

Ω0
2 (ρ̃10 − ρ̃01) + γ1ρ11 (2.5)

d

dt
ρ11 = i

Ω0
2 (ρ̃01 − ρ̃10) − γ1ρ11 (2.6)

d

dt
ρ̃01 = i

Ω0
2 (ρ11 − ρ00) − (γ2 + iδ)ρ̃01 (2.7)

d

dt
ρ̃10 = i

Ω0
2 (ρ00 − ρ11) − (γ2 + iδ)ρ̃10 (2.8)

In these equations the interaction with the optical field is described by the Rabi frequency

Ω0(t) = E0(t)µ01
ℏ

(2.9)

with the amplitude of the electrical field E0 and the dipole moment of the transition
under study µ01. The decay of the population is expressed by the rate γ1 and the decay
of the coherence by γ2. These two coefficients are coupled by

γ2 = γ1
2 + γ∗

2 (2.10)

The pure dephasing processes described by γ∗
2 are weak for a QD cooled to 4.2 K and

can therefore be neglected here.

This set of equations can be solved numerically to gain insight into the behavior of
the system. For continuous driving the population in the system oscillates between the
two states with the Rabi frequency Ω0 (see figure 2.7). The dephasing rate γ2 causes
the amplitude of this oscillation to decay exponentially until a stable population of
ρ11 = ρ00 = 0.5 is reached. This corresponds to the equilibrium population in the inco-
herent limit.

In the context of Rabi oscillations usually the pulse area Apulse is used to characterize
the optical excitation.

Apulse =
∫

Ω0(t) dt (2.11)

The Rabi oscillations show extremata for pulse areas that equal multiples of π. Maxima
occur for uneven multiples (1π, 3π, 5π, ...), while minima occur for even multiples (2π,
4π, 6π, ...)(see figure 2.7).
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Figure 2.7: Rabi Oscillations Time-dependent population of the excited state under
resonant driving. When neglecting dephasing terms (black) the population oscillates
between the two states with the Rabi frequency Ω0. Including the dephasing terms
(red) causes a decay of the amplitude of this oscillation.

During an experiment the pulse area of the excitation needs to be varied to observe Rabi
oscillations. Since it is experimentally challenging to realize this by varying the pulse
duration, usually the laser power is varied instead. This changes the Rabi frequency
Ω0 during the pulse, which according to equation 2.11 also changes the pulse area and
is much easier to realize experimentally. Figure 2.8 shows two examples for the time
evolution resulting from a pulse with a pulse area of 5π in constructive interference and
a 6π pulse resulting in destructive interference. Since Gaussian pulses where used in
this calculation, one can observe a time dependence of Ω0 during the pulse. The exper-
imentally accessible parameter by observing the resonance fluorescence or photocurrent
signal is proportional to the time integral over the population in the excited state

Iexp ∼ γ1

∫
ρ11(t)dt (2.12)

A series of measurements with different laser power also shows an oscillatory behavior
(see figure 2.8c). In such an experiment the pulse area is proportional to Apulse ∼

√
P .

In order to distinguish this kind of measurement from the time dependent behavior like
in figure 2.7, these oscillations are sometimes called Rabi rotations [105, 49]. This is
especially relevant since the mechanism for the decay of the amplitude shows a small
but decisive difference. Since the pulse duration is constant, the amount of dephasing
accumulated during the pulse should also be constant when assuming a constant γ2. This
dephasing however, is caused by coupling to acoustic phonons, which is dependent on the
Rabi frequency, leading to faster dephasing for higher pulse area [67, 105]. Theoretical
work suggests a decreasing dephasing rate for very high Rabi frequencies[127, 128, 107].
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Figure 2.8: Rabi Rotations Time evolution of the population in the excited state
during excitation with a 5π (a) and a 6π pulse (b). During the pulse the population
oscillates. The population present at the end of the pulse then decays exponentially with
the rate γ1. c) Varying the laser power while reading out the population via the decay
rate reveals the Rabi rotations, which are proportional to

√
P . Diagrams a) and b) each

represent one data point of such a measurement (blue and red circles).

2.4 Dressed states
When an optical transition in a QD is (near-)resonantly driven by a laser field, a splitting
of the emission into several lines can be observed [125, 92, 62]. This effect, known in
literature as Autler-Townes effect or AC-Stark effect, was first described by S.H. Autler
and C.H. Townes in 1955, for RF transitions in molecules [7].
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This effect can be described quantum mechanically in a dressed state picture. In the
following, this concept shall be briefly summarized based on the discussion in [82].

The atom-field interaction is treated completely quantum mechanically, which is in con-
trast to semi-classical models that describe the light field as a classical wave (see chapter
2.3). The simplest model system is a two-level system (with the ground state |0⟩ and
the excited state |1⟩) coupled to a single quantized mode field |n⟩. Such a system can
be described by the following Hamiltonian.

H = HTLS + HLight + HInteraction (2.13)

= 1
2ℏωTLSσz + ℏωLa+a + ℏ(a + a+)(gσ+ + g∗σ−) (2.14)

Here, ωTLS is the resonance frequency of the TLS and ωL the frequency of the light field,
while a+ and a are the creation and annihilation operators for the light field

a+ |n⟩ =
√

n + 1 |n + 1⟩ (2.15)
a |n⟩ =

√
n |n − 1⟩ (2.16)

Accordingly, aσ+ describes the excitation from the lower into the upper state under
absorption of a photon from the light field, while a+σ− describes the deexcitation from
the upper to the lower state under emission of a photon. Expressions containing aσ− and
a+σ+ are dropped when performing the rotating wave approximation. This simplifies
the Hamiltonian to

H = 1
2ℏωTLSσz + ℏωLa+a + ℏg(aσ+a+σ−) (2.17)

When neglecting the interaction term the system is described by a superposition of the
states |0, n⟩ and |1, n⟩. Adding the interaction term then couples the states |1, n⟩, where
the TLS is in the excited state, and |0, n + 1⟩, where the TLS is in the ground state but
the light field contains an additional photon. Considering only a given field characterized
by the photon number n, the system can be described by the matrix

Hn = ℏ(n + 1
2)ωL

[
1 0
0 1

]
+ ℏ

2

[
δ 2g

√
n + 1

2g
√

n + 1 −δ

]
(2.18)

where δ = ωTLS − ωL. One can furthermore introduce a generalized Rabi frequency

Ωn =
√

δ2 + Ω2
0,n =

√
δ2 + 4g2(n + 1)2 (2.19)

With these expressions the following eigenvalues can be retrieved from the Hamiltonian

Ea,n = ℏωL(n + 1
2) − 1

2ℏΩn (2.20)

Eb,n = ℏωL(n + 1
2) + 1

2ℏΩn (2.21)

The corresponding eigenvectors read

|a, n⟩ = cos θn |1, n⟩ − sin θn |0, n + 1⟩ (2.22)
|b, n⟩ = sin θn |1, n⟩ + cos θn |0, n + 1⟩ (2.23)
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with

cos θn = Ωn + δ√
(Ωn − δ)2 + 4g2(n + 1)

(2.24)

sin θn = 2g
√

n + 1√
(Ωn − δ)2 + 4g2(n + 1)2 (2.25)

In resonance these reduce to

|a, n⟩ = 1√
2

(|1, n⟩ − |0, n + 1⟩) (2.26)

|b, n⟩ = 1√
2

(|1, n⟩ + |0, n + 1⟩) (2.27)

These represent two different superpositons of the excited and the ground state and are
referred to as dressed states.

ωTLS

Ebn

ωL

ħnωL

ħ(n+1)ωL

ħ(n-1)ωL

Ean

Ebn-1

Ean-1

E0n+1

E1n

E0n

E1n-1

Ejn

2ωL

Figure 2.9: Eigenvalues of a dressed TLS In the resonant case the states |j, n − 1⟩
and |j − 1, n⟩ show an anti-crossing, with the minimal separation beeing the Rabi energy
ℏΩ0,n. (Figure adapted from [82])

Figure 2.9 shows a plot of the eigenvalues (solid lines) compared to the case where
the interaction between TLS and light field is neglected (dashed lines). While in the
unperturbed case the two states |1, n⟩ and |0, n + 1⟩ cross each other for ωL = ωTLS the
dressed states |a, n⟩ and |b, n⟩ repel each other. This phenomena is called anti-crossing.
The minimum separation between the two is given by the Rabi energy ℏΩ0,n = 2gℏ(n+1).
In this case a total of four transitions of equal intensity can occur between two rungs (e.g.
n and n − 1). The transitions Ea,n ↔ Ea,n−1 and Eb,n ↔ Eb,n−1 are degenerate with
a transition energy of ℏωL. Since it contains two transitions it has twice the intensity
of the other two lines which are Ea,n ↔ Eb,n−1 with a transition energy of ℏωL − ℏΩ0,n

and Eb,n ↔ Ea,n−1 at ℏωL + ℏΩ0,n. In combination these lines are known as the Mollow
triplet[125, 97] (see figure 2.10b).
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Figure 2.10: Mollow triplet a) Resonant driving of a TLS induces a splitting of
both energy levels by the Rabi energy ℏΩ0, resulting in four possible transitions. b)
The resulting emission spectrum shows three lines, called the Mollow triplet, since two
transitions (green) are energetically degenerate.

This behavior is often explained in a more intuitive picture[92, 45]. When in resonance,
the driving laser introduces a splitting of the two states |0⟩ and |1⟩ by the Rabi energy
ℏΩ0 (see figure 2.10a). This configuration gives rise to the same four transitions as
discussed above resulting in the appearance of the Mollow triplet.

2.5 Quantum confined Stark effect
When an electric field is applied to a QD, the optical transitions experience an energy
shift. This effect was first observed in quantum well structures[81] and called ”Quantum
Confined Stark Effect” (QCSE)[85]. Later this term was extended to quantum dots.
Today, this effect is usually induced by embedding the QD in a diode structure. By
controlling the bias voltage, the internal electric field of the diode can be manipulated,
which in turn offers a tuning knob for the QDs. This effect however is not restricted
to the growth direction but does also work in lateral direction[114] even though this
geometry is used less often.

The energy shift experienced by an excitonic state can be described by a parabolic
function[79].

E(F ) = E(F = 0) + µQD · F + αQCSE · F 2 (2.28)
Here, the electric field is labeled F . The energy shift relative tho the undisturbed tran-
sition energy E(F = 0) consists of two contributions. The linear term is determined
by the static dipole moment of the QD µQD. It appears since the wave functions of
e− and h+ are usually sightly shifted with respect to each other. Usually the hole is
located closer to the tip of the dot while the electron is located closer to the base[42, 10].
The quadratic term is proportional to the induced dipole moment αQCSE caused by the
electric field. In general these parameters are different for the various excitonic states.
Aside from the energy shift, the electric field also causes a shift of the wave functions of
electrons and holes in opposite directions decreasing the dipole matrix element of optical
transitions[101].
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The QCSE is often used to tune a QD during spectroscopic experiments[98, 72], which
also works on ultra-fast time scales[132, 91, 131]. The achievable tuning is limited
by tunneling[43] and charging effects[35, 33], which also are dependent on the applied
electric field (∼ 1 − 2 meV). This range can be extended by introducing additional
tunneling barriers around the QD[14].

2.6 Single photon emission
Single photons are an important resource for quantum technologies, especially with re-
gard to applications in communications[47]. Obtaining high quality single photons with
a good repetition rate is however not a trivial task. Alongside other sytems (e.g. spon-
taneous parametric down-conversion[90, 60], trapped ions[57, 51], 2D materials[26, 36],
...) quantum dots are of great interest in this respect[113, 3]. For this reason a few
fundamental aspects of single photon emission, that are relevant in the scope of this
work, shall be discussed here. The following statements are mainly based on [40], which
can be consulted for further details.

An important quantity for demonstrating and characterizing single photon emission is
the second order correlation function

g(2)(τ) = ⟨I(t)I(t + τ)⟩
⟨I(t)⟩ ⟨I(t + τ)⟩ (2.29)

Single photons show anti-bunching and the function takes a value g(2)(τ = 0) < 1. Per-
fect single photons will result in g(2)(τ = 0) = 0, while a value of < 0.5 can still be
considered as quantum light. A laser field (coherent state) features a random photon
distribution, resulting in g(2)(τ = 0) = 1. Incoherent light (e.g. thermal emission) shows
photon bunching leading to g(2)(τ = 0) > 1. Figure 2.11 shows examples of g(2)-functions
for all three cases.

0
0

1

2

Delay (arb. u.)

 Bunching
 Coherent
 Antibunching

g
(2

)

Figure 2.11: Second-order correlation function g(2) A classical incoherent light
source with a Lorentzian line shape shows bunching around τ = 0 (black curve). Co-
herent light (e.g. laser) features a constant g(2)-value (red curve). Single photons show
anti-bunching around τ = 0 (blue curve).
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Both the bunching and the anti-bunching behavior around τ = 0 can be described using
exponential functions.

g
(2)
bunch(τ) = 1 + g

(2)
0 exp

( |τ |
tbunch

)
Bunching (Lorentzian) (2.30)

g
(2)
bunch(τ) = 1 + g

(2)
0 exp

(
−τ2

2c2

)
Bunching (Thermal) (2.31)

g
(2)
anti(τ) = 1 − g

(2)
0 exp

(− |τ |
tanti

)
Anti-bunching (2.32)

For the anti-bunching the width of the dip tanti is determined by the lifetime of the
optical transition . Sometimes a combination of bunching on long timescales and anti-
bunching on short timescales is observed giving the g(2)-function a ”volcano-like” shape
(see figure 2.12). This behavior is usually associated with blinking of the emission under
study[125]. Mathematically this can be described by

g
(2)
volcano(τ) = 1 − g

(2)
anti exp

(− |τ |
tanti

)
+ g

(2)
bunch exp

( |τ |
tbunch

)
(2.33)
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)

Delay (arb. u.)

 Blinking

Figure 2.12: g(2)-function of a blinking single photon source The g(2)-function
features a combination of anti-bunching on short timescales and bunching on a larger
timescale, giving the function a ”volcano-like” appearance.

The g(2)-function of a light field can be experimentally determined using a Hanbury-
Brown and Twiss (HBT) setup[24] (see figure 2.13). A 50:50 beamsplitter randomly
sends photons onto two single photon detectors. The readout electronics measure the
time difference between individual clicks of both detectors. In case of single photons
emitted by a single quantum emitter the two detectors cannot click at the same time,
leading to a dip at τ = 0.
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Beamsplitter
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Figure 2.13: Concept of a Hanbury-Brown Twiss experiment A stream of pho-
tons is sent onto a 50:50-beamsplitter, which directs them randomly onto two single
photon detectors. The readout electronics measure the time differences between the de-
tector clicks.

The experimentally recorded histogram is always a convolution of the true g(2)-function
with the temporal response of the detection setup. It is therefore desirable to use de-
tectors with a timing jitter well below the lifetime of the studied transition. This can
be circumvented in some cases by employing a pulsed excitation scheme, resulting in an
ideal histogram like it is displayed in figure 2.14.
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Figure 2.14: g(2) under pulsed excitation The pulsed excitation defines time slots
where emission can occur. The resulting peaks are separated by the repetition rate of
the excitation and their width is determined by a convolution between the lifetime of
the signal and the timing resolution fo the detector.
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2.7 Polarized light
The following chapter provides a brief overview of the mathematical description of po-
larized light which is based on[30].

2.7.1 The polarization ellipse
An electro-magnetic wave propagation in z-direction is composed of two transversal
components.

Ex(z, t) = E0x · cos (τ + δx) (2.34)
Ey(z, t) = E0y · cos (τ + δy) (2.35)

Here τ = ωt − κz is the propagator. The polarization of this wave is defined by the
amplitudes of the two components E0x and E0y, as well as the phase difference between
the two waves δ = δx − δy. The resulting general time trajectory takes the form of an
ellipse (see Fig. 2.15 a)

E2
x

E2
0x

+
E2

y

E2
0y

− 2 ExEy

E0xE0y
cos δ = sin2 δ (2.36)

For a phase difference of δ = ±n · π the polarization becomes linear. The ratio between
the components E0x and E0y then determines the direction of the polarization. Another
significant case occurs for δ = (n + 1

2) · π where the polarization is circular. We obtain
right hand circular polarization for even values of n and left hand polarization for uneven
values of n.

ψ

χ

Ex

Ey

ψ2

χ2

a) b)

Figure 2.15: Visualization of polarization a) Polarization ellipse b) Pointcaré sphere
In both cases the polarization is defined by the azimuth Ψ and the ellipticity χ.
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A more intuitive way to describe the form of the polarization ellipse are the azimuth Ψ
and the ellipticity χ of the ellipse (see 2.15a).

Ψ = 1
2 arctan

(
2E0xE0y cos δ

E2
0x − E2

0y

)
0 ≤ Ψ ≤ π (2.37)

χ = 1
2 arcsin

(
2E0xE0y sin δ

E2
0x + E2

0y

)
−π

4 ≤ χ ≤ π

4 (2.38)

2.7.2 Stokes vectors and Müller matrices
The previous description is a very intuitive way to visualize a given polarization. For
calculating the effect of optical elements however, it is more convenient to use the Stokes
vector formalism. It allows the description of a system of optical elements with a series
of matrices, the so called Müller matrices.

In this formalism a given polarization is represented by a 4-dimensional Stokes vector S
with the elements:

s0 =E2
0x + E2

0y (2.39)
s1 =E2

0x − E2
0y = s0 cos(2Ψ) cos(2χ) (2.40)

s2 =2E0xE0y cos δ = s0 sin(2Ψ) cos(2χ) (2.41)
s3 =2E0xE0y sin δ = s0 sin(2χ) (2.42)

An overview of a few common polarizations and their respective Stokes vectors is given
in Tab. 2.1.

Polarization S Azimuth Ψ Ellipticity χ

Horizontal (H/X) (1, 1, 0, 0) 0 0
Vertical (V/Y) (1,−1, 0, 0) ± 90° 0
Diagonal (D) (1, 0, 1, 0) + 45° 0
Anti-diagonal (A) (1, 0,−1, 0) − 45° 0
Right hand circular(R) (1, 0, 0, 1) 0 + 45°
Left hand circular (L) (1, 0, 0,−1) 0 − 45°

Table 2.1: List of Stokes vectors For these fundamental polarization states the Stokes
parameters take values of ±1 and 0.

A common way to visualize these vectors is the Pointcaré sphere. For perfectly polarized
light, every Stokes vector corresponds to a point on the surface of this sphere. Linear
polarizations are found on the equator of the sphere, while the circular polarizations are
located on its poles. (see Fig. 2.15 b)

In order to describe the effect of optical elements on these Stokes vectors, we can make use
of the so-called Müller matrices. Here the influence of any system of optics is described
by a series of 4×4-matrices Mi. The resulting Stokes vector is calculated by

Sout = MnMn−1 ... M2M1 · Sin (2.43)
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where Sin in the initial Stokes vector, while M1 represents the optical element that is
passed first and Mn is the optical element that is passed last. Table 2.2 gives an overview
of common Müller matrices that will be relevant in the scope of this work.

Horizontal
polarizer

MHP ol =


0.5 0.5 0 0
0.5 0.5 0 0
0 0 0 0
0 0 0 0



Half-wave
plate

Mλ/2 =


1 0 0 0
0 cos2(2θ) − sin2(2θ) −2 cos(2θ) sin(2θ) 0
0 −2 cos(2θ) sin(2θ) sin2(2θ) − cos2(2θ) 0
0 0 0 −1



Quarter-
wave plate

Mλ/4 =


1 0 0 0
0 cos2(2θ) − cos(2θ) sin(2θ) − sin(2θ)
0 − cos(2θ) sin(2θ) sin2(2θ) − cos(2θ)
0 sin(2θ) cos(2θ) 0



Table 2.2: Relevant Müller matrices The table summarizes the Müller matrices
needed to describe the optical elements that are relevant in the scope of this work. The
angle θ describes the rotation of the wave plates relative to the H-V basis.

With the help of these Matrices one can visualize the effect of the wave plates. Figure
2.16 shows the path of the Stokes vector on the Pointcaré sphere upon rotation of the
wave plates.

Figure 2.16: Visualization of the effect of wave plates on horizontally polar-
ized light a) The half wave plate gives access to arbitrary linear polarization. b) The
quarter wave plate moves the Stokes vector on a eight-shaped path to both poles of the
sphere.
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We see that a λ/2-plate rotates a linear horizontal input on the equator of the sphere and
hence can be used to generate any linear polarization. This calculation however assumes
an indeal wave plate with a retardation of π. In reality, wave plates often suffer from
slight deviations in the retardance due to chromatic dispersion or non-perfect incidence
angles. In this case, the output polarization becomes slightly elliptical. For the λ/4-
plate the output polarization moves across the sphere in an 8-shaped, reaching both
poles. Therefore these plates can be used to create circularly polarized light. If we
assume an imperfect plate the size of the two loops changes and the polarization does
not become perfectly circular.



2 Fundamentals
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3 Experimental setup and methods

This chapter deals with the experimental setups used to aquire the data for this work.
First it will provide a brief overview of the entire system, followed by a more detailed
description of the individual units and important devices. This is followed by a brief
discussion of the standard techniques used to characterize quantum dots.

3.1 Overview of the setup
Measurements on single quantum dots require low temperatures around 5 K to reduce
the influence of dephasing and noise. Therefore the central element of the setup is the
low temperature microscope. It contains the sample and is submerged into a thermally
isolated vessel filled with liquid helium. The microscope furthermore directs the laser
excitation onto the sample and collects the emitted optical signal in a confocal geometry.
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Figure 3.1: Overview of the spectroscopic setup The spectroscopic setup is divided
into several units that are connected to the low temperature microscope by optical fibers.
All units are discussed in detail in the corresponding sections.
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Due to the limited space at the microscope head, the laser sources, the spectrometer and
all other optical elements that do not necessarily have to be installed on the microscope
head are located on an optical bench next to the cryostat with the microscope. Both
the excitation sources and the detection equipment are connected to the microscope
by optical fibers. Figure 3.1 provides an overview of the entire setup. The following
chapters will take a closer look at the individual units.

3.2 Excitation Sources
For the experiments performed in the scope of this work, a number of laser sources with
different properties are used. All these lasers are placed on the optical bench next to the
cryostat and connected to the microscope via polarization maintaining fibers. Before
being coupled into the fiber, the polarization of all lasers is aligned with the polarization
maintaining axis of the fibers and a combination of a filter wheel and neutral density
filters is used to adjust the laser power.

3.2.1 Above-band excitation
An above-band exciation is necessary to perform photoluminescence (PL) measurements
(see 3.6). The QDs investigated in this work are embedded into a GaAs matrix with a
band gap of 1.519 eV (at 4 K)[18]. This defines the lower limit for the emission energy of
the PL-laser. In order to minimize the wavelength difference between the resonant lasers
and the PL-laser, a fibercoupled diode laser with a wavelength of 808 nm (1.534 eV) and
a maximal outpout power of 30 mW was chosen.

3.2.2 Resonant exciation
For the resonant exciation of the QDs, two tunable lasers are used. The first one is an
external cavity diode laser, providing cw-excitation and the second one is a Ti:Sapphire
laser, which can be operated both in cw- and pulsed mode.

External Cavity Diode Laser

The ”CTL 950“ from ”Toptica“ is an external cavity diode laser in Littrow geometry. It
provides a tuning range of 915-985 nm, a narrow linewidth below 100 kHz and a maximal
output power of 80 mW. Due to its mode-hope free tuning and the hands-off operation,
this laser was used for the majority of experiments under cw excitation.
The laser does however have two peculiarities, which need to be taken into account when
working with it. When coupling this laser into a single mode fiber, it is necessary to
use a fiber with angled end-facets (APC). Otherwise Fabry-Pérot resonances between
the end facets of the fiber will cause fluctuations of the output. This problem occurs
specifically with this laser due to its narrow linewidth.
Furthermore this laser suffers from background emission over the entire emission range
of the used diode. Even though this emission is many orders of magnitude weaker than
the laser line, it becomes relevant, if the laser is spectrally suppressed, as is displayed in
figure 3.2.
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Figure 3.2: Background emission of the tunable diode laser a) High resolution
spectrum of the background emission of the tunable diode laser. b) Corresponding wide
range spectrum with lower resolution. In both cases the main laser line was attenuated
by several orders of magnitude using a narrow band tunable notch filter. The laser
features a strong background emission over its entire tuning range.

During the experiments, this background is filtered out using ultra-narrow tunable band
pass filters. These filters are designed for a transmission wavelength of 935 nm with a
FWHM of 0.45 nm. The transmission window can be blue-shifted by tilting the filter
relative to the inciding laser beam. By doing so, the spectral properties slowly degrade,
limiting the filter to a effective tuning range of roughly 920-935 nm (see figure 3.3).
Depending on the experiment, specifically the spectral difference between signal and
laser, 2-3 bandpass filters are used to clean the spectrum of this laser.
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Figure 3.3: Spectral properties of ultra-narrow bandpass filters a) Series of
transmission spectra of the ultra-narrow bandpass filters for different angles with respect
to the optical axis. b) Spectra of the background emission of the tunable diode laser
when filtered with one (black) and two (red) bandpass filters. The main laser line was
suppressed using a notch filter.
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Titanium Sapphire Laser

The ”Mira 900 D“ from ”Coherent“ is a Titanium Saphire laser (Ti:Sa) with an effective
tuning range of 700-1000 nm and a maximum output power of 1.6 W. It can be operated
both in cw or pulsed mode and is pumped by diode laser (”Verdi G12“) emitting at
532 nm with a maximum power of 12 W.

The laser is mainly used in conjuction with the ”CTL 950“, when two cw lasers are
needed for an experiment. In contrast to the ”CTL 950“ the ”Mira 900 D“ has a much
lower background emission. (see Fig. 3.4) As a consequence, one single bandpass filter
is sufficient to clean the spectrum.
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Figure 3.4: Background emission of Ti:Sapphire laser a) Spectrum of the Ti:Sa
with a the main laser line strongly attenuated by a notch filter. The background emission
is clearly visible on both sides of the main laser line. b) Equivalent spectra with the
laser emission being filtered by one (black) and two (red) bandpass filters. While one
bandpass filter strongly reduces the background, it is not detectable anymore, when two
filters are used.

This laser can furthermore be operated in mode-locked mode, leading to the emission of
optical pulses with a duration of 3-6 ps. On these timescales the QDs can retain their
phase during the excitation, allowing the study of coherent effects such as Rabi rotations.
Since these pulses are spectrally much broader than the cw emission of the laser, this
poses a greater challenge for straylight suppression. For this reason, a bandpass filter is
used to decrease the spectral width of the pulses by ∼ 40% (see figure 3.5).
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Figure 3.5: Pulse shaping with bandpass filter Spectra of the ps pulses as emitted
by the Ti:Sa-laser (black) and filtered by a bandpass filter (red). The filter reduces the
FWHM of the pulses by ∼ 40%

3.3 Low Temperature Microscope
The low temperature microscope contains the sample during the experiment and can be
considered as the central unit of the experimental setup. The microscope can be divided
into two major units, the lower part, which is submerged into the cryostat and the upper
part, which is at room temperature. The sample is located at the lower end of the mi-
croscope and cooled close to 4 K. The microscope is evacuated to prevent condensation
and freezing and then filled with a small amount of Helium, which acts as an exchange
gas for better thermal conductivity.

During the experiments it is necessary to address individual QDs. To achieve this the
sample is mounted on top of a set of nanopositioners that allow positioning of the sam-
ple in all three spatial dimensions with a resolution of 20 nm. The range of motion of
these positioners is about 2 mm in all directions. Directly above the sample either an
objective or an aspheric lens can be installed to focus the laser excitation onto a single
dot and collect is emitted light. For the experiments in this work, an aspheric lens with
a numerical aperture of NA = 0.68 (f = 3.1 mm) was used.

The top of the microscope is located outside of the cryostat at room temperature (see
figure 3.1). It contains the necessary electrical connectors and optics to interact with
the sample. The microscope is equipped with 2 shielded and 7 unshielded electric lines
that can be used to apply voltages to and measure currents on the sample. An optical
window in the top of the vacuum chamber provides optical access to the objective/lens
and the sample. The optics necessary to direct the laser excitation from the optical
fibers to the sample and the signal to the detection unit are mounted on an aluminum
plate placed vertically on top of the vacuum chamber. These optics are discussed in
detail in the following chapters 3.4.1 and 3.4.2. The top of the microscope furthermore
contains an imaging unit that provides an image of the sample surface for orientation
on the sample and easier setup alignment.
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3.4 Optical Setup on the microscope head
The microscope head contains all the optics necessary to direct the laser excitation form
the endfacet of the fiber to the QD sample and to collect the resulting emission. As a
result of the confocal detection geometry, an important aspect is the suppression of the
back-scattered laser light. Due to the high refractive index of the sample (nGaAs ≈ 3.5),
the surface of the sample reflects roughly 30% of the laser excitation. In case of above-
band excitation, used for photoluminescence measurements, it is sufficient to place a
suitable long-pass filter in front to the spectrometer to achieve this. For resonant or
near-resonant excitation, the QD-emission and the laser light are spectrally very close,
creating the need for more sophisticated suppression schemes. During the experiments
presented in this work two different techniques are used: cross-polarized detection and
spectral filtering. The setup was subject to constant improvements. As a result two
different setups will be discussed in this chapter, which were used in the course of this
work. The first setup uses a combination of cross-polarized detection and spectral filter-
ing, while the second one completely relies on spectral filtering.

Both setups share the need of superimposing two lasers and the detection path. This
requires in general two beamsplitters. Both setups are fibercoupled to achieve good me-
chanical stability of the optical alignement. The fibercoupling is realized by achromatic
lenses (f = 20 mm, d = 9 mm, NIR coating) mounted on a manual z-stage in combina-
tion with a manual x-y-stage holding the fiber. The single mode fibers have a numerical
aperture of NAF iber = 0.13 resulting in a beam diameter of dBeam = 5.2 mm.

3.4.1 Setup using cross-polarized detection
This setup uses a combination of cross-polarized detection to suppress the two-photon
excitation (TPE) laser and spectral filtering for the Control laser. Figure 3.6 shows a
sketch of the optical setup. The principle behind cross-polarized detection is exciting
the sample with a defined polarization (here s-polarization) and using a polarizer in the
detection path to only detect light with perpendicular polarization (here p-polarization).
A key requirement for this scheme is that the signal that is to be detected must have
a polarization component perpendicular to the laser. In order to achieve a good sup-
pression ratio, a few aspects need to be considered. Therefore, the used setup will be
discussed in detail. It is based on the setup presented by Kuhlmann et al. [68].
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Figure 3.6: Optical setup for cross-polarized detection The TPE- and Control-
lasers are superimposed. The PBS ensures suppression of backscattered light from the
TPE-laser by reflecting it into the excitation path. This restricts both lasers in their po-
larization. Backscattered light from the Control-laser is suppressed by spectral filtering
using tunable notchfilters.

The central element of the polarization suppression setup is the polarizing beamsplitter
(PBS). It reflects s-polarized light (Laser) while transmitting p-polarized light (Signal),
with a nominal extinction ratio of Tp/Ts > 104 : 1. For cleaning the laser polarization
after it leaves the optical fiber and aligning it with the PBS a rotatable polarizer is
placed in front of it. The rotatability is important for the fine-adjustment of the sup-
pression. A λ/4-plate between the PBS and the vacuum window of the microscope is
used to compensate for deviations introduced to the polarization of the backscattered
light by the optics or the sample further down the microscope arm. For aligning the
setup, the wave plate is rotated to an angle of 45° between the laser and the fast axis, so
that backscattered light from the sample is transmitted through the PBS and sent to the
detection path (see figure 3.7). For suppressing the laser, either the slow or the fast axis
of the waveplate are aligned to the laser polarization. For optimizing the suppression,
the λ/4-plate and the input polarizer are then slightly rotated in an iterative process.

To achieve a sufficiently high suppression it is essential to include a spatial filtering of
the detection. Upon strong focusing of polarized light, there always occur components of
perpendicular polarization in the focal plane. These have a clover-leaf shaped intensity
distribution[96] and limit the achievable suppression ratio to 102 − 103 : 1. If the detec-
tion is spatially restricted to the central region of the laser focus (eg. by a SM-fiber or
pinhole) these polarization components are effectively suppressed, enabling suppression
ratios of 104 − 105 : 1. Here, this is realized by using a single-mode fiber with a core
diameter of 5 µm for signal collection.
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Figure 3.7: Effect of the λ/4-plate a) If the fast and slow axes are perfectly aligned
with the polarization basis of the PBS, the waveplate has no effect of on both lasers.
Hence, the backscattered light takes the same path it came from. b) If the wave plate
is rotated by 45◦ it converts between linear and circular polarization. As a result the
backscattered light takes the path it did not come from.

For the experiments presented in chapter 7 a second laser is needed. This laser has
the same linear polarization as the expected signal and cannot be suppressed by cross-
polarized detection. It is superimposed with the first laser and the detection path by a
non-polarizing 50:50 beam splitter. Since it has to pass trough the PBS, it is restricted to
p-polarization. This laser must be suppressed using spectral filtering. The challenge in
this regard is that the laser is spectrally very close to the expected signal, in the range
of 2 nm. This requires optical filters with an extremely sharp-edged blocking region.
Furthermore, the transition energy of individual QDs shows some variation due to the
statistical nature of QD growth.
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Figure 3.8: Characteristics of tunable Notchfilters a) Transmission spectra of a
tunable notchfilter for a series of incidence angles measured by sweeping the emission
wavelength of a tunable laser (CTL950). b) Corresponding optical density measured by
tuning the blocking range of the filter onto the emission of a fixed laser (Mira 900 D).
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The optical filter therefore needs to be tunable to some extend. In order to meet
these requirements, narrow linewidth notch filters, containing a reflective volume Bragg
grating[89, 76], were chosen. These filters are designed to have a central wavelength of
λCenter = 930 nm, a blocking range of FWHM = 0.7 nm and a nominal suppression of
> 104 : 1. By tilting these filters with respect to the optical axis they can be blueshifted
down to a central wavelength of 920 nm (see figure 3.8a), but this degrades the achiev-
able suppression (see figure 3.8b). It is therefore advisable to work with QDs close to but
below 930 nm. This degradation of the optical density can however be compenstated by
using a larger number of filters. This is feasible due to the nearly perfect transmission
outside the blocking range. It was found that two notchfilters are usually sufficient to
suppress the laser during the experiments. An additional filter was used to support the
cross-polarized suppression of the other laser.

3.4.2 Setup with adjustable polarization
For performing the polarization dependent measurements presented in chapter 7.5, it
is necessary to modify the setup discussed above, since it restricts both lasers in their
polarization. A sketch of the resulting setup is displayed in figure 3.9. The main mod-
ification is removing the polarizing beamsplitter and replacing it with a non-polarizing
one. A motorized wave plate (Control) in the excitation path of the Control laser allows
to manipulate the polarization of this laser.
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Figure 3.9: Optical setup with adjustable polarization Overview of the optical
setup used for polarization dependent measurements. The suppression of backscattered
light relies completely on spectral filtering, allowing the manipulation of the Control
laser polarization using a wave plate
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Either a half-wave or quarter-wave plate is used here, depending on whether linear or
circular polarization is required. Placing a linear polarizer for s-polarization in front
of the wave plate ensures a clean input polarization. Since a well-defined and known
polarization is crucial in this setup, the light sent down towards the sample was char-
acterized using a polarimeter (see figure 3.10). This data shows that the retardance
of the wave-plates has only minor deviations from the ideal case and the beamsplitters
installed in the setup do not degrade the polarization.

λ/2-plate λ/4-platea) b)

Figure 3.10: Polarization of Control laser Polarization of the Control laser as sent
towards the sample upon rotation of a) a half-wave plate and b) a quarter-wave plate,
measured by a polarimeter placed in front of the vacuum window.

For analyzing the polarization of the light emitted by the sample, another motorized
wave plate (Analyzer) of equal type as the Control wave plate is placed in the detection
path. An s-polarizer behind the waveplate provides the polarization sensitivity to the
detection.

During the measurements with the first setup, it turned out that the fibers are generating
a side band emission around the laser line (see figure 3.11). This appears as a weak
background emission, if the laser is not suppressed before being coupled into the detection
fiber. In case of cross-polarized detection this is not an issue since the PBS and the spatial
filtering effectively prevent the laser from entering the fiber. This effect is therfore a
greater issue in case of spectral filtering. In the modified setup this problem was solved
by placing one notch filter per laser in the detection path on the microscope head.
This way, most of the backscattered laser light does not enter the fiber. The remaining
two notch filters are still placed on the optical bench due to space restrictions on the
microscope head. Furthermore, a bandpass filter was placed in the excitation path of
each laser to filter out the side band emission generated by the excitation fibers.
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Figure 3.11: Background caused by fiber a) Sending a laser through the optical
fiber created a background. This becomes apparent by comparing spectra of the laser
attenuated by a notch filter, which is placed either behind (black) or in front of the fiber
(red). b) Broadband spectrum of the background generated by the fiber.

3.5 Spectrometer
The spectrometer used in this work consists of two grating monochromators operated
in additive mode and a Si-CCD camera. Both monochromators (”Spectra Pro SP2500i“
from ”Princeton Instruments“) have a Czerny-Turner geometry with a focal length of
500 mm. They are equipped with a rotating turret, which can hold up to three grat-
ings. Rotating this turret allows adjusting the central wavelength and switching between
gratings.

Auxilliary Main
Grooves/mm Blaze Wavelength Grooves/mm Blaze Wavelength

1200 750 nm 1200 850 nm
300 750 nm 300 760 nm

Mirror -

Table 3.1: Gratings of the double monochromator Each monochromator is
equipped with two gratings in a rotatable turret. The auxiliary monochromator contains
a mirror in the turret which allows to operate the system like a single monochromator.

The mirror installed in the auxilliary monochromator allows using the dual monochro-
mator like a single monochromator and thus increasing the spectral range on the CCD
for the cost of decreased spectral resolution. A motorized slit is installed in between the
two monochromators, allowing to filter the light that reaches the CCD.

The CCD camera (”Pylon“ from ”Princeton Instruments“) has a sensor array of 1340×400
pixels with a size of 20×20 µm, resulting in a sensor area of 26.8×8 mm. The sensor is
cooled with liquid nitrogen to temperatures from -70°C to -120°C and has a quantum
efficiency of 60% at 950 nm.
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According to specification, the system has a maximum resolution of 0.03 nm (FWHM)
which corresponds to 43 µeV at 925 nm. It is therefore possible to resolve the different
excitonic states of a QD but a typical finestructure splitting of 10 µeV or slightly higher
cannot be resolved.

3.6 Photoluminescence Measurement
The photoluminescence (PL) measurement is the method of choice for a first charac-
terization of a QD sample. The sample is excited with light that carries a photon
energy larger than the band gap of the host material. The QDs investigated within this
work are embedded in GaAs which has a band gap of EG(T = 4 K) = 1.519 eV[18]
(λG = 816 nm). This excitation generates free carriers (e− and h+) in the sample which
relax non-radiatively into states of lower energy like the band edge, the wetting layer
and the QDs. From there they recombine radiatively and analyzing the emitted light
with a spectrometer reveals the energetic properties of the sample (see figure 3.12). If
the excitation and detection are spread out over a sufficiently large area of the sample
(several 10 µm2) this is called an ensemble PL measurement and provides information
about the inhomogeneous broadening or the central wavelength of the QD ensemble.
When the exciation or detection are restricted to a small area (∼ 1 µm2) and the areal
density of QDs is low enough (∼ 1 QD/µm2), it is possible to address single QDs and
gain information about their specific excitonic properties. Such a measurement, often
called µPL, is usually used to find single QDs for further experiments.

Figure 3.12: Above-band excitation A laser with a photon energy larger than the
band gap (blue) creates free carriers in the host material. These relax to the band edge
(green) and into the QD (red) where they recombine optically.
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If the QDs are embedded in a diode structure, bias-voltage dependent PL measurements
can be conducted. These are referred to as PLV and provide information on the Stark-
effect and help with assigning emission lines to different charge configurations in the
QD.

3.7 Photocurrent Measurement
Photocurrent (PC) measurements are a useful tool for a deeper analysis of the spectral
features of a single QD. The key requirement for this techniques is that the QD must
be embedded in a diode structure. During the measurement, an excitonic state in the
QD is excited resonantly. If the internal electric field of the diode is high enough, a
portion of these carriers can tunnel out of the QD and recombine electrically instead
of optically (see figure 3.13). This creates a current that is proportional to the absorp-
tion in the QD [12, 39]. In the regime of high electric fields, the detection efficiency
can reach nearly 100%, providing a quantitative readout of the population for coherent
spectroscopy [137]. Under the influence low electric fields, the tunneling probability be-
comes very small. This prolongs the lifetime of the excitons and therefore makes the
resonance narrower. Using a sensitive current measurement, this allows to study the
natural linewidth or fine-structure splitting of the QD [37].

During these experiments, either the laser energy or the transition energy of the QD (via
the Stark-effect) must be detuned. In principle both options are possible, but tuning the
QD by sweeping the voltage applied to the diode usually results in a better resolution
and lower noise. The resulting photocurrent is typically in the pA-range, but can get
arbitrarly low when working in the regime of low tunneling and/or with low excitation
power. For measuring these currents a device based on a transimpedance amplifier is
used.

Tunnel 
barrier

Figure 3.13: Photocurrent A resonant laser creates excitons inside the QD. The
electrics field causes these carriers to tunnel out of the confinement potential. The
tunneling rate is determined by the area of the tunneling barrier (marked in grey).
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3.8 Correlation Setup
In the scope of this work two different setups are used to perform time correlated mea-
surements. The first setup uses two silicon avalanche photo diodes (APD) as detectors
and is used to perform the cross-correlation measurements of the biexciton decay. The
second setup uses superconducting single photon detectors (SSPDs). These have a better
time resolution and a lower dark count rate than the APDs, but only became available
towards the end of this work. They are used for the auto-correlation measurements of
the SDC process. Table 3.2 summarizes the specifications of both detector types.

APDs SSPDs
Manufacturer: Laser Components Single Quantum
Model: COUNT-20B-FC Eos
Efficiency: 20−30% @925nm 75 % @ 786nm
Dark counts: < 20 Counts/s < 1 Counts/s
Timing Resolution: 1000 ps 20 ps

Table 3.2: Specifications of single photon detectors The SSPDs are superior to
the APDs in every regard but only became available in a late stage of the experiments.

In both cases, the same time tagger is used (quTAG from qutools). It provides 5 input
channels (1 start, 4 stop) with a timing jitter of < 25 ps. This means that especially in
case of the APDs the timing resolution of the detectors is the limiting factor. The two
setups will be discussed individually in the following sections.

3.8.1 Cross-correlation setup using APDs
This setup uses the two Si-APDs as detectors. Since it is intended for cross-correlation
measurements between different lines, a 50:50 beamsplitter cube was used to split the
signal. This allows placing a tunable bandpass filter in each arm and therefore enables
independent spectral filtering for both detectors. The signal is then coupled into multi-
mode fibers to achieve a maximal coupling efficiency and sent to the detectors. The
two notch filters placed in front of the beamsplitter are part of the regular straylight
suppression. Figure 3.14 shows a sketch of this setup.
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Figure 3.14: HBT setup used in combination with the APD detectors Using
a beamsplitter cube allows placing tunable bandpass filters in each detection arm to
perform cross-correlation measurements between different emission lines.

3.8.2 Auto-correlation setup using SSPDs
This setup makes use of the superconducting detectors that became available in at a
late stage of this work. These detectors are superior to the APD, especially in the
timing resolution and the dark count rate. The setup is used only for auto-correlation
measurements. The spectral filtering can therefore be done before the beamsplitter,
which is replaced by a fiber beamsplitter. The open arm is terminated by a fiber beam
dump to minimize cross-talk between the detectors. Here, single-mode fibers are used to
transmit the signal, since the cryostat containing the detectors is designed for this kind
of fiber. Figure 3.15 shows a sketch of this setup.
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Figure 3.15: HBT setup used in combination with the SSPDs This setup con-
tains a fiber beamsplitter, restricting the setup to auto-correlation measurement of the
QD emission.



3 Experimental setup and methods
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4 Signal collection enhancement with solid
immersion lenses

A general challenge when working with epitaxial QDs is the collection of the optical sig-
nal. Since these QDs are embedded in a host material with a relatively high refractive
index (nGaAs = 3.5), total internal reflection occurs already at relatively small angles.
Furthermore, the light that is emitted downward is also lost. If no additional measures
are taken, these two effects limit the collection efficiency to a few percent[11]. There are
however numerous strategies to improve this ratio. A rather intuitive method is placing a
mirror underneath the QDs[13]. This way the light emitted downwards into the substrate
is also collected. Cavity approaches are used to enhance the light-matter interaction and
direct the emitted light. Many different cavity geometries have been employed (e.g. pla-
nar Bragg-cavities[13, 15], Micropillars [108, 116], Bullseye cavities[133, 1],...).

In the scope of this work solid immersion lenses (SIL) were used to increase the QD
signal. These aim at decreasing the refractive index step at the sample surface to avoid
total internal reflection (see figure 4.1). The achievable outcoupling efficiency with this
method is not as high as with specialized cavity structures, but it places much lower
demands on the processing of the sample.

total 
reflection

QD

GaAs

SIL

Figure 4.1: Concept of solid immersion lenses The solid immersion lens reduces
the refractive index step at the surface of the sample and therefore allows to collect light,
that would otherwise experience total reflection.

This chapter provides an overview of the theoretical basics of SILs. Then the sample
material and how it is processed to incorporate the SILs is discussed. Finally, the
resulting sample and the signal enhancement that was achieved with the help of the
SILs is presented.
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4 Signal collection enhancement with solid immersion lenses

4.1 Theoretical description of solid immersion lenses
The problem, which the usage of SILs is intended to solve or at least decrease, is the
total internal reflection at the sample surface. Due to the high refractive index of the
host material (nGaAs = 3.5), the critical angle for total reflection is relatively small:

ϑCrit = arcsin nAir

nGaAs
= 16.6◦ (4.1)

The idea behind the SIL is placing a material with a high refractive index on the sample
surface, which decreases this critical angle. The shape of the lens ensures that the light
reaches the surface of the lens at a small angles at which it can leave the lens material.

4.1.1 Types of SILs
The simplest shape is the hemispherical lens. Assuming the diameter of the lens is much
larger than the distance between the emitter and the sample surface (here 500 µm vs.
0.27 µm) all rays that exit the sample material, reach the air-SIL interface with nearly
normal incidence. Hence, no diffraction occurs at this surface and the SIL does not
collimate the emission of the QD (see figure 4.2).

QDGaAs
n=3.5

QD

r

α

γmaxCubic 
zirconia
n=2.1

r/nSIL

Air/Vacuum
n=1

Hemispheric lens Weierstraß lens

r

Figure 4.2: Types of solid immersion lenses The hemispheric lens increases the
critical angle for total reflection at the sample surface but does not collimate the emission.
The lens in Weierstraß geometry also collimates the emitted light into the angle γmax.

A shape that does achieve a collimation of the emission is a hyper-hemispherical lens in
Weierstraß geometry (see figure 4.2b). Here, the truncated sphere has a height of

hSIL = rSIL

(
1 + 1

nSIL

)
(4.2)

The reason for this specific value is the following. A ray that is emitted by the QD at
the critical angle of the total reflection, runs parallel to the sample surface inside the
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SIL. If the SIL has Weierstraß geometry the angle of incidence of this ray at the SIL
surface is

sin α =
r

nSIL

r
= 1

nSIL
⇔ α = arcsin 1

nSIL
(4.3)

This corresponds to the critical angle at the SIL-Air interface. The refracted ray is
therefore tangential to the surface of the SIL in this point. Based on geometrical con-
siderations it can be concluded, that α = γmax. This in turn, provides a value for the
numerical aperture of the light emitted from the SIL.

NAmax = sin (γmax) · nAir = 1
nSIL

(4.4)

The SILs used in this work consist of cubic circonia with a refractive index of n=2.13,
resulting in a numerical aperture of NAmax = 0.47. This means that an objective lens
should at least have this NA to collect a maximal amount of light from the sample. The
aspheric lens that is used during this work has a numerical aperture of NA=0.68 and
therefore meets this criterion.

4.1.2 Calculating the extraction efficiency
A theoretical estimate for the achievable signal enhancement with SILs can be obtained
by employing the theoretical model presented by Barnes et al.[11]. For the sake of com-
pleteness, this model will be briefly presented here and be applied to the material system
used in this work.

The emission of the QD is modeled as a dipole oscillating along the x-axis, parallel to
the sample surface. It is assumed that the emitter is located close to the surface and
that this distance is negligibly small in comparison to the dimensions of the SIL.

I (ϑGaAs, φ) = 3
8π

(
1 − sin2(ϑGaAs) cos2(φ)

)
(4.5)

Here, φ is the azimuth and ϑGaAs is the emission angle inside the GaAs host material.
The function I (ϑGaAs, φ) ist normalized, so that an integration over the entire space
delivers a value of 1. The collection efficiency is therefore given by integrating over all
emission directions that are collected by the objective lens.

η =
∫ 2π

0

∫ ϑGaAs,max

0
T (ϑGaAs)I (ϑGaAs, φ) sin ϑGaAsdϑGaAsdφ (4.6)

The limiting effects of refraction and total reflection are included via the integration
limit ϑGaAs,max. Hence, this value changes with the geometry and refractive index of
the applied SIL and the numerical aperture of the collection optics. The transmittance
T also needs to be adjusted to the individual case.

In the following, the three cases of a bare surface, a hemispherical SIL and a Weierstraß
SIL will be discussed. For the sake of simplicity, it is assumed that the sample and SIL
are surrounded by air/vacuum with a refractive index of nAir/V ac = 1.
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4 Signal collection enhancement with solid immersion lenses

Bare Surface

Here, only the refraction at the sample surface and the numerical aperture of the collec-
tion optics must be considered to determine the integration limit.

ϑGaAs,max = arcsin
( NA

nGaAs

)
(4.7)

For T only the GaAs/Air interface needs to be considered. Barnes et al. neglect the
angle dependence of the transmission and approximate it with the value for normal
incidence.

TBare Surface =
[
1 −

(
nGaAs − nAir

nGaAs + nAir

)2
]

(4.8)

For a more accurate description, the angle dependence can be included. From the Fresnel
equations for s-polarized light, the following equation can be derived.

T (ϑGaAs) =
[
1 −

(
nGaAs cos ϑGaAs − nAir cos ϑAir

nGaAs cos ϑGaAs + nAir cos ϑAir

)2]
(4.9)

The case of s-polarization was chosen here, since the transmittance is lower than for
p-polarization and therefore provides a more conservative estimate. The angle ϑAir

directly follows from the refraction at the sample surface.

ϑAir = arcsin
(

nGaAs

nAir
sin ϑGaAs

)
(4.10)

Hemispherical SIL

With a hemispherical SIL at the surface, the refractive index step is reduced. Hence, the
refraction and total reflection occurring at this interface are less severe. The shape of
the lens leads to the fact that all rays emitted by the QD reach the SIL surface vertically
and that no refraction occurs here. The integration limit is therefore

ϑGaAs,max = arcsin
(

nSILNA
nGaAs

)
(4.11)

For T two interfaces need to be considered

T =
[
1 −

(
nGaAs − nSIL

nGaAs + nSIL

)2
] [

1 −
(

nSIL − nAir

nSIL + nAir

)2
]

(4.12)

If the angle dependence is to be included, this is only necessary for the GaAs/SIL
interface. At the SIL/Air interface it can be neglected due to the normal incidence.

T (ϑGaAs) =
[
1 −

(
nGaAs cos ϑGaAs − nSIL cos ϑSIL

nGaAs cos ϑGaAs + nSIL cos ϑSIL

)2] [
1 −

(
nSIL − nAir

nSIL + nAir

)2
]

(4.13)

with
ϑSIL = arcsin

(
nGaAs

nSIL
sin ϑGaAs

)
(4.14)
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Weierstraß SIL

This is the most complex case, but it promises the best outcoupling efficiency. Here the
integration limit is

ϑGaAs,max = arcsin
(

n2
SIL

nGaAs
NA

)
(4.15)

It is important to take into account, that all the emission is emitted into a numerical
aperture of NAmax/nSIL. Therefore the integration must be stopped at this value to
avoid unphysical solutions.

If the angle dependence of T is neglected, it is equal to the case of the hemispherical
lens. If it is to be included, the two interfaces need to be considered individually. The
GaAs/SIL interface is equal to the hemispherical case, but the SIL/Air interface requires
a few geometrical considerations, which can be found in the appendix. The result is

T (ϑGaAs) =
[
1 −

(
nGaAs cos ϑGaAs − nSIL cos ϑSIL

nGaAs cos ϑGaAs + nSIL cos ϑSIL

)2]

·
[
1 −

(
nSIL cos β − nAir cos ϑAir

nSIL cos β + nAir cos ϑAir

)2]
(4.16)

with the angles

β = arcsin
(

nGaAs

n2
SIL

sin ϑGaAs

)
(4.17)

ϑAir = arcsin
(

nGaAs

nAirnSIL

)
(4.18)

r

r/nSIL

γ

ϑGaAs

ϑSIL

β

ϑAir

Figure 4.3: Beam path inside a Weistraß SIL The light emitted by a QD experi-
ences in general features non-normal incidence at both the sample and the SIL surface.
Therefore, it experiences refraction at both interfaces.
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The results of these calculations for nGaAs = 3.5, nSIL = 2.1 and nAir = 1 are summa-
rized in figure 4.4. The dashed lines are obtained by neglecting the angle dependence of
T as presented by Barnes et al., while the solid lines include the angle dependence and
are therefore a more realistic scenario.

Without a SIL the collection efficiency is limited to < 2 %. This shows, that there is much
to gain by implementing strategies to improve this value. A comparison between the
dashed and solid lines shows, that the angle dependence of the transmittance only plays
a significant role for high numerical apertures NA > 0.8. Therefore the approximation
performed by Barnes et al. is justified for most applications.
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Figure 4.4: Theoretical collection efficiency Calculated collection efficiency for a
bare GaAs surface (n=3.5) and with a SIL (n=2.1) of hemispheric shape and Weierstraß
geometry. The dashed lines neglect the angle dependent transmission at the interfaces,
while the solid ones include it.

Using a hemispheric SIL with a refractive index of nSIL = 2.1 (e.g. cubic Zirconia),
greatly increases the efficiency. For a numerical aperture of NA = 0.68, like in the setup
used in this work, a collection efficiency of ∼ 5 % can be achieved. This corresponds to
an improvement of > 5. To harvest the full potential of this lens, it is however necessary
to use collection optics with a high numerical aperture, since the hemispherical shape
does not collimate the QD emission in any way.

This is different for the Weierstraß lens. Here the outcoupling efficiency increases more
rapidly with the numerical aperture of the collection optics until reaching a maximum
at NAmax = 1/nSIL. Since here again a refractive index of nSIL = 2.1 was assumed,
this is the case at NAmax = 0.476 The great advantage of this geometry is therefore,
that it makes using an objective lens with a moderate numerical aperture more efficient.
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Here, the difference between the dashed and solid line is more pronounced than with the
hemisphere. This reduction of ∼ 25 % is a result of the rather large angles under which
the light reaches the SIL/Air interface. When using a very high numerical aperture
NA > 0.9, this means that the hemisphere can perform slightly better than the Weier-
straß lens. For NA = 0.68, the Weierstraß SIL clearly outperforms the hemisphere with
an extraction efficiency of ∼ 8.3 % and an increase by a factor of ∼ 9.

SIL type Collection efficiency NA=0.68 Enhancement factor
Bare Sample 0.92 % -
Hemisphere 4.99 % 5.42
Weierstraß 8.27 % 8.99

Table 4.1: Comparison of collection efficiencies For a given numerical aperture of
NA = 0.68, the Weierstraß SIL is expected to perform better than the hemispheric SIL,
but both show a large improvement over the bare sample surface.

These calculations assume ideal conditions with a direct contact between SIL and the
sample. This is somewhat unrealistic, as the surface roughness, not perfectly plane
surfaces or small dirt particles under the SIL will introduce a narrow gap. Additional
reflections caused by this gap will deteriorate the achievable efficiency[86]. These calcu-
lations should therefore be understood as an upper limit to what can be achieved by
optimizing the experimental realization.

4.2 Layer sequence of the sample
For further measurements it is desirable to use QDs embedded in a diode structure.
This allows tuning the transition energies via the Stark-effect and offers the possibility
of performing photocurrent measurements on the sample. Since it is intended to apply
SILs to the sample, a p-i-n-structure is superior to a Schottky structure. In this way
there is no absorbing metal layer on top of the sample surface and the SIL can be applied
to an epitaxially smooth surface.

Based on these considerations the sample A0895 was chosen for further experiments.
Here the QDs are embedded in the intrinsic region of a p-i-n-structure. The sample was
grown at Paderborn University in the group of Prof. Dr. Dirk Reuter using molecular
beam epitaxy. Figure 4.5 shows a cross section of this sample.

The sample is grown on a GaAs wafer in [100]-orientation. First a 100 nm thick layer
of GaAs and a 120 nm thick superlattice consisting of 2 nm thick alternating layers
of AlAs and GaAs are grown. These are intended to obtain a smooth surface for the
further growth. Then a 110 nm thick layer of Si:GaAs with a doping concentration
of 2 · 1018 cm−3 is deposited. This layer serves as the n-region for the diode. This is
followed by a 160 nm thick layer of intrinsic GaAs. On this layer the InGaAs-QDs are
grown with a nominal composition of In28.6Ga71.4As. During this step the rotation of
the wafer is stopped, leading to a gradient in the number of QDs per area across the
wafer. This ensures that a part of the wafer has the desired QD density of ∼ 1 QD/µm2.
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The QDs are then overgrown with another layer of intrinsic GaAs with a thickness of
160 nm. This is followed by a 95 nm thick layer of C:GaAs with a doping concentration
of 4 · 108 cm−3 acting as the main p-region of the diode and as the final step a 15 nm
thick layer of highly doped C:GaAs with a concentration of 2 · 109 cm−3. The high
doping concentration in this layer helps with contacting the p-region.

160nm GaAs

+95nm p :GaAs

++15nm p :GaAs

160nm GaAs

110nm n+:GaAs

AlAs-GaAs Superlattice

GaAs

InGaAs QDs

Figure 4.5: Layer sequence of the sample A0895 The sample features a pin-
structure with InGaAs in the center of the intrinsic region.

4.3 Design of the pin-diodes
The SILs used in this work have a diameter of 500 µm. This means that the diodes,
that these lenses are going to be placed on, must be at least equally large. Considering
the traveling range of the piezo positioners (∼2 mm) this creates the need for a space
efficient diode design, that incorporates multiple large diodes into a sample piece.

Figure 4.6 shows the top view of the diode layout that was chosen. One sample piece
has a size of 2450 × 1845 µm. In the center of such a piece there are four large mesas
(D2, 3, 6, 7) for placing the SILs. Each of these has a size of 550 × 700 µm and contains
a 500×100 µm p-contact pad. They are designed large enough to allow several attempts
for the wire bonding process. The sample layout furthermore features four smaller mesas
(D1,4,5,8) with a size of 150 × 300 µm. These are too small to host a SIL and are used
mainly as references for the performance of the large diodes. All diodes are separated by
the mesa trenches. In this area the p-region is etched away, forming electrically isolated
p-i-n-diodes. This etching process is stopped in the intrinsic region above the QD-layer.
In this way the PL signal of the QDs and the wettinglayer in the trenches can be used
for adjustment purposes. Outside these mesa trenches there are 12 additional p-contact
pads, which are intended for tests during the wire bonding. All diodes on the sample
share a common n-region, which is contacted via the n-contact areas on both sides of the
sample. Here the sample is etched until the n-doped layer and then metal is deposited
to form the contact.
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Figure 4.6: Diode design for incorporating SILs a) Top view of a sample piece:
The sample contains four diodes that are large enough that a SIL can be placed on
them. b) Vertical cut of a p-i-n-diode: The n-layer is contacted by etching through the
overlying layers before depositing the metal. The mesa trenches electrically separate
individual diodes. Please note that a) is to scale while b) is not.

51



4 Signal collection enhancement with solid immersion lenses

4.4 Wafermapping
Before the fabrication of the diode structures can begin, it is necessary to perform a
wafermapping. As discussed above, the QDs are grown using a gradient approach. This
means, that the number of QDs per area varies strongly across the wafer. The wafermap-
ping helps to identify a region on the wafer with a suitable QD density.

This measurement is basically spatially resolved ensemble PL measurement. For this, a
special module for the low temperature microscope is used that allows mounting a stripe
that was cleaved out of the wafer. This wafer stripe can then be moved to perform a
line scan. The maximal length of the stripe that can be mounted in the module is 40 mm.

An important aspect that needs to be considered here is the internal electric field of the
diode structure. If it is too high, no PL signal from the QDs or the wetting layer will be
observable during the measurements. Assuming a bandgap of EG,GaAs = 1.519 eV and
high doping of the n- and p-regions, which brings the Fermi-energy very close the the
band edges in these areas, the build-in voltage of the p-i-n-structure can be approximated
to

Eint = 1.519 eV
320 nm ≈ 47.5 kV

cm (4.19)

This electric field is too high to expect a PL-signal from the QDs under above-band
excitation[43]. Therefore, further measures have to be taken before being able to carry
out the measurement.

One method that proved to be reliable, is etching away the p-doped region in a narrow
stripe along the edge of the wafer stripe and perform the wafermapping there. On the
one hand, this reduces the internal electric field, since the surface states usually pin the
Fermi-level approximately to the center of the band-gap. On the other hand, the surface
of the sample does no longer consist of a continuous conductive layer. Carriers that are
generated by the laser excitation can therefore be accumulated on the sample surface
and compensate the internal electric field.

This method does however damage a part of the sample material and requires some
processing of the sample. For this reason a different technique was applied here. For
samples with a rather thin p-doped region located directly at the surface of the sample, it
turned out to be sufficient to cover the sample with photoresist. The mechanism behind
this is not completely clear, but a possible explanation might be that the photoresist
creates surface states that can trap carriers during the measurement and compensate
the internal electric field.

Figure 4.7 shows a wafermapping of the sample A0895 covered with a photoresist, per-
formed at 4 K. The signal around 1.5 eV can be attributed to the emission from the
GaAs bandgap. The wettinglayer (WL) is observable slightly above 1.4 eV. Due to the
gradient in the deposited material it experiences a slight redshift with an increasing
position value. This is a result of the increasing thickness. If the critical thickness of
the wettinglayer is reached, the InGaAs forms QDs. These are visible around 1.3 eV.
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The horizontal stripes in the signal are a result of cracks in the photoresist, which occur
during the cooldown process.

Based on experience, a region where barely any QD signal is visible, is ideal for single
QD spectroscopy. In this particular case even the region at the bottom showed a too
high QD density after a first fabrication run. Therefore, the neighboring part of the
wafer was cleaved and selected for further processing.
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Figure 4.7: Wafermapping of A0895 The PL emission of the GaAs substrate, the
wettinglayer (WL) and the QDs are clearly identifiable. The ideal density of QDs can
be found in a region where hardly any QD signal can be observed.

4.5 Fabrication of the diodes
The fabrication of the presented sample material into functional p-i-n diodes requires
three lithography steps for contacting the n-doped region, depositing the p-contact pads
and etching the mesa trenches. All three steps were carried out using optical lithography.
The fabrication was done on a 11×10 mm large wafer piece, offering space for a total of
20 samples arranged in a 5×4 matrix (see figure 4.8).
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a) b) c)

Figure 4.8: Fabrications steps Microscopic images of the sample A0895 k after a)
deposition of the n-contacts, b) deposition of the p-contacts and c) etching of the mesa
trenches.

Contacting the n-region:
The first step is the fabrication of the n-contact pads. Since the n-doped region is buried,
an etching step is necessary before the metal for the contacts can be deposited. The
etching mask is defined by optical lithography . Then a solution of phosphoric acid,
hydrogen peroxide and water (6 ml H3PO4 : 3 ml H2O2 : 150 ml H2O) is used to etch
through the p-doped and the intrinsic layer into the n-doped region. The etching mask
is then also used for the deposition and the liftoff process of the metal pads. These
consist of the following layers (bottom to top): 30 nm Germanium, 20 nm Gold, 30 nm
Chromium-Nickel, 400 nm Gold. The metal is deposited by thermal evaporation under
vacuum conditions. After a liftoff-process, the n-contact pads are annealed under vac-
uum conditions with a temperature of 400 °C for 80 s.

Depositing the p-contact pads:
The p-contacts consist of 200 nm Gold, deposited directly on the surface of the sample.
After the liftoff process the sample is annealed again to increase the adhesion between
the Gold and the GaAs surface. This is important for the wirebonding process. It was
found that 330 °C for 20 s sufficiently increases the adhesion without compromising the
functionality of the diodes.

Etching the mesa trenches:
The etching of the mesa trenches is done with the same H3PO4 : H2O2-solution that
was used for the etching of the n-contacts. The aim is to etch through the p-layer to
isolate the individual diodes, but conserve the QDs.

4.6 Preparation for measurements
Before the sample can be used for spectroscopic experiments, a few more steps are
necessary. The sample is glued to a chip carrier, which is equipped with the necessary
electrical connections to incorporate the sample into the low temperature microscope.
The electrical connections between sample and chip carrier are created by wire bonding.
Finally, the SILs need to be placed on the sample. This is done under a microscope
with a pair of tweezers. The SILs used here are made of cubic Zirconia with a refractive
index of n = 2.13. They have a diameter of 500 µm and are designed in Weierstraß
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geometry. In order to increase the adhesion between the SIL and the surface, a small
drop of vacuum grease is applied to the diodes before placing the SIL. In case of the
sample that was used for the further measurements presented in this work (A0895 k 32),
one SIL (D2) was applied without the grease to provide a reference, while the other two
(D6 and D7) were applied with the grease. Figure 4.9 shows a photograph of this sample
with bonding wires and SILs.

Figure 4.9: Image of completed sample A0895 k 9 The sample is glued on a chip
carrier and electrically contacted by wire bonding. SILs are placed on three of the large
diodes.

4.7 Electrical propterties of the large diodes
For the electrical characterization of the fabricated diodes, a measurement of the IV-
characteristics is usually the first step. Figure 4.10 shows such a measurement, performed
on the sample A0895 k 32 at 4 K. The sample contains six working diodes, two small
ones (D1 and D4) and four large ones (D2, D3, D6 and D7).
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Figure 4.10: IV-characteristics of A0895 k 9 All diodes show a good blocking
behavior under reverse bias. The onset voltage in forward direction varies between
individual diodes. As expected the large diodes show a larger displacement current due
to their larger capacitance (Sweep rate: dV/dt = 0.1 V/s)

Under reverse bias all diodes show a very good blocking behavior even at large negative
voltage. Under forward bias the diodes show significant differences. Three diodes (D1,
D4 and D6) have a very similar onset voltage of ∼ 1.4 V. The other three diodes (D2,
D3 and D7) vary in this regard but all show a significantly smaller onset voltage. This
might be caused by imperfections and usually occurs with a portion of the fabricated
diodes. From this point of view, it makes sense that the large diodes are the ones with
the lower onset voltage. As a consequence of their much larger area (385, 000 µm2 vs.
45, 000 µm2) they are more likely to encorporate such defects. It should be noted that
the total number of diodes investigated here is very low. This conclusion should there-
fore be taken with a grain of salt.

An obvious difference between both types of diodes is the size of the displacement current
IDisp observed in the measurement. This results from the difference in capacitance
CDiode, which is proportional to the displacement current.

IDisp = CDiode · dV

dt
(4.20)

The current measurement device used here, has the inherent property of measuring only
a fixed portion of the displacement current. A calibration measurement performed on a
capacitor of known capacitance revealed this portion to be 64.0 %. This factor needs to
be taken into account, when determining the capacitance from the experimental data.
A theoretical estimate for the capacitance can be obtained by describing the diode as a
plate capacitor.

CT heo = ε0εrA

d
(4.21)

The dielectric constant of GaAs is εr = 12.46 at 5 K[88]. For this sample the thickness
of the intrinsic region is d = 320 nm and the diode areas are ALarge = 385, 000 µm2
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4 Signal collection enhancement with solid immersion lenses

and ASmall = 45, 000 µm2. Table 4.2 summarizes the capacitance values determined
from the IV-characteristics displayed in figure 4.10 and the theoretical estimates. The
data shows a good match between the experimental and theoretical values. The slight
deviations might be the result of small errors in the actual dimensions of the diodes.

Small diodes Large Diodes
Diode Capacitance (pF) Diode Capacitance (pF)

D2 136.1 ± 0.2
D1 18.7 ± 0.2 D3 134.0 ± 0.2
D4 16.2 ± 0.3 D6 134.7 ± 0.3

D7 134.6 ± 0.3
Theory 15.5 Theory 132.7

Table 4.2: Capacitance of the diodes Both the small and the large diodes show
good agreement between the theoretical and experimental values.

Overall it can be concluded, that the large diodes show good electric properties, even
if they seem to be more susceptible to imperfections. Nevertheless, they are well suited
for the further experiments.

4.8 Optical characterization of SILs
The main idea behind using a SIL is increasing the detection efficiency of the light emit-
ted by QDs. This subject will be investigated in this section along with some other
optical characteristics, that are of practical use.

When working with a SIL in Weiterstraß geometry, it is important to consider that the
SIL strongly influences the focussing behavior of the objective lens (see figure 4.11). As
a result, the distance between the sample and the objective lens needs to be significantly
changed, when switching from QDs under the bare sample surface to QDs located under
the SIL. After a few geometrical considerations (see appendix) one can find the following
relation for the focal shift ∆f induced by the SIL.

∆f =
rSIL

√
1 − 1

n2
SIL

tan
(
arcsin

(
1

nSIL

)) (4.22)

For the SILs used in this work (dSIL=500 µm, nSIL = 2.13) this equation calculates to

∆f (rSIL = 250 µm, nSIL = 2.13) ≈ 415 µm (4.23)

Considering the the piezo positioner’s range of motion of ∼ 2 mm, this is a significant
shift and is an important aspect, that needs to be kept in mind when practically work-
ing with these SILs, since the necessary adjustment of the sample’s z-position is much
larger than intuitively expected. A proven strategy for adjusting the sample’s z-position
is optimizing the photoluminescence signal of the wettinglayer in the center of the SIL,
since it can be observed even under strongly defocused conditions. As the z-position
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approaches good focusing, first the intensity of the wettinglayer increases and then it
changes from a smooth broadened signal into an assembly of numerous discrete lines.
This is a result of the spatially restricted excitation and detection under well-focused
conditions. If this state is achieved, a PL signal of QDs should be observable.

GaAs QD

SIL

Objective Lens

fnom

Δf

Δf

Virtual focus

feff

Figure 4.11: Focus shift induced by the SIL Due to its shape a SIL in Weierstraß
geometry precollimates the light emitted by the QDs. As a result the effective focal
length feff of the objective is significantly reduced compared to its nominal value fnom.

For an assessment of the signal enhancement of the SILs it is necessary to perform
PL measurements on a series of QDs, both with and without SIL, under standardized
excitation conditions. Since the SIL strongly influences the focusing of the excitation
laser, it is not feasible to simply use a fixed externally measured laser power for this
purpose. Instead an inherent property of the QDs can be used. Figure 4.12 shows the
powerdependent intensity of the brightest line in the PL spectrum of a single QD. For
the QDs on this specific sample it is usually the positive trion X+ (see chapter 5.1).
The signal first grows with increasing power but reaches a maximum around 50 µW
before decreasing again. This behavior is a consequence of the statistical nature of the
population of the QD during above-band excitation. The number of excitons found in the
QD obeys the Poissonian statistics[50] and with increasing excitation power it becomes
more likely that the QD is populated by multiple excitons. Therefore, the intensity of
states with a lower number of particles decreases. This behavior is generally described
by

A (P, n) = P n

n! e−P (4.24)

⇒ A(P, n = 1) = P · e−P (4.25)

Here A(P, n) is the probability that the QD is populated by n particles, given a mean
particle number of P . The mean particle number can be viewed as a normalized excita-
tion power. The experimental data shows very good agreement with a fit function that
assumes n = 1.
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Figure 4.12: Powerdependence of the X+ line in a PL experiment For low
excitation power the X+ intensity grows linearly with the excitation power (Please note
the log-scale). At higher power it reaches a maximum before decreasing in favor of multi
particle states. Fit function: I(P ) = a · P · eb·P + I0

In order to achieve standardized excitation conditions for a measurement of the signal
enhancement the laser is set to a power that maximizes the emission of the QD. Figure
4.13 shows Pl spectra without a) and with b) a SIL that were recorded in this manner. It
is directly apparent that the signal is significantly increased by the SIL. For a quantitative
analysis the intensities of the strongest emission lines from each spectrum were averaged
(see table 4.3)
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Figure 4.13: Enhancement of PL-signal by SIL PL spectra of several QDs at
maximized intensity a) without and b) with a SIL. The SIL clearly increases the signal
intensity.

59



4 Signal collection enhancement with solid immersion lenses

From this data an enhancement by factor of ∼ 3 can be concluded. This value is sig-
nificantly lower than the calculated factor of ∼ 9. As discussed above these calculations
assume ideal conditions with direct contact between SIL and GaAs. In reality there are
most likely always small dirt particles in between, which create a gap [86]. This can be
reduced by thoroughly cleaning the sample, but in the present case the wire bonding
procedure limits the amount of cleaning that can be done directly before the SILs are
applied. A preliminary test on an unprocessed intrinsic sample delivered an enhance-
ment of 4.05, which supports this interpretation (see appendix).

Average Counts
Bare Sample 4, 829 ± 900

SIL 14, 215 ± 2266
Enhancement 2.94

Table 4.3: Experimentally achieved signal enhancement The average counts
where obtained by averaging over the strongest lines from each spectrum.

A further improvement would be possible by combining the SILs with a Bragg-mirror
underneath the dots[64]. This way, the half of the light that is emitted into the substrate
could also be collected. Nevertheless the SILs as they are used here do increase the QD
signal and therefore help with the further experiments.

60



5 General properties of the investigated
quantum dots

This chapter will take a closer look on the basic properties of the quantum dots investi-
gated in the scope of this work. The majority of the QDs on the sample (A895 k 32)
behave very similar with slight differences in properties like transition energies or line-
width. For the sake of coherence, the data in this chapter is from QD2 on diode D2, which
was used for most of the experiments. Only the polarization dependent photocurrent
measurements are from QD8 on the same diode, since this QD is later on used for
polarization dependent measurements. The characterization begins with an analysis of
the photoluminescence (PL), allowing an identification of the different emission lines of
the QD. This is followed by a photocurrent analysis, providing a deeper insight into the
properties of the neutral exciton like linewidth, fine-structure splitting and tunneling
effects. Finally, the chapter ends with a summary.

5.1 Photoluminescence
We will now take a closer look at the photoluminescence properties of the QD. Figure 5.1
shows emission spectra of QD2 and QD8, both taken at a diode voltage of Vbias = 0.7 V.
Both QDs where used for further experiments due to their spectral position in the tuning
range of the notch filters (ENotch = 1333−1348 meV). Furthermore, it was important to
choose QDs where the X- and X+- lines are spectrally clearly separated. This ensures
that they stay separated during further voltage dependent measurements. Since both
dots show a very similar behavior, the following characterization will be done on QD2,
which was used for the majority of the experiments, while results for QD8 can be found
in the appendix.
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Figure 5.1: Photoluminescence spectra of single QDs The two QDs that were
used for the bulk of the following experiments show a similar emission spectrum with
the X+ beeing the strongest line (Vbias = 0.7 V)

The first step of the charakterization is typically a voltage dependent PL measurement
(see figure 5.2). This shows the Stark-tuning behavior of the QD emission and provides
insight into the charging behavior of the QD. Therefore, this measurement allows to
identify the charged and neutral excitons.
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Figure 5.2: Voltage-dependent photoluminescence measurements a) At low
excitation power relatively few lines are observable. They all experience an energy shift
caused by the Stark-effect (PLaser = 1 µW). b) At high excitation power the emission is
shifted towards lower bias voltages and many weak lines associated with multi particle
states appear (PLaser = 50 µW).

The measurement shows multiple emission lines, which vary in intensity with the applied
voltage and experience a Stark-shift. At low bias-voltages, the internal electric field of
the pin-structure is high. This causes tunneling of carriers out of the confining potential
of the QD and therefore prevents PL-emission. In figure 5.2a, this is the case for voltages
of below Vbias = −0.3 V. When a forward voltage is applied to the diode, the internal
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electric field is compensated, which increases the PL-intensity. With increasing forward
voltage charge carriers from the doped regions of the diodes can tunnel into the QD. In
case of a pin-diode, this is possible for both electrons and holes, but the thickness of the
tunneling barriers between the QD and the doped regions determines the probability for
both types of carriers. If the QD is located closer to the n-doped region it is charged
with electrons and if it is closer to the p-doped region it is charged with holes[35]. In
this sample, the QDs are located in the center of the intrinsic region, resulting in similar
charging probabilities for both types of carriers. The tunneling barriers on both sides
of the QDs have a thickness of 160 nm. This results in a very smeared out transition
between different charge configurations, making the identification of the different types
of excitons more challenging than in other samples with thinner tunneling barriers. Nev-
ertheless, it is still possible to identify the most important lines.

The neutral exciton line (X) disappears at bias voltages above Vbias = 1.0 V. It can be
identified with certainty by a photocurrent measurement which shows the fine-structure
splitting that distinguishes it from other lines. (see chapter 5.2)
Energetically next to the exciton line, a group of lines, which can be associated with pos-
itively charged excitons, can be found. They typically appear rather close to the neutral
exciton, but their exact emission energy depends strongly on the individual QD and can
appear energetically on either side of the exciton emission. The line appearing at the
lowest voltage is the single positively charged exciton or positive trion (X+), which de-
creases in intensity for higher voltages when charging with more holes becomes possible.
The resulting twice positively charged exciton (X2+) is split into multiple lines. This
is a result of different spin configurations[34]. Overall the X+ shows a higher intensity
than the X, which is general tendency on this sample.
The relatively weak emission at ∼ 1340.5 meV might be associated to the positively
charged biexciton (XX+). It is spectrally close to the expected energy of the neutral
biexciton (2-3 meV below X), but it is detuned from the XX-emission observed under
resonant two-photon excitation (see chapter 6). The neutral biexciton (XX) itself is not
visible in this measurement, which is typical for this sample.

Comparing figures 5.2a and b shows another important feature. With high excitation
power the PL-regime shifts towards lower voltages and can result in PL-emission in the
photocurrent regime. This behavior is most likely a result of flooding the diode structure
with carriers, but does not influence the Stark-shift of the emission.

5.1.1 Single photon emission
The single photon character of the photoluminescence, can be revealed by measuring
the second order correlation function (g(2)(τ)) of a single emission line. To perform
such an experiment, first the selected emission line needs to be spectrally isolated. This
can for example be achieved using a bandpass filter (see figure 5.3a). Here, the X-
line is isolated and sent into the HBT setup (see chapter 3.8.1). The resulting g(2)-
measurement is displayed in figure 5.3b. The data shows a clear anti-bunching around
τ = 0, indicating single photon emission. The depth of the dip however, reaches only
a value of g(2)(τ = 0) = 0.51 ± 0.02, which technically does not fulfill the criterion for
quantum light (g(2)

quantum(τ = 0) < 0.5) [40]. This a result of the limited time resolution
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of the APD-detectors used for this measurement (tres,APD = 1 ns). The time resolution
is comparable to typical lifetimes of the QD-emission, which determines the width of the
dip. The detector response function therefore masks the true g(2)-value.
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Figure 5.3: Single photon emission of PL a) The emission spectrum of the QD is
filtered using a bandpass filter effectively isolating the X-emission b) Auto-correlation
measurement of the X-line, showing anti-bunching for τ = 0.

5.2 Photocurrent spectroscopy
The QD shall now be further characterized using photocurrent (PC) spectroscopy. This
provides insight into tunneling in the sample and reveals more details of the spectral
shape of the exciton line. In figure 5.4, a series of PC resonances of the exciton transition
excited with a cw-laser with varied emission energy is displayed. These resonances appear
whenever the QD transition is tuned into resonance with the laser by the Stark-effect. If
this condition is fulfilled, the laser creates electron-hole pairs in the QD. Depending on
the applied voltage, a portion of these charge carriers tunnels out of the QD, generating
a current, which can be measured. Since the linewidth of the laser (nominally < 0.4 neV)
is several orders of magnitude smaller than the linewidth of a typical QD (a few µeV), the
PC resonances have a Lorentzian shape (see figure 5.6), as it is expected for a two-level
system (TLS)[56] .
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Figure 5.4: Photocurrent measurement a) Series of bias voltage dependent pho-
tocurrent resonances of the X-transition for varied laser wavelength/energy. b) Plotting
the laser energy against the resonance voltage allows determining the parameters of the
QCSE by fitting the data with a parabolic function.

We see that the PC signal becomes weaker towards towards positive bias voltages. Here,
the internal electric field of the diode is decreased, resulting in longer tunneling times for
the excitons. Therefore, it becomes more likely for the excitons to recombine optically
instead of tunneling out ouf the QD. This results in an increased lifetime of the excitons
an therefore a narrower linewidth of the resonance. The minimal achievable linewidth is
however limited by the lifetime for the optical recombination. As a consequence of the
decreased linewidth, we can resolve the fine-structure splitting (FSS) of the exciton state
in this regime. In the measurement displayed here, the laser polarization was roughly
aligned with one FSS-axis of the QD. Therefore, mainly one of the two possible tran-
sitions is excited. Nevertheless the other transition is weakly visible next to the main
peak.
Towards negative voltages the internal electric field is increased resulting in faster tunnel-
ing and consequently lower lifetimes and increased linewidths (see figure 5.5a). The faster
tunneling also increases the photocurrent signal up to the point where all excitons sep-
arated by the electric field. For large fields, the peak amplitude decreases but it’s area
saturates and remains constant. Here, this is the case for Vbias < −0.2 V (see figure 5.5b)
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Figure 5.5: Linewidth and peak area of the photocurrent data a) Towards
reverse bias the linewidth of the photocurrent resonances increases due to faster tunneling
rates. As a consequence the lowest linewidths are measured in the weak tunneling regime
towards moderate forward voltages b) The higher tunneling rate towards reverse bias
voltage increases the peak area of the resonances, since a larger portion of the created
carriers tunnels out of the QD. The peak area reaches a plateau, when all carriers tunnel
instead of recombining optically.

For a further analysis, the Stark effect needs to be exctracted from the photocurrent
data. The resonances are fitted with Lorentzian functions and the resulting resonance
voltages are plotted against the used laser energy (see figure 5.4b). Comparing the
resonance energy in the low tunneling regime around Vbias = 0.6 V to the PLV data in
figure 5.2 supports the previously conducted identification of the exciton emission. The
resulting data points are then fitted with a parabolic function which delivers:

E(V ) = 1342.85677 meV + 2.4528meV
V · V − 0.63603meV

V2 · V 2 (5.1)

This equation can be used to transform the voltage scale of the raw measurement data
into an energy scale and determine the linewidth and FSS of the QD. Figure 5.6a shows
the resonance recorded with an excitation energy of 1342.91 meV resulting in a reso-
nance in the low tunneling regime at 0.49 V. The data was fitted with a dual Lorentzian
function, delivering a linewidth of 4.5±0.2 µeV for the main peak and 3.9±1.1 µeV for
the smaller one. The FSS is 17.9±0.7 µeV. This measurement still suffers from power-
broadening and some tunneling broadening. To decrease this, one can go to even lower
excitation power and lower electric fields, which also decreases the signal strength (see
figure 5.6b). In this way, a linewidth of 3.3±0.3 µeV could be measured. This is a
typical value [122] and there distinguishes this QD as a promising candidate for further
experiments.
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Figure 5.6: Linewidth of QD2 High resolution photocurrent measurement of QD2 in
the low tunneling regime with minimal excitation power. This measurement shows the
lowest achievable linewidth with this QD.

The previous measurements were carried out using a setup with a fixed laser polari-
zation. The FSS-axis of the investigated dot was by chance roughly aligned to the laser
polarization, resulting in the excitation of mainly one of the two transitions. This is
however not the case for all QDs on the sample. Figure 5.7a shows the PC-resonance
of QD8. Here a half-wave plate was used to rotate the laser polarization to an angle of
45° in relation to the QD axis, resulting in an equal amplitude of both transitions. This
QD, which was used for the polarization dependent measurements in chapter 7.5, shows
a slightly larger linewidth of 6.4±0.8 µeV, but it is still suitable for further experiments
and shows a FSS of 17.1±0.6 µeV.
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Figure 5.7: Linewidth and fine-structure splitting of QD8 a) The photocurrent
resonance of QD8 reveals the linewidth and fine-structure splitting (FSS) of the QD b)
Rotating the linear polarization of the laser excitation using a half wave plate shows the
polarization dependence of the two transitions of the FSS.
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Figure 5.7b shows a polarization dependent PC measurement of this QD. Here, the
polarization was rotated using a half-wave plate. The measurement shows the expected
sinosoidal modulation of both lines, with a phase shift of π between them, showing
that the two transitions have perpendicular polarization. An angle of 0° corresponds
to s-polarization, the same configuration as in the previous measurements performed on
QD2. In this configuration both peaks have an approximatley equal amplitude. We can
therefore conclude that the FSS axis of QD8 is rotated by ∼ 45◦ in relation to QD2.

5.3 Conclusion
In this chapter a general characterization of the QDs on the sample A895 k 32 was con-
ducted. Based on voltage-dependent photoluminescence measurements the most impor-
tant emission lines could be assigned to the corresponding excitonic charge configurations
in the QD. This revealed the tendency of the QDs to be positively charged, which man-
ifests itself in a stronger intensity of emission lines associated with positively charged
excitons compared to their neutral counterparts. This behavior will also be observable in
experiments presented in the following chapters, but does not pose a significant problem.

Photocurrent spectroscopy of the neutral exciton state confirmed the identification of
this line and the good linewidth observed in these measurements supports the assess-
ment that the positive charging of the QDs does not pose major obstacle for the following
experiments. Furthermore, the fine-structure splitting of QD8, which is later on being
used for polarization dependent measurements was characterized.

Overall, this chapter can be concluded by stating that the sample provides suitable QDs
for the further experiments.
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6 Two-photon excitation of the biexciton
state

The biexciton state |B⟩ is an important asset for QD based quantum technolgies as it
provides a formidable source of single photons [111] and entangled photon pairs [73]. In
the scope of this work, it acts as the initial state for the down-conversion experiments,
discussed in chapter 7. Therefore, this chapter contains an experimental characterization
of its preparation via resonant and non-resonant two-photon excitation (TPE).

6.1 Resonant two-photon absorption
This section will take a closer look at the resonant excitation of the biexciton using a
cw laser. To perform such an experiment, the backscattered light of the laser must be
attenuated by several orders of magnitude before reaching the spectrometer, in order
to be able to detect the QD emission. This straylight suppression was realized with a
combination of cross-polarized detection and spectral filtering, as described in chapter
3.4.1. The laser is tuned to EB/2 in the center of the X- and XX-emission, to meet the
resonance condition for the two-photon absorption. The approximate spectral position
can be estimated from PL measurements, but for finding the resonance, it is necessary to
finetune either the laser excitation or the QD transition. Tuning the laser strongly will
deteriorates the straylight suppression, since both the polarization and spectral filtering
are highly susceptible to wavelenght changes. It is therefore more feasible to make use
of the Stark-effect for this finetuning.
Figure 6.1a shows a spectrum of such an experiment performed on QD2. Here the laser
was tuned to ELaser = 1342.14 meV and set to a power of 0.1 mW, resulting in a TPE-
resonance at a voltage of Vbias = 0.230 V. The spectrum clearly shows the expected
biexciton cascade, consisting of the lines X and XX, with residual laser light in the cen-
ter. The measurement shows a biexciton binding energy of ∆EB = 3.15 meV.

If the laser is tuned to a lower energy the resonance condition is met at a lower diode
voltage. An exemplary measurement is displayed in figure 6.1b. Here the laser was tuned
to ELaser = 1341.54 meV resulting in a resonance at Vbias = 0.086 V. This spectrum
shows two significant changes compared to the spectrum taken at Vbias = 0.230 V. The
most striking difference is the appearance of an additional line at EX+ = 1342.20 meV.
By comparison with voltage dependent PL-data, this line can be attributed to the pos-
itive trion (X+). The appearance of this line under resonant excitation has also been
reported in literature[95]. Furthermore, the amplitude of the X-emission is now weaker
than the XX-emission, suggesting that not the entire biexciton population decays via
the biexciton cascade. This is supported by the visibility of the X+-emission. The
TPE-process will be investigated more closely in the following chapters.
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Power: 0.1 mW
Voltage: 0.230 V

1338 1340 1342 1344 1346
200

400

600

800

1000

In
te

n
si

ty
 (

C
o
u
n
ts

)

Energy (meV)

XX X

Laser Power: 0.1 mW
Voltage: 0.086 V

1338 1340 1342 1344 1346
200

400

600

800

1000

In
te

n
si

ty
 (

C
o
u
n
ts

)

Energy (meV)

X

XX

X+

Laser

b)a)

Figure 6.1: Resonant two-photon excitation of the biexciton a) When the laser
is tuned to EB/2 the biexciton state is excited via a two-photon absorption process.
The system then decays in a cascaded process via the exciton state, resulting in the
two emission lines X and XX. (Vbias = 0.230 V) b) When this experiment is performed
under a lower bias voltage the two emissions show different intensity and additionally
the X+-line appears. (Vbias = 0.086 V)

6.1.1 Linewidth of the two-photon resonance
In this chapter, the linewidth of the two-photon absorption will be investigated. The
linewidth can be determined, following a strategy similar to the one employed for the
exciton in chapter 5.2. The Stark-effect is used to detune the QD in relation to the laser.
While doing so the emission of the X and XX is used to monitor the absorption. Such
a measurement is displayed in figure 6.2.
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Figure 6.2: Voltage induced detuning during TPE experiment The diode voltage
is used to sweep the two-photon resonance through the laser energy. In this way the line
shape of the resonance can be obtained.
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The data shows the TPE resonance at Vbias ≈ 0.47 V, with the X emitting at EX =
1344.0 meV and the XX at EXX = 1340.5 meV. From this data the voltage-dependent
intensity of X and XX, as well as the parameters for the Stark-effect can be extracted.
Since this measurement is performed with a moderate excitation power of 0.5 mW,
it shows a weak off-resonant excitation of the QD. This reveals the Stark-effect of both
emission lines. This off-resonant excitation is caused by a phonon-assisted process, which
is discussed in more detail in chapter 6.2.

For a further analysis of the data, the spectral position and size of the emission peaks
need to be extracted. This was realized using a script that searches each spectrum
for peaks above an adjustable threshold and returns the wavelength with the highest
intensity. Figure 6.3a shows the emission energy of X and XX in dependence of the
voltage applied to the diode. Both data sets are fitted with a parabolic function resulting
in:

EX(Vbias) = 1342.899 meV + 2.303 meV
V · Vbias − 0.436 meV

V2 · V 2
bias (6.1)

EXX(Vbias) = 1339.903 meV + 1.876 meV
V · Vbias − 0.345 meV

V2 · V 2
bias (6.2)

From these functions, the Stark-shift of the |B⟩-state can be obtained by

EB(Vbias) = EX(Vbias) + EXX(Vbias) (6.3)

The biexciton energy therefore experiences a Stark-shift roughly twice as large as the
exciton or biexciton lines (see figure 6.3).
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Figure 6.3: Stark-shift of exciton and biexciton emission Both emission lines
(EX and EXX) show a parabolic Stark-shift of comparable magnitude. The Stark-shift
of EB is given by the sum of both emission lines and is hence roughly twice as strong.

The obtained relation can now be used to transform the applied diode voltage into
the corresponding biexciton energy to determine the linewidth of the two-photon ab-
sorption (see figure 6.4a). Both emissions show a distinct peak at 2684.6 meV, which
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6 Two-photon excitation of the biexciton state

corresponds to two times the laser energy. The X-emission is roughly 30% weaker than
the XX-emission. This might be connected to the weak emission from the X+, which
is visible in the raw data (see figure 6.2). Both peaks are very well described by a
Lorentzian function, delivering linewidth of FWHMX = 24.8 ± 0.5 µeV from the X-line
and FWHMXX = 23.3±0.4 µeV from the XX-line. Since both lines show the absorption
linewidth of the TPE and not the linewidth of the corresponding emission line, the two
obtained values can be averaged. This delivers a linewidth of FWHM = 24.1 ± 0.5 µeV
for an excitation power of 0.5 mW and a diode voltage of Vbias = 0.47 V. Both the laser
power and the diode voltage will however influence the measured linewidth and hence
motivate a more detailed analysis.
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Figure 6.4: Linewidth of the two-photon absorption a) After calibration of the
energy scale using the obtained Stark-shift parameters, the linewidth of the two-photon
absorption can be determined. The resonances appearing in both emission lines are well
described by Lorentzian fit functions. b) The linewidth of the two-photon absorption for
varied excitation power at Vbias = 0.47 V. The data clearly shows the powerbroadening
of the absorption.

Figure 6.4b shows the linewidth of the two-photon absorption for a series of excitation
powers. This data clearly shows the powerbroadening of the transition, which is well
known from atomic physics[29] and the linear absorption of the exciton[122]. This effect
is caused by a saturation of the absorption in the center of the resonance, where the
dipole-matrix element is the strongest, while the sides of the resonance still benefit from
increased excitation power[2]. The lowest linewidth observed in the low power limit is
FWHM = 4.2 ± 2.1 µeV.

6.1.2 Powerdependence of the two-photon absorption
This chapter will now take a closer look at the powerdependent behavior of the two-
photon process. The dynamics in the system can be described by rate equations for the
involved transitions. In case of the resonant TPE experiment, the QD can be described
by a three-level system, consisting of the ground state |G⟩, the exciton |X⟩ and the
biexciton |B⟩ (see figure 6.5)
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Figure 6.5: Optical transitons in a three-level system under two-photon driv-
ing The transition rate of the laser induced processes of two-photon absorption and
two-photon emission scale quadratically with the excitation power P 2 , while the spon-
taneous decay is characterized by the constant decay rates γxx and γx.

In order to describe the dynamics of this system, four transitions must be taken into ac-
count. On the one hand, there are the laser driven processes of (stimulated) absorption
and stimulated emission. Since the Einstein-coefficients of both processes are equal and
both of them are two-photon transitions, they scale quadractically with the normalized
excitation power P̃ [56]. On the other hand, there are the two spontaneous emission
processes from |B⟩ to |X⟩ with the transition rate γxx and from |X⟩ to |G⟩ with the
transition rate γx.

Based on these contemplations, the rate equations for the populations of the three states
N|B⟩, N|X⟩ and N|G⟩ are given by

dN|B⟩
dt

= N|G⟩ · P̃ 2 − N|B⟩ · P̃ 2 − N|B⟩ · γxx
!= 0 (6.4)

dN|X⟩
dt

= N|B⟩ · γXX − N|X⟩ · γX
!= 0 (6.5)

dN|G⟩
dt

= −N|G⟩ · P̃ 2 + N|B⟩ · P̃ 2 + N|x⟩ · γx
!= 0 (6.6)

Since the system is continuously driven, it will converge into a steady state. Under this
condition, all three equations must be equal to zero. Together with the condition that
the entire population must add up to one.

N|G⟩ + N|X⟩ + N|B⟩ = 1 (6.7)

the system of equations can be solved, delivering the following equations:

N|B⟩ = P̃ 2

P̃ 2
(
2 + γxx

γx

)
+ γxx

(6.8)

N|X⟩ = N|B⟩
γxx

γx
(6.9)

N|G⟩ = 1 − N|B⟩ − N|x⟩ (6.10)
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In the limit of weak excitation the population shows a parabolic powerdependence:

P̃ 2
(

2 + γxx

γx

)
≪ γxx ⇒ N|B⟩ ≈ P̃ 2

γxx
(6.11)

For large excition power, on the other hand, the equations shows a saturation:

P̃ 2
(

2 + γxx

γx

)
≫ γxx ⇒ N|B⟩ ≈ 1

2 + γxx

γx

=︸︷︷︸
γxx=2γx

1
4 (6.12)

Figure 6.6a shows plots of the powerdependent populations. Both the parabolic powerde-
pendence at low powers and the saturation are clearly visible. It also reveals the different
saturated populations of |B⟩ and |X⟩. This results from the different decay rates of both
states. The slower decay of |X⟩ creates a bottleneck, effectively accumulating population
in this state. This difference in population however, is not observable in the emission
intensities of both transistions IXX and IX , again due to the different transition rates.

IXX = N|B⟩ · γxx IX = N|X⟩ · γx (6.13)

This is visible in the plot shown in figure 6.6b.
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Figure 6.6: Powerdependence of resonant TPE - Theory a) Population in the
three states |G⟩, |X⟩ and |B⟩ for γXX/γX = 2. b) Optical emission of the X- and XX-
line resulting from these populations. Even though the populations of |X⟩ and |B⟩ are
not equal, the two emissions have the same intensity due to their different decay rates.

In order to test the theoretically predicted behavior, a powerdependent TPE experiment
is conducted. The excitation power is varied using a filterwheel and an emission spec-
trum is recorded for each power setting. The result is displayed in figure 6.7a.
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Figure 6.7: Powerdependence of resonant TPE - Experiment a) Powerdependent
emission spectrum of a QD under resonant TPE (Vbias = 0.22 V) b) Intensities of the
three emission lines, extracted by binning of 30 camera pixels.
(Fit: I(P ) = A·p2

B·P 2+1 + Ioffset)

Apart from the powerdependence of the TPE, this plot reveals two additional distinct
features. Under strong excitation in the range above 5 mW. The X+-line experiences a
shift away from the laser emission towards higher energy. This can be explained by an
off-resonant driving of the trion transition by the TPE-laser. This results in an asym-
metric rabi-splitting of the of the

∣∣h+〉- and
∣∣X+〉-state (see figure 6.8).

Figure 6.8: Non-resonant driving of the positive trion transition a) The detuned
driving by the laser field induces an asymmetric dressing of

∣∣h+〉 and
∣∣X+〉. b) The

emission resulting from the dressed system contains three lines each separates by ∆Split.

This effect is expected to result in a Mollow-triplet (see 2.4). It consists of the central line,
which is in this case not observable, since it has the same energy as the TPE-laser, and
the two side bands. The trion emission corresponds in the present case to the sideband
on the high energy side and is the stronger one, due to the negative detuning of the
driving laser. The sideband on the low energy side is therefore expected symmetrically
on the other side of the laser. At that position there is indeed a very weak signal
observable, which supports this interpretation (see figure 6.9). The shift of the trion-line
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with increasing power can be explained with an increase of the Rabi-frequency, since the
splitting between the Rayleigh-line and the side bands obeys

∆Split =
√

Ω2
0 + ∆2. (6.14)

A related effect is observable in the X- and XX-emission. At high excitation power both
lines experience a splitting, which is a result of the resonant driving of the |G⟩-|B⟩-
transition[20] (see figure 6.9). This effect will be discussed in more detail in chapter 6.3.

As a result of the two effects mentioned above, it is necessary to perform a binning
of several camera pixels when extracting the intensity profiles of the emission lines.
This compensates minor shifts in the spectral position and the splitting of the X- and
XX-lines. In the present case, a binning of 30 pixels was found to be sufficient. The
obtained data is displayed in figure 6.7b. All three emission lines show a clear saturation
behavior. The intensity of X and XX is however not equal, a behavior already discussed
above and probably a result of tunneling effects, since this measurement was performed
at a diode voltage of Vbias = 0.22 V. The X emission furthermore shows a slight reduction
in intensity in the range of 1-2 mW, which is most likely related to some kind of drift
in experimental setup. In the regime of weak and moderate excitation the data is very
well described by a fitting function based on equation 6.9. For fitting the data, the
theoretically derived equation needs to be modified to avoid an overparametrization,
resulting in

IX,XX(P ) = A
P 2

B · P 2 + 1 + I0. (6.15)

If the data from the regime of strong excitation above 1 mW is included into the fit, this
results in larger deviations to the resulting fitting function. This might be the result of
a minor laser-induced detuning of the QD, modifying the spectral overlap between the
laser and the TPE resonance.
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Figure 6.9: Resonant TPE under strong driving Under strong driving both X
and XX show a splitting due to a dressing of the system. This also happens at lower
excitation power but cannot be resolved by the spectrometer.
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6.2 Phonon-assisted two-photon excitation
The resonant two-photon excitation has shown to be an efficient way to prepare the biex-
citon state. It is however susceptible to slight shifts of the resonance conditions, which
can be caused by either an instability of the laser emission energy or fluctuations of the
QD transition energy, caused for example by charging in the diode. For experiments on
down-conversion processes (see chapter 7), which require the biexciton as initial state,
it is desirable to use a more robust process. During the experiments on the linewidth of
the resonant TPE, a weak off-resonant excitation of the biexciton was observed. This
process can be identified as a phonon-assisted transition, which has been reported in
literature [48, 5, 19] and used to perform a robust preparation of the biexciton state for
further experiments[106]. The phonon-assisted TPE will therefore be characterized in
this chapter.

The phonon-assisted TPE occurs, if the QD is excited by a strong laser field, which is
detuned from EB/2. In case of positive detuning (ELaser > EB/2) the excess energy
can be absorbed by emitting a phonon. Respectively in the case of negative detuning
(ELaser < EB/2), the missing energy can be provided by the absorption of a phonon (see
figure 6.10).

Figure 6.10: Phonon-assisted two-photon absorption - Scheme Under suffi-
ciently strong driving the biexciton state can be excited non-resonantly by a phonon-
assisted process. The energy gap between the laser and the biexciton is overcome by
emission or absorption of a phonon.

This process only becomes significant under strong excitation. This can be observed in
figure 6.11, which shows voltage-dependent emission spectra for moderate a) and strong
b) excitation. Under moderate excitation, the resonant process is substantially stronger
than the phonon-assisted absorption. This changes under strong excitation. Here, both
processes result in a comparable emission intensity, since the resonant excitation is sat-
urated. In the following, this chapter will provide a closer look at the powerdependence
of this process.
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Figure 6.11: Phonon-assisted two-photon absorption a) TPE experiment with low
excitation power(P = 0.5 mW). The QD is only excited when the laser is in resonance
with EB/2. b) TPE experiment with high excitation power (P = 10.0 mW). Excitation
of the biexciton state can be observed up to a detuning of ∆E ≈ ±1 meV.

6.2.1 Powerdependence
The powerdependence of the phonon-assisted TPE can be described in a similar fashion
as the resonant case. The starting point is again an overview of the occurring processes,
as illustrated in figure 6.12.

Phonon-assisted 
two-photon 
absorption

lX›

lB›

lG›

virtual 
state

2P

Spontaneous
decay

�xx

�x

Figure 6.12: Optical transitons in a three-level system under phonon-assisted
two-photon driving Like in the resonant case the optically driven excitation scales
quadratically with the laser power.

Since the optical absorption is again a two-photon process, it is justified to assume a
quadratic power dependence for it. Assuming an inverse process of a phonon-assisted
stimulated emission would deliver the same result as the resonant case. For now, such a
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process shall be neglected. The rate equations for the system therefore result to:
dN|B⟩

dt
= N|G⟩ · P̃ 2 − N|B⟩ · γXX

!= 0 (6.16)
dN|X⟩

dt
= N|B⟩ · γXX − N|X⟩ · γX

!= 0 (6.17)
dN|G⟩

dt
= −N|G⟩ · P̃ 2 + N|X⟩ · γX

!= 0 (6.18)

(6.19)

In the steady state, all these rates need to be equal to zero and the total population
must add up to one.

N|G⟩ + N|X⟩ + N|B⟩ = 1 (6.20)
Solving this system of equations results in

N|B⟩ = P̃ 2

P̃ 2
(
1 + γxx

γx

)
+ γxx

(6.21)

N|X⟩ = N|B⟩
γxx

γx
(6.22)

N|G⟩ = 1 − N|B⟩ − N|x⟩ (6.23)

The equation for the biexciton population N|B⟩ takes a very similar form as in the
resonant case. The only difference is found in the denominator where the ”2” in the
resonant case was exchanged for a ”1”. This results from the lack of a stimulated emission
process. In the limit of strong excitation, this results in a complete depletion of the
ground state (see figure 6.13a).
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Figure 6.13: Powerdependence of phonon-assisted TPE - Theory a) Population
of the three states |G⟩, |X⟩ and |B⟩ for γXX/γX = 2. b) Optical emission of X- and
XX-line resulting from these populations. The system qualitatively shows the same
saturation as for the resonant case. The absolute values of the saturation however
deviate due to the neglect of the stimulated emission process.

Assuming a ratio of γxx/γx = 2 delivers a saturated biexciton population of N|B⟩ = 1/3
and an exciton population of N|X⟩ = 2/3, resulting in a 33 % increase of the maximum
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achievable emission in comparison to the resonant excitation (see figure 6.13). This is
however based on the assumption that no stimulated emission occurs.

The theoretical contemplation is tested by a power dependent measurement (see figure
6.14a). At high power the data shows a small shift in energy for all three observable
emission lines. This can be associated to an off-resonant driving of the QD, similar to
the shift of the trion line in the resonant measurement (see 6.7a).
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Figure 6.14: Powerdependence of phonon-assisted TPE - Experiment Pow-
erdependent spectrum of a QD under phonon-assisted TPE b) Extracted intensities of
the three emission lines. The process needs approximately one order of magnitude more
power than the resonant process. (Fit: I(P ) = A·p2

B·P 2+1 + Ioffset)

Figure 6.14b shows the intensity profiles of the three observable emissions. They were
extracted by selecting the CCD-pixel with the highest counts for each peak. The data
clearly shows that the phonon-assisted process requires about an order of magnitude
more power than the resonant process to generate a significant biexciton population in
the QD (compare to figure 6.7b). In order to use the theoretically derived equation 6.21
as a fitting function, it needs to be modified to account for the experimental conditions
and avoid an overparametrization. This results in the same fit function as for the case of
the resonant TPE (equation 6.15). The fit therefore offers no information, if a stimulated
emission process occurs or not. The resulting fits are in very good agreement with the
data, supporting the assumption of a quadratic dependence on the laser power for the
phonon-assisted TPE. The required excitation power for this process however turned out
to be to high to completely saturate the system with the given setup.

6.3 Dressed states
In the scope of the previous chapters on the resonant and phonon-assisted excitation of
the biexciton state, some measurements were presented that revealed a splitting of the
X- and XX-line under strong excitation (see figures 6.7a and 6.11b). This splitting is a
result of the AC-Stark effect (also known as Autler-Townes effect) and has been observed
and studied to some extent in literature[4, 52, 20]. Here, the resonant or near-resonant
driving of an optical transition by an oscillating light-field (typically a laser) leads to a
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coupling between the electronic states of the QD and the light field and result in new
eigenstates for the system, the so-called ”dressed states” (see chapter 2.4).
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Figure 6.15: Two-photon dressing of the biexciton system a)-c) Energy levels
for resonant and detuned laser. d)-f) Corresponding emission spectra. The laser induces
a splitting of |B⟩ and |G⟩ and a minor shift of |X⟩. Consequently the X- and XX-lines
are also split. The observed splitting ∆Split depends on the Rabi frequency Ω0 and the
detuning ∆0

In the specific case of the two-photon excitation of the biexciton, the driven transition
takes place between the ground state |G⟩ and the biexciton state |B⟩. Hence, these two
states are split by the Rabi energy ℏΩ0 that drives the transition (see figure 6.15a). This
results in a splitting of the XX- an X-line into two lines each, separated also by ℏΩ0
(see figure 6.15d).Figure 6.16 shows a two-photon excitation experiment that shows this
effect. At a voltage of Vbias = 0.47 V the laser is in resonance with EB/2. Hence, the
|G⟩ − |B⟩-transition is resonantly driven, leading to an Autler-Townes splitting of the
XX- and X-lines. When the laser is detuned from the resonance, the observed splitting
increases and the system evolves into a regime where the two lines can be reasonably
described as the undisturbed X- (or XX-)line, which is the stronger emission and the
emission from (or into) a laser induced virtual state. Figure 6.15b and c show sketches
of the energy levels for the detuned cases.
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Figure 6.16: Experimental observation of biexciton dressing In resonance a
splitting of X and XX is observable. When the system is detuned by changing the bias
voltage of the diode, an anti-crossing can be observed in both lines. (P = 10 mW)

Based on literature[82] the following relation between the detuning ∆0 and the observed
splitting ∆Split is expected here.

∆Split =
√

Ω2
0 + ∆2

0 (6.24)

This behavior can be tested by rescaling the x-axis into the detuning relative to the
two photon transition (∆0 = 2ELaser − EB) and the y-axis into the energy relative
to the undisturbed X- (figure 6.17a) and XX-line (figure 6.17b). Both rescalings are
carried out using the Stark-shift from the undisturbed X- and XX-lines. Far away from
the resonance, the emission can be clearly identified as the X (or XX) and its dressed
counterpart. This classification is however not possible in a regime close to the resonance.
This regime is dominated by the coupling between the excitonic states of the QD and
the photonic states of the light field, which leads to new eigenstates in the system. In
order to account for this, the low enegy branch will be labeled A and the high energy
branch will be labeled B during this section.
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Figure 6.17: Anti-crossing of X and XX with calibrated energy scale Close
up of the anti-crossings observed at the X (a) and XX line (b). The energy scale is
calibrated using the Stark effect parameters for X and XX obtained from the raw data.

In the plots in figure 6.17 one can already observe that in a regime reasonably far away
from the anti-crossing the splitting between the dressed and the unperturbed emission
is at least roughly equal to the detuning of the two-photon excitation. This behavior
can be intuitively explained by sketching the energy levels in the system, like it is shown
in figure 6.15b and c. Furthermore it follows from equation 6.24 for the limit of large
detuning:

∆0 ≫ Ω0 ⇒ ∆Split ≈ ∆0 (6.25)

For a deeper analyis of this behavior, a subsample of the spectra shown in figure 6.17
was fitted with Lorentzian functions to obtain the exact position of each peak. This
allows for a precise determination of the splitting. The results of this analysis are shown
in figure 6.18 for the X-line (a) and the XX-line (b). In both cases the splitting shows a
minimum for a detuning of zero and an approximately linear behavior far off the reso-
nance. The data is very well descibed by a fitting function based on equation 6.24. The
fit therefore delivers a reliable value for the Rabi energy: ℏΩ0 = 99.0 ± 2.7 µeV from the
X-line and ℏΩ0 = 98.6 ± 1.6 µeV from the XX-line. These two values are equal within
the error range. It can therefore be concluded that the |G⟩ and |B⟩ experience the same
Rabi-splitting.
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Figure 6.18: Energy splitting in the anti-crossing Energy difference between the
two branches of the anti-crossing plotted over the laser detuning for a) the X-emission
and b) the XX-emission. (Fit: ∆Split =

√
(∆Laser − ∆offset)2 + (ℏΩ0)2)

Another interesting aspect in this regard is the intensity of the dressed emission in
relation to its detuning from the undisturbed QD emission. To investigate this the peak
amplitude of both branches of the emission (A and B) are plotted against the detuning
relative to the undisturbed emission. These values are determined from the fits already
performed previously. In order to account for general changes of the intensity induced by
sweeping the diode voltage during the measurement, the peak amplitudes are normalized
to the sum of both branches. The result of this analysis is displayed in figure 6.19 for
both emission lines. The emission clearly decreases as the absolute value of the detuning
increases. This behavior is very well-described by independent Lorentzian functions for
each branch. The profile is symmetric around a detuning of zero for X and XX. This is
supported by the equal width of the Lorentzian functions resulting from the fits of both
branches: FWHMX,A = 92.6 ± 4.2 µeV and FWHMX,B = 96.6 ± 6.7 µeV for the X-line
and FWHMXX,A = 142.4 ± 6.8 µeV and FWHMXX,B = 140.4 ± 14.4 µeV for the XX-
line. Around the XX-line the dressed emission is observable for larger detuning. This is
already visible in the raw data (see figure 6.17) and now supported by the larger width
of the Lorentzian functions. This might be connected to the overall larger intensity of
the biexciton emission.
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Figure 6.19: Intensity of the two branches of the anti-crossing The intensity
of both branches of the anti-crossing is plotted against the detuning relative to the
unperturbed emission of a) the X and b) the XX-line. Each branch is well described by
one side of a Lorentzian function.

6.4 Origin of the trion emission
During the previous experiments dealing with two-photon excitation of the biexciton,
under certain conditions the positive trion line (X+) is observable. This raises the
question for the mechanism that leads to this emission, since the trion is not a regular
part of the biexciton cascade. In order to learn more about the processes at work here,
a set of voltage dependent measurements and a set of correlation measurements were
conducted and will be presented in the following.

6.4.1 Voltagedependence of biexciton decay
The main difference between the two measurements in figure 6.1, one showing trion
emission, while the other one does not, is the applied diode voltage at the resonance
condition. This qualifies tunneling processes as a potential candidate for the mechanism
behind the trion emission and motivates an investigation of the influence of the diode
voltage on the biexciton cascade.

For this purpose a series of measurements is performed. The TPE laser is systematically
varied in emission energy and thus changing the diode voltage, where the two-photon
resonance occurs. The voltage is then set to this value, by maximizing the QD emission
and the resulting spectrum is recorded. The resulting peak amplitudes of X, XX and
X+ are then plotted against the diode voltage. Figure 6.20a shows a measurement per-
formed using low excitation power of 0.1 mW. The diagram can be divided into three
major regimes.
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Figure 6.20: Voltage dependence of biexciton decay Intensity of the three emission
lines X, X+ and XX under resonant excitation of the biexciton state for a series of bias
voltages at a) low, b) moderate and c) increased excitation power. The ratio of the
emission from the positive trion shows a dependence of the applied bias voltage and
generally increases with the laser power.

Towards high forward voltages the intensity of both X and XX strongly decreases, while
the X+ appears at about Vbias = 0.75 V and then grows in intensity. This behavior can
be explained by charging of the QD with carriers from the doped regions. Since in this
sample the QDs are located exactly in the center of a pin-structure, in principle both
types of carriers can tunnel into the QD. In this specific sample, charging with holes
from the p-doped region seems to be more likely than charging with electrons from the
n-doped region, as can be concluded from the PL characterization (see chapter 5.1). The
QD, being charged with a hole, can then not be excited into the biexciton state and thus
decreases the emission of both X and XX. The contribution of the X+ emission might
be a result of a off-resonant excitation of the trion state, a process that was already
observed in chapter 6.1.2.

At moderate forward voltages only emission of X and XX is observable. Both are of
equal intensity and reach their maximum in this regime. Here the forward voltage is too
low to induce charging of the QD with holes from the p-region. The laser can therefore
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6 Two-photon excitation of the biexciton state

very efficiently excite biexcitons in the QD. Since the diode voltage is still high enough
to prevent carriers from tunneling out of the QD, as can be concluded from the pho-
tocurrent characterization (see chapter 5.2), the entire population recombines optically
leading to a strong emission.

This changes in the regime of low forward or negative voltages applied to the diode.
Here, the overall intensity decreases and a trion emission becomes observable. The sys-
tem is clearly entering the photocurrent regime, causing an increasing portion of the
population to recombine electrically and thus decreasing the overall optical emission
from the QD. Since the biexciton generally has a smaller optical lifetime compared to
the exciton[126, 94], it is less affected by the tunneling, explaining the slight difference
in intensity between X and XX. The tunneling processes can also explain the visibility of
X+ emission in this regime. In a QD, the electron usually has a shorter tunneling time
than the hole[44]. This leaves the QD in a positively charged state for a limited amount
of time. Since cw excitation was used in this experiment, an off-resonant excitation of
the trion can occur during this time, leading to a corresponding emission.

This measurement shows that in case of low excitation power, the emission of the biex-
citon cascade is strongly determined by tunneling effects. This may however change
to a certain degree, if increased excitation power is used. Therefore, the experiment is
repeated using an increased excitation power of 1 mW and 2 mW (see figure 6.20b and
c). As expected under these conditions, an overall increase of the signal, compared to
the low power case, is observable. The emission of X and XX shows indication for a
saturation between the measurements performed with 1 mW and 2 mW. This is inves-
tigated in more detail in chapter 6.1.2. In these two cases the X+ is observable over
the entire voltage range where optical recombination is dominant and becomes stronger
with increasing laser power. In the 1 mW case an increased X+ emission is observable
in the regimes of high and low voltages, similar to the low power case, but vanishes in
case of the 2 mW measurement. This behavior indicates that, in addition to tunneling
effects, there is another laser induced effect generating positively charged trions that
becomes more dominant at high exciation power. A possible candidate is the generation
of free carriers in the sample, possibly via two-photon processes [99] or excitation in the
wettinglayer tail [70] that are then captured by the QD. Furthermore a laser induced
loss of an electron from the neutral exciton state via the internal photoeffect[74] might
lead to a charging of the dot.

6.4.2 Correlation measurements
Further insight into this matter can be provided by correlation measurements. They
provide information on which emissions occur simultaneously and which exclude each
other. Therefore a series of such measurements was carried out.

During these measurements, the biexciton state is excited via phonon-assisted TPE, to
achieve a stable excitation, which is insensitive towards minor drifts of the laser or the
QD resonances. This is of particular importance during these measurements due to the
long integration times of several hours. Figure 6.21a shows a spectrum of the QD under
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phonon-assisted TPE at a diode voltage of Vbias = 0.4 V. These conditions are used
for the following correlation measurements. For the actual measurements the individual
lines are isolated (see figure 6.21b) using tunable bandpass filters and sent towards the
APDs.
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Figure 6.21: Spectral filtering for correlation measurements a) Spectrum of a
QD under phonon-assisted TPE b) The same spectrum filtered by tunable bandpass
filters, spectrally isolating individual emission lines. (Vbias = 0.4 V)

Figure 6.22a and b show autocorrelation measurements of the X- and XX-emission. Both
lines show a bunching on long time-scales and an anti-bunching on short time scales.
This behavior can be described by a combination of two exponential functions as dis-
cussed in chapter 2.6. The anti-bunching indicates single photon emission from both the
exciton and biexciton line. The width of these dips is tX,anti = 1.34 ± 0.31 ns for X and
tXX,anti = 1.26 ± 0.27 ns for the XX. Due to the limited time resolution of the APDs of
1 ns, these dips cannot be fully resolved and the observed width is mainly determined by
the detectors. However, the biexciton cascade is generally associated with high-quality
single photon emission[93, 111]. The bunching on the other hand, is well resolvable
with these detectors as it has longer time constants of tX,bunch = 5.29 ± 0.95 ns and
tXX,bunch = 4.72±0.83 ns. A behavior like this, anti-bunching on short and bunching on
long timescales, is typically associated with blinking of the selected line[125], meaning
that the conditions in the QD are randomly changing between two states, where only
one allows the emission of the biexciton cascade.

An autocorrelation measurement of the positive trion (X+) shows a similar behavior
(see 6.22c). Due to the lower countrate of this emission, a longer integration time was
necessary. Here, the anti-bunching is even narrower (tX+,anti = 0.56 ± 0.15 ns) and
barely resolvable due to the limited time resolution. The bunching behavior however is
resolvable and delivers a time constant of tX+,bunch = 5.23 ± 0.32 ns. Within the error
range this value is equal to the bunching observed for the X- and XX-emission.
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Figure 6.22: Correlation measurements of emission lines occurring during
biexciton decay a) Auto-correlation of X b) Auto-correlation of XX c) Auto-correlation
X+ d) Cross-correlation of XX and X e) Cross-correlation of X and X+ f) Cross-
correlation of XX and X+. During these experiments, the biexciton state is excited
by phonon-assisted TPE. Please note that due to the limited time resolution of the de-
tectors the anti-bunching in a)-c) as well as the expected asymmetry of the bunching in
d) cannot be fully resolved.
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Based on these measurements alone, it is not yet possible to determine, if the QD is
switching between the X+-emission and the XX-X-cascade or if both occur simultane-
ously. In order to resolve this question, a series of cross-correlation measurements were
carried out. Figure 6.22d shows a cross correlation of X and XX. Here, a strong and
narrow bunching and a weak broad bunching are observable. The narrow bunching
(tnarrow = 0.71 ± 0.04 ns) results from the basic nature of the cascade, which first emits
an XX-photon, followed by an X-photon. This should result in an asymmetric peak with
bunching on the one side and anti-bunching on the other[66]. This is however not re-
solvable with the used detectors. The broad and weak bunching (tbroad = 7.29±0.47 ns)
is again associated with the fast switching.

The most insightful measurements, are the cross-correlations between the trion emission
and the X-line (see figure 6.22e) and the XX-line (6.22f). Both measurements show a
broad anti-bunching with tX−X+,anti = 6.50±0.13 ns and tXX−X+,anti = 7.48 ± 0.17 ns.
This means that neither of the two emissions of the biexciton cascade occur together
with the trion emission. It can therefore be concluded that the QD experiences a switch-
ing between the biexciton cascade and the trion emission.

6.4.3 Discussion
By combining the results from the voltage dependent measurements with correlation
measurements, one can get a basic understanding of the mechanism behind the trion
emission during the two-photon excitation experiments. The correlation measurements
show that the QD is switching between a neutral and a charged configuration, on a
timescale of several nanoseconds. While the QD is in the neutral configuration, the
biexciton cascade is resonantly driven by the laser, but when the QD switches into the
charged configuration, this is no longer possible. Instead, the positive trion is then off-
resonantly excited, leading to the X+ emission (see figure 6.23). The effect of off-resonant
driving of the X+ was already observed in the resonant TPE experiment under strong
driving (see figure 6.7).

The remaining open question is the one for the exact process that causes the fast switch-
ing between these two configurations. It is reasonable to assume that the QD must
exchange carriers (e− or h+) with the surrounding host material. Figure 6.23 illustrates
four possible transition channels that could in principle contribute to the switching, al-
though with different transition rates. These rates will of course be subject to change
when experimental parameters such as the diode voltage and the laser power are varied.

The voltage dependent measurements show that under the influence of large electric
fields within the diode (reverse bias), tunneling of carriers out of the QD becomes more
likely. Typically the electron has a shorter tunneling time [44], which will lead to a loss
of an e− from the |B⟩- or |X⟩-state and result in a transition to the charged configura-
tion. Since the lifetime of |B⟩ is typically shorter than that of |X⟩, it is more likely for
the exciton to loose an electron. If the QD is in the positively charged configuration,
tunneling of a hole from either of the two states

∣∣h+〉 or
∣∣X+〉 will bring the QD back

into the neutral configuration.
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Since the sample used for these measurements contains a pin-structure, charging with
both types of carriers is possible under forward bias conditions, which is especially rel-
evant here, since the QDs are located in the exact center of the intrinsic region. This
charging can be a cause for a transition between the two configurations. These contem-
plations are in good aggreement with the experimental observations in figure 6.20a.

Further experiments, with increased power suggest that there is also a laser induced
mechanism for the exchange of carriers. Possible candidates are the internal photoeffect
[74] or the generation of free carriers by the laser, e.g. through two-photon excitation in
the host material[99] or absorption in tail states[70].

In summary, the experiments presented here, shine some light into the mechanism be-
hind the trion emission. A fast switching between a neutral and a charged configuration
combined with an off-resonant driving of the

∣∣h+〉−
∣∣X+〉-transition was identified. The

mechanism behind the switching however remains uncertain to some degree but must
involve an exchange of carriers with the host material. In order to investigate this in
more detail, more experiments would be required.

+X -emission
Two-photon
excitation

XX-emission

X-emission

Loss/capture 
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Off-resonant 
+X -excitation

+Capture/loss of h

Capture/loss
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QD
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Figure 6.23: Proposed mechanism behind the occurrence of the positive trion
emission The QD is either found in a neutral configuration, where two-photon excitation
drives the emission of the biexcitons cascade or a charged configuration, where off-
resonant excitation of the trion state drives the corresponding emission. The system can
switch between the two configurations via several channels, which all involve the loss or
capture of single electrons or holes.
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6.5 Two-photon Rabi rotations
The previously discussed methods for the biexciton preparation used cw excitation lead-
ing to a statistical population that saturates clearly below N|B⟩ < 1. By switching
to an excitation with ps optical pulses the coherent properties of the quantum system
can be exploited to achieve near perfect population inversion for both one-photon (eg.
exciton)[137] and two-photon transitions (eg. biexciton)[121]. This technique is widely
used to generate on-demand single photons[53, 93, 124].

0.00 0.01 0.02 0.03 0.04
200

400

600

In
te

n
si

ty
 (

C
o
u
n
ts

)

Pulse Area (ÖW)

 X
 XX

1π

3π 5π 7π

27π

2π

4π

6π

26π

Figure 6.24: Biexciton Rabi rotations The system shows synchronous Rabi rotations
of X and XX up to a pulse area of up to 27π.

To perform such an experiment the Ti:Sa laser is operated in ps-mode. The laser spec-
trum is filtered by a bandpass filter to suppress unwanted background emission and to
decrease the spectral width of the pulses (see chapter 3.2.2). Both help with the sup-
pression of unwanted back-scattered light. The laser is tuned to EB/2 to be in resonance
with the two-photon transition from |G⟩ to |B⟩. In order to observe Rabi rotations the
laser power is varied during the experiment. Figure 6.24 shows the result of such an
experiment performed at a diode voltage of Vbias = 0.3 V. Here, the intensity of both the
X- and XX-line is plotted over the square root of the laser power, which is proportional
to the pulse area. Both lines show the clear signature of Rabi rotations. The amplitude
of the oscillations decreases towards high pulse area and oscillations are observable up
to a pulse area of 27π. The data is furthermore superimposed with an additional slow
oscillation, the origin of which cannot be uncovered based on the available data.

In order to use this technique for state preparation the laser is set to a power that
corresponds to a pulse area of 1π.
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6.6 Conclusion
In this chapter, a thorough study of the two-photon excitation of the biexciton state was
conducted. It was found that the resonant process using a cw laser provides an efficient
way of excitation but is very susceptible to drifts of the laser emission energy or the bias
voltage applied to the diode, due to the narrow linewidth of the transition.

As an alternative a phonon-assisted two-photon process was studied. It requires a higher
excitation power of roughly a factor of 10, but leads to a more robust preparation of the
biexciton state. A tuning range of 2 meV could be realized using this method, making
it a valuable tool for further experiments that require a population of the biexciton state.

The high laser power however, causes the appearance of two additional effects: a splitting
of the exciton and biexciton line due to a dressing of the system and a strong emission
from the positive trion. Both effects were subjected to a detailed investigation as they
will be observable if the phonon-assisted process is used in further experiments.

Additionally, the resonant excitation of the biexciton using short optical pulses was
briefly investigated. During this experiment Rabi rotations could be observed up to a
pulse area of 27π.

In summary, this chapter provides valuable knowledge on the state preparation neces-
sary for the experiments on nonlinear downconversion, which will be the subject of the
following chapter.



6 Two-photon excitation of the biexciton state
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quantum dot

The following chapter presents the experiments on nonlinear down-conversion in a single
quantum dot, which form the main results of this work. The process is a two-transition
from the biexciton state into the ground state. Hence, the biexciton state |B⟩ needs
to be populated, which can be achieved in a very efficient manner by resonant two-
photon excitation[4] and, in case of pulsed excitation, also on-demand[93]. Furthermore
phonon-assisted two-photon excitation provides robustness against detuning for the price
of higher required excitation power[5, 19, 106]. These processes have been thoroughly
studied in the previous chapter. For stimulating the down-conversion process a control-
laser is used, which off-resonantly drives the system (see 7.1). This laser induces a virtual
state and thus opens a new decay path, which is detuned from the biexciton-cascade.
During this process, two photons are emitted simultaneously. The first of which in-
herits the properties of the control-laser field, while the second photon, the stimulated
down-conversion (SDC) photon, must have complementary properties to ensure the con-
servation of energy and angular momentum in the system. This means that the process
can be used to tailor the single photon emission of the quantum dot. As was already
shown by theoretical studies, it is possible to control the emitted photons in energy,
polarization, spectral shape and emission time[55, 22, 23].

Figure 7.1: Nonlinear down-conversion scheme After preparation of the biexci-
tons state |B⟩, a virtual state is defined by the non-resonant control-laser, opening an
alternative decay channel in addition to the biexciton cascade.[61]

Even though processes like this are known from atomic physics[134, 21], it has not
yet been realized in single quantum dots. There are however studies conducted on Λ-
systems in charged quantum dot molecules that investigate a similar process. They use
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7 Nonlinear down-conversion in a single quantum dot

their so-called Raman-process to perform energy tuning[123] and pulse shaping[103]. As
pointed out by Breddermann et al. this Raman-process in a Λ-system is mathematically
equivalent to the nonlinear down-conversion in the exciton-biexciton ladder system [23].

7.1 Experimental demonstration
As discussed above, the starting point for the nonlinear down-conversion is the prepara-
tion of the biexciton state. For the following experiments phonon-assisted TPE with a
cw laser was chosen. This process reliably excites biexcitons, even under considerable de-
tuning in the range of meV. Furthermore, the cw excitation makes timing considerations
between the TPE- and control-laser unnecessary. Figure 7.2 shows experimental data
of phonon-assisted TPE for varied bias-voltage. The laser was tuned to 1341.17 meV
and set to a power of 12 mW to achieve saturated excitation conditions. For the experi-
ments in this chapter, the setup with polarization suppression was used. Therefore, the
backscattered laser light is suppressed by a combination of polarization filtering and two
notch filters.
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Figure 7.2: Robust preparation of the biexciton state The biexciton state
is excited non-resonantly via phonon-assisted TPE under saturated conditions
(PT P E = 12 mW). This results in a population of the biexciton state, which is robust
against detuning and forms the basis for studying the down-conversion process.[61]

The measurement shows robust preparation of the biexciton state over a tuning range
of roughly 2 meV, centered around the TPE resonance at Vbias = −0.12 V. As already
discussed in chapter 6.4, the positive trion X+ is also observed in this measurement, but
does not hinder the further experiments and interpretations.

This robust preparation of the biexciton forms an ideal foundation for the down-conversion
experiment, since it allows the identification of the SDC-emission based on its distinct
Stark-shift fingerprint. In figure 7.2 we can observe that the X- and XX-line experience
an approximately equal Stark-shift. From this we can conclude that the biexciton state
|B⟩ experiences a Stark-shift approximately twice as large as the exciton state |X⟩. This
tuning behavior is sketched in Figure 7.3.
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Figure 7.3: Stark-shift of SDC emission Two equivalent cases can be identified: a)
Control-laser close to X transition b) Control-laser close to XX transition. In both cases
the SDC emission inherits the Stark-shift of |B⟩, which is roughly twice as strong as the
shift of X or XX.[61]

If a control-laser with an energy of EC is introduced, one can differentiate two scenarios
for the formation of a virtual state. Figure 7.3a shows a scenario where the virtual state
is defined relative to the ground state at E = EG + EC . This scenario becomes relevant
when the control-laser is tuned close to the X-line, since the strongest SDC signal is
expected if the virtual state is energetically close to the exciton state. In this case the
virtual state can be considered as the final state of the SDC transition. The second
scenario is depicted in figure 7.3b. Here, the virtual state is defined relative to the biex-
citon state at E = EB − EC . This means that the laser should be tuned close to the
XX-line to achieve a good signal. In this case, the virtual state forms the initial state of
the SDC transition. For both cases we can conclude that the SDC-emission inherits the
Stark-shift from the biexciton state and can therefore be identified in a voltage depen-
dent measurement.

This strategy can now be employed to analyze the data displayed in figure 7.4. Here,
the biexciton was excited via phonon-assisted TPE under comparable conditions like in
figure 7.2, but now a control-laser was introduced and focused on the QD. Due to the
selection rules for the SDC process the laser and SDC are expected to have the same
linear polarization. Therefore, this laser cannot be suppressed by polarization filtering.
For this reason the straylight suppression must rely on spectral filtering, which is in
this case realized by two notch filters. As a result of this, the QD emission close to the
control-laser cannot be observed in the experimental data.

In figure 7.4a the control-laser was tuned to an energy close to the X-emission. We can
observe the SDC emission close to the XX-line with the expected Stark-shift signature
(sum of the slopes of X- and XX-line). At a bias-voltage of about Vbias = 0.2 V the SDC
emission shows an avoided crossing with the XX-line. This coincides with the voltage
where the control-laser is in resonance with the X-transition. Under this condition, the
exciton and ground state are split due to the AC-Stark effect (dressed) resulting in the
appearance of a Mollow-triplet (see figure 7.5a). Due to the spectral filtering, this is not
observable in the experimental data. It is however clearly visible in the corresponding
simulation (see figure 7.4c). The dressing of the exciton state therefore explains the
avoided crossing of the SDC emission.
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Figure 7.4: Identification of SDC emission Experimental data with the control-
laser tuned close to a) the X emission and b) the XX emission. (PT P E = 10 mW,
PControl = 1.5 mW) c) Corresponding theoretical data for case (a) (ℏΩ0 = 0.198 meV)
d) Corresponding theoretical data for case (b) (ℏΩ0 = 0.189 meV) The SDC emission is
identified based on it’s Stark shift fingerprint.[61]

Figure 7.4b shows an equivalent measurement with the control-laser tuned close to the
XX-transition energy. Here one can observe the SDC emission with the expected Stark-
shift around the X-emission. Again, an avoided crossing can be observed at Vbias = 0.2 V,
this time with the X-line, when the laser is in resonance with the XX-line. The theoret-
ical data again reveals the Mollow-triplet.

The simulations shown in figure 7.4c and d were kindly provided by Dr. Dirk Heinze
from the group of Prof. Stefan Schumacher. The calculations are based on a density
matrix description of the electronic states (|G⟩, |XH,V ⟩ and |B⟩) and a classical light
field. The off-resonant phonon-assisted excitation is implemented using an incoherent
pump term. The time evolution of the system is calculated using the von-Neumann
equation, including pure dephasing and radiative losses. A more detailed discussion
of the theoretical model can be found in the methods section of [61]. The Stark-shift
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7 Nonlinear down-conversion in a single quantum dot

applied in the simulation was obtained from the experimental data in figure 7.2.
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Figure 7.5: Autler-Townes splitting for resonant control laser a) When the
control-laser is in resonance with X-line it dresses this transition forming a Mollow triplet
while the XX-line is split into the Autler-Townes douplet. b) When the control-laser is
in resonance with the XX-line the same effects occur on the other lines respectively.[61]

Based on the available data the desired down-conversion process can be clearly identified
due to it’s unique Stark-shift behavior, while the good agreement between experiment
and theory supports the interpretation of the experimental data. Based on these findings
a more detailed study of the nonlinear down-conversion can be conducted with a focus
on several aspects, which will be presented in the following sections.

7.2 Analysis of the anti-crossing
The anti-crossing observed in the data shown in figure 7.4, is an unexpected feature,
when considering the SDC as a nonlinear process involving a virtual state that acts as
the intermediate level. On the other hand, this behavior can be intuitively explained in
a dressed state picture. It is therefore interesting to perform a more detailed analysis of
this feature to gain more insight into the relation between these two models. To this end
the data is analyzed in the same fashion as discussed in chapter 6.3, when analyzing the
anti-crossing occurring at the TPE-resonance. Accordingly, a sub-sample of the recorded
spectra was fitted with Lorentzian functions to obtain information on the amplitude and
spectral position of the emission.

Figure 7.6 shows the splitting ∆Split between the SDC emission and the a) XX-line b) X-
line plotted against the detuning ∆L-X/XX between the control-laser and the a) X-line b)
XX-line respectively. ∆L-X/XX is determined by considering the Stark-shift parameters
of X and XX obtained from the data presented in figure 7.2.

99



7 Nonlinear down-conversion in a single quantum dot

-0.3 -0.2 -0.1 0.0 0.1
0.0

0.1

0.2

0.3

0.4

S
p
lit

tin
g
 (

m
e
V

)

Detuning EL-EX (meV)

0.198 meV

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.0

0.1

0.2

0.3

0.4

0.5

0.6

S
p
lit

tin
g
 (

m
e
V

)

Detuning EL-EXX (meV)

0.189 meV

a) b)

Figure 7.6: Anti-crossing of SDC-emission Energy difference between the
SDC and a) the XX-line b) the X-line plotted over the laser detuning (Fit:
∆Split =

√
(∆L-X/XX − ∆offset)2 + (ℏΩ0)2)[61]

For large detuning the data is reasonably well-described by a fitting function based on
∆Split =

√
∆2

L-X/XX + ℏ2Ω2
0. Close to the resonance however, it shows a non-neglectable

deviation, which influences the obtained Rabi energy ℏΩ0 and leads to an overestimation.
For this reason the data point with the lowest splitting was chosen as input parameter
for the simulations presented in figure 7.4c and d. Using this value leads to a much
better agreement between theory and experiment than the value obtained from the fit.
Table 7.1 summarizes the obtained Rabi energies.

Rabi energy ℏΩ0

Control at X Control at XX
Fit 0.221 ± 0.01 meV 0.210 ± 0.005 meV

Data Point 0.198 meV 0.189 meV

Table 7.1: Rabi energy of the control-laser The Rabi energy obtained from the fit
function is in both cases slightly higher than the value taken from the single data point
of the minimal splitting.

The experimental data shown in figure 7.4 shows a difference in the SDC intensity de-
pending on whether it occurs close to the X- or the XX-line. Especially the case of
negative detuning relative to the X-line shows a stronger signal than the other cases.
This behavior shall now be investigated in more detail. Figure 7.7 shows the intensity of
the SDC emission in dependence of it’s detuning from the undisturbed X/XX-emission.
Diagrams a) and b) show experimental data extracted from the spectra shown in figure
7.4, while c) and d) show corresponding theoretical data. The intensities were deter-
mined by fitting the experimental and theoretical spectra with Lorentzian functions.
Since the overall brightness of the QD varies over the tuning range, the obtained inten-
sity values were normalized to the sum of SDC and X/XX

(
ISDC,norm = ISDC

ISDC+IX/XX

)
.
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Figure 7.7: Tuning range of the SDC emission Intensity of the SDC emssion plotted
over the detuning relative to the undisturbed host line. The intensity is normalized to
the sum of SDC and X/XX. Solid lines: Fit with Lorentzian functions. Dashed lines in
b): Fit with exponential function[61]

The resulting diagrams show a decreasing intensity with increasing detuning. This be-
havior is well described by independent Lorentzian functions for positive and negative
detuning, which is especially true for the theoretical results, while the experimental
data suffers to some extend from the low overall signal intensity and the resulting low
signal-to-noise ratio. The same behavior was observed during the analysis of the anti-
crossing at the TPE resonance (see chapter 6.3). The FWHM values resulting from the
Lorentzian fits are summarized in table 7.2.
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Control at X Control at XX
Experiment Theory Experiment Theory

High energy side 0.135 ± 0.06 0.198 ± 0.001 0.175 ± 0.03 0.194 ± 0.002
Low energy side 0.172 ± 0.07 0.185 ± 0.001 (0.006 ± 17.9) 0.204 ± 0.002

All values in meV.

Table 7.2: FWHM of the SDC tuning range The experimental value for the low
energy side with the control-laser at XX is not reliable since the Lorentzian fit does not
converge properly in this case.

The theoretical results are approximately symmetrical leading to very similar FWHM
values. For the experimental data the low signal-to-noise ratio limits the evidential value
of the fit parameters. They do however coincide with the theoretical values within the
margin of error. The branch with negative detuning to the X-line in figure 7.7b is an
exception in this regard and in general the most interesting case. Here, the experimental
signal extends to larger detunings than the corresponding simulation. Unfortunately,
the Lorentzian fit does not deliver a reasonable value for the FWHM for this dataset.
For this reason, the data in figure 7.7b was fitted with exponential functions, which
describe the data reasonably well (see dashed lines). The resulting decay constants are
τ− = 0.152 ± 0.001 meV for the side of negative detuning and τ+ = 0.074 ± 0.002 meV
for the side of positive detuning. This clearly shows the asymmetry of the SDC emission
around the X-line. The mechanism behind this is not clear. Since the simulations do not
include phonon processes, this might be a good starting point for further investigations.
In this branch of the SDC the control-laser generates a virtual state slightly below the
|X⟩. A part of the population could therefore be transferred into the virtual state by
emitting a phonon. At this point, this is however merely a hypothesis that needs to be
investigated.

In summary, the anti-crossing between the SDC and the X/XX-line of the quantum
dots shows the same characteristics as observed for the dressed states induced by the
TPE laser (see chapter 6.3). Based on these observations, it can be concluded that
the driving mechanism behind the nonlinear down-conversion is in fact a dressing of
the system induced by the control-laser. Following this interpretation, the postulated
virtual state would then be a superposition of the exciton state and the light field.
Such an interpretation would surely be more complete and powerful but also much more
complex. Especially, in cases with a large detuning between the laser and the X/XX-lines
the simple model with a virtual state still provides a good description of the system.
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7 Nonlinear down-conversion in a single quantum dot

7.3 Powerdependence
An aspect of great interest, especially with regard to potential applications, is how the
SDC process scales with the intensity of the control-field, since this greatly influences
the amount of light that can be generated by this process. For this reason an analysis
of the powerdependence was conducted.

In order to derive a fit function the same method as in chapters 6.1.2 and 6.2 can be
applied. Figure 7.8 shows an overview of all states and transitions that need to be
taken into account. The biexciton preparation via phonon-assisted TPE is described by
a constant pump term γpump from the ground state |G⟩ to the biexciton state |B⟩. The
spontaneous decay via the excitons state |X⟩ is described by the transition rates γxx

and γx. Within this model the virtual state |V ⟩ is treated as a regular state with the
population N|V ⟩. The control-laser drives transitions between |B⟩ and |V ⟩. Based on
the theoretical findings of [23] this transition rate is assumed to scale linearly with the
laser power. The SDC emission is described as a spontaneous decay from |V ⟩ to |G⟩
with the transition rate γSDC.

Incoherent 
pump

lX›

lB›

lG›

Spontaneous
decay

P�xx

�x

�pump

P

�SDC

lV›

Stimulated 
down-conversion

Figure 7.8: Levels and optical transitions during SDC experiment The virtual
state |V ⟩ created by the control-laser is treated as a regular state that is coupled to |B⟩
by stimulated emission and absorption scaling linear to the control power. The SDC
emission is modeled as a spontaneous decay from |V ⟩ to |G⟩ with the transition rate
γSDC.

Considering these states and transitions, the following rate equations can be set up,
which all need to be equal to zero in the steady state.
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dN|B⟩
dt

= N|G⟩γpump − N|B⟩γxx − N|B⟩P̃ + N|V ⟩P̃
!= 0 (7.1)

dN|X⟩
dt

= N|B⟩γxx − N|X⟩γx
!= 0 (7.2)

dN|V ⟩
dt

= N|B⟩P̃ − N|V ⟩P̃ − N|V ⟩γSDC
!= 0 (7.3)

dN|G⟩
dt

= N|X⟩γx + N|V ⟩γSDC − N|G⟩γpump
!= 0 (7.4)

Furthermore, the population in all states needs to add up to one.

1 = N|B⟩ + N|X⟩ + N|V ⟩ + N|G⟩ (7.5)

By solving this system of equations the following relation is obtained:

N|V ⟩ = P̃

P̃
(
2 + γSDC

γpump

)
+ γSDC

(
1 + γxx

γx
+ γx

γpump

) (7.6)

The intensity of the SDC emission is directly proportional to the population of |V ⟩
(ISDC(P̃ ) = N|V ⟩γSDC). Figure 7.9 displays a plot of this function. One can observe a
linear behavior at low power, while the emission saturates at high powers.
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Figure 7.9: Powerdependence of SDC - Theory At low power the SDC emission
scales linearly with the control power, while showing saturation towards high power.

In order to use this function for fitting experimental data, several parameters need to be
summarized to avoid overparametrization and possible background needs to be taken in
to account. These operations deliver the following fit function.

ISDC(P ) = Isat
Pnorm

Pnorm + 1 + Ioffset (7.7)
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Here, the strength of the optical driving is expressed in terms of a normalized power,
which is proportional to the measured laser power Pnorm = a · P and to the square of
the Rabi energy Pnorm = b · (ℏΩ0)2.

For testing this theoretical prediction the following experiment was conducted. The QD
is excited by phonon-assisted TPE, with the laser set to a fixed power that saturates
the biexciton population. The control-laser is tuned to an energy above but close to the
XX-line resulting in SDC emission slightly below the X emission energy. This regime
was selected since it shows the strongest SDC emission (see chapter 7.1). Figure 7.10
shows the QD emission under these conditions for varied control power. As expected the
SDC signal increases with the control power. Furthermore all three lines (X+, SDC,
X) experience a shift towards higher energy. This effect might be caused by off-resonant
driving through the control-laser. Due to the restrictions of the experimental setup the
available control power is limited to 3.5 mW.
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Figure 7.10: Powerdependent spectra of the SDC emission Besides increasing
the intensity of the SDC signal, the control-laser induces a shift of all observable emission
lines. The power of the control-laser was limited by the experimental setup to a maximum
of 3.5 mW.[61]

From this data set the SDC intensity can be extracted and plotted vs. the normalized
excitation power (see figure 7.11a). In the regime of low power the data shows a linear
behavior, with very slight indication for a saturation at high power. Figure 7.11b shows
a corresponding simulation covering a much larger parameter range. Here, the satura-
tion is clearly visible.

Both data sets are in very good agreement with the fitting function derived above. It
can therefore be concluded that the assumption of a linear power dependence of the SDC
is correct, further confirming the analytical relation found by Breddermann et al.[23].
The SDC intensity in the experiment was limited by the available excitation power. By
looking at the experimental and theoretical data, both plotted against the normalized
power, it can be estimated that the SDC intensity can be increased by at least a factor of
three by increasing the available laser power or enhancing the coupling strength between
laser and QD (eg. by cavity structures).
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Figure 7.11: Powerdependence of SDC a) Experimental intensity of SDC emission
plotted over normalized power b) Corresponding theoretical data with range of experi-
mental data marked in gray. In both cases, equation 7.7 was used as fit function.[61]

7.4 Single-photon emission
With regard to applications in quantum technologies, especially in quantum commu-
nication, single photon emission is a key feature of quantum dots[47, 100]. The proof
of single photon emission by the SDC process is therefore of great importance. The
logical step to investigate this is an auto-correlation measurement of the SDC emission.
The low count rates obtained in the previous experiments, provide a major challenge
in this regard, since the rate of coincidences scales quadratically with the overall signal
intensity. In order to reduce the impact of this issue, a preparation of the biexciton via
resonant TPE with ps optical pulses was chosen in combination with a cw control-laser.
The pulsed TPE creates a pulsed population in the biexciton state and hence a pulsed
SDC emission. Under these conditions it is generally easier to identify anti-bunching,
which is especially helpful in case of low countrates. The cw control-laser ensures that
the SDC emission is still spectrally sharp, helping to isolate the signal. Furthermore,
superconducting single photon detectors became available for this experiment. They fea-
ture very low dark count rates and are suited for measurements with very weak signals
(see chapter 3.8.2).

For the experiment, the Ti:Sapphire laser is operated in ps mode and tuned to EB/2.
The emission is filtered using a bandpass filter (see chapter 3.2.2) to help with spectrally
filtering the laser. This is of particular importance as this experiment was conducted
using a setup that is not optimized for cross-polarized detection (see chapter 3.4.2). The
λ/2-plates in the setup are however adjusted accordingly to suppress the backscattered
light of this laser. The laser is set to a power that corresponds to a pulse area of π
resulting in an inversion of the QD into the biexciton state |B⟩ (see chapter 6.5). Figure
7.12 shows the resulting spectrum of the biexciton cascade.
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Figure 7.12: Pulsed preparation of biexciton state Two-photon excitation of the
QD with ps optical pulses with a pulse area of 1π. For the correlation measurements
bandpass filters are used to isolate X and XX. (Vbias = 0.58 V)

For testing the capabilities of the detectors and the entire setup, auto-correlation mea-
surements of both emission lines, X and XX, were conducted. Therefore, the correspond-
ing emission line was isolated with a tunable bandpass filter in the detection path (red
and blue curves in figure 7.12). The resulting histograms are displayed in figure 7.13.
Both measurements show a very clear anti-bunching behavior, proving the expected sin-
gle photon emission from the biexciton cascade[111]. In case of the X-emission, not a
single count was recorded in the center. Based on this g(2)(t = 0) < (7.75 ± 0.23)10−4

can be estimated. In case of the XX-emission a few coincidences were detected in the
center peak, delivering g(2)(t = 0) = (5.75 ± 0.12) · 10−3. In this case most likely some
laser light leaked into the detection fiber.

These results clearly show the single photon character of both lines. Even though better
values were reported in literature[93], these values are still reasonably good, especially
considering that no background correction had to be applied. This demonstrates the
capabilities of the SSPDs, making them the ideal tool to measure the weak signal from
the SDC emission.

The good time resolution of the detectors allows determining the lifetimes of both emis-
sion lines from this data set. Figure 7.14 shows a close up of one of the peaks from the
data displayed in figure 7.13. The lifetime can be determined by fitting the peak with a
symmetric exponential decay.

I(t) = I0 exp
(

−|t − t0|
tdecay

)
(7.8)
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Figure 7.13: Auto-correlation measurements of biexciton cascade under
pulsed excitation a) Auto-correlation of X b) Auto-correlation of XX. For these mea-
surements SSPD detectors were used, which offer better time resolution and lower dark
count rates compared to the previously used APDs. (τbin = 0.05 ns)

This function describes the experimental data very well and delivers lifetimes of
tX = 0.489 ± 0.011 ns and tXX = 0.223 ± 0.003 ns. These values show the typical ratio
of tX/tXX ≈ 2. The reason for the shorter lifetime of the XX-line is that the |B⟩-state
has two possible decay channels into the two fine-structure states of |X⟩. The lifetimes
can be translated into a corresponding linewidth using

FWHM = h · 1
tdec

(7.9)

This delivers FWHMX = 8.45 ± 0.19 µeV and FWHMXX = 18.14 ± 0.24 µeV. The
value for X is higher than the linewidth determined from photocurrent measurements
performed on the same QD (FWHMX,P C = 6.6 ± 0.8 µeV, see figure 5.7a). The correla-
tion measurement was performed at approximately Vbias = 0.6 V while the photocurrent
value was measured at Vbias = 0.4 V. The difference therefore cannot be explained by
an increased tunneling rate. It is more likely an result of charging effects. The voltage
dependent photoluminescence measurement of this QD shows a significant signal from
the positive trion (X+) at Vbias = 0.6 V, leading to the conclusion that the QD is most
likely charged with a hole.
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Figure 7.14: Lifetime of X and XX The lifetime of X and XX was determined by
fitting one of the coincidence peaks from figure 7.13 with exponential functions, resulting
in tX = 0.489 ± 0.011 ns and tXX = 0.228 ± 0.003 ns.

After this successful test, the control-laser is activated. Based on the results presented
in chapter 7.2, the best SDC signal can be expected close to the X-line, specifically at
negative detuning. This would however cause a greater challenge with regard to the
straylight suppression of the TPE laser, which is now spectrally broad due to it being
operated in ps-mode. To avoid this the control-laser was tuned to an energy slightly be-
low the XX-line (∆Control-XX = EControl − EXX = −0.255 meV). The resulting emission
spectrum including X and SDC is displayed in figure 7.15. The detuning between X and
SDC is ∆SDC-X = ESDC − EX = 0.469 meV. Based on ∆2

SDC-X = ∆2
Control-XX + ℏ2Ω2

0 a
Rabi energy of ℏΩ0 = 0.393 meV can be concluded. Under these conditions the small
peak can be clearly classified as SDC. Filtering the emission with a combination of a
bandpass filter and a notch filter allows isolating this peak (see red curve in figure 7.15).
The intensity is however very weak and only observable with the spectrometer due to
an increased integration time of 5 s.
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Figure 7.15: SDC emission under pulsed biexciton preparation The detuning
of the control-laser was chosen in order to achieve a reasonably large detuning between
SDC and X to help with the spectral selection of the SDC-line. (Tint = 5 s)

Figure 7.16 shows an auto-correlation measurement of this signal. Due to the low count
rate both the size of the time bins and the integration time had to be increased in com-
parison to the previous measurements on the X- and XX-emission. The measurement
shows the expected pulsed SDC emission caused by the pulsed biexciton preparation.
The center peak at a time delay of zero is missing, indicating single photon emission from
this process. Aside from the weak general background which is a result of the extremely
long integration time, there is no signal observable at zero time delay. Since the average
peak size of the peaks is 10.5 and assuming that the number of counts in the center peak
is < 1, one can estimate g(2)(t = 0) < 0.1. This is however a very conservative estimate
and could be greatly improved by an increased count rate.
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Figure 7.16: Auto-correlation measurement of the SDC emission The histogram
shows clear anti-bunching. The counts present at τ = 0 can be attributed to dark counts
of the detectors. τbin = 0.5 ns, tint = 118 h[61]
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7 Nonlinear down-conversion in a single quantum dot

7.5 Polarization control
As briefly discussed above, the nonlinear down-conversion provides a mechanism to tai-
lor the polarization of the emitted SDC-photons by manipulating the polarization of
the control-laser. This method is based on the selection rules for two-photon processes.
Since both |B⟩ and |G⟩ have a total angular momentum of of J|B⟩ = J|G⟩ = 0, the spin
carried by the two photons involved in the process needs to add up to zero. This condi-
tion is a direct result of the conservation of angular momentum and must be fulfilled by
all three processes depicted in figure 7.17. While the polarization of the sequential decay

Figure 7.17: Scheme for polarization control Since both |B⟩ and |G⟩ have a total
angular momentum of jz,|B⟩ = jz,|G⟩ = 0 the polarization of the SDC photon can be fully
defined by the polarization of the control-laser.[61]

is determined by the nature of the intermediate state, here |X⟩, the polarization of the
two-photon absorption can be chosen more freely, as long as the conservation of angular
momentum is ensured. This means that the polarization of one photon determines the
necessary polarization of the other one. This behavior occurs in a completely analogous
manner during SDC emission. Here, the control-laser stimulates the emission of a pho-
ton with equal polarization, which in turn defines the polarization of the SDC-emission.

Circularly polarized photons are associated with a spin of ±1:

jz,|R⟩ = +1 jz,|L⟩ = −1 (7.10)

This means that for a right hand circular polarized control-laser the SDC emission
must be left hand circular polarized to ensure the conservation of angular momentum
and vice versa. Linear polarization can be expressed as a superposition of two circular
components, while the phase between these two components determines the orientation.

|H⟩ = 1√
2

(|R⟩ + |L⟩) |V ⟩ = 1√
2

(|R⟩ − |L⟩) (7.11)

In case of perpendicular polarization, e.g. |H⟩ and |V ⟩, one circular component would be
canceled out due to this phase shift. Therefore, the conservation of angular momentum
cannot be fulfilled. This means that in case of a linearly polarized control-laser, the
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7 Nonlinear down-conversion in a single quantum dot

SDC-emission has the same linear polarization. Table 7.3 summarizes these rules.

Circular Linear
Control SDC Control SDC

|H⟩ |H⟩

|R⟩ |L⟩ |V ⟩ |V ⟩

|L⟩ |R⟩ |D⟩ |D⟩

|A⟩ |A⟩

Table 7.3: Optical selection rules for SDC emission A circularly polarized control-
laser creates an opposite circular polarization of the SDC. A linearly polarized control-
laser creates SDC photons of equal linear polarization.

The concept can be generalized to arbitrary elliptical polarization. When visualizing the
special cases of linear and circular polarization as Stokes vectors on the Poincaré-sphere,
it is apparent that the vector of the control-laser must be mirrored on the equatorial
plane to obtain the Stokes-vector of the SDC emission. This operation can be extended
to arbitrary elliptical polarization. An example is visualized in figure 7.18 .

Figure 7.18: Visulalization of the SDC selection rules The selection rules of the
SDC emission can be visualized on the Poincaré sphere for arbitrary polarization by
mirroring the Stokes vector of the control-laser (red) on the equatorial plane of the
sphere. This operation gives the Stokes vector of the SDC photons (green).
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7 Nonlinear down-conversion in a single quantum dot

Mathematically this operation can be expressed by inverting the sign of the ellipticity
χ, while the azimuth Ψ stays constant.

ΨSDC = ΨControl χSDC = −χControl (7.12)

In terms of Stokes-vectors, this means that the sign of the s3 parameter is inverted, while
all other parameters are not affected.

s0,SDC = s0,Control (7.13)
s1,SDC = s1,Control (7.14)
s2,SDC = s2,Control (7.15)
s3,SDC = −s3,Control (7.16)

This operation can furthermore be expressed by a Müller matrix.

MSDC =


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 −1

 (7.17)

For testing the validity of these rules a series of measurements with systematic variation
of the control polarization and polarization sensitive detection was conducted. For these
experiments, the setup used for the previous experiments needed to be modified. This
was necessary, since the polarization suppression restricts both lasers to a fixed polar-
ization. The modified setup is discussed in detail in chapter 3.4.2.

After the control-laser is coupled out of the polarization maintaining fiber it is roughly
s-polarized (horizontal). After cleaning the polarization with a polarizer, this forms the
basis for the following experiment. The control polarization is then manipulated by a
waveplate (Control). In case of a λ/2-plate, all linear polarizations, which are located
on the equator of the Poincaré-sphere, are accessible (see figure 2.16a). Half a rotation
of λ/2-plate leads to a full rotation of the polarization. It is therefore sufficient to scan
a range of 180° to realize a full sweep over all possible linear polarizations. In the other
case, the λ/4-plate, the achievable polarizations are located on an eight-shaped trajec-
tory, centered around the input polarization, which is in this case horizontal (see figure
2.16b). For anlges of 45° and 135° the λ/4-plate generates circular polarization. Again,
a rotation of 180° is sufficient to scan all points of this trajectory. With these two cases it
is therefore possible to test a significant sub sample of the Pointcaré-sphere with regard
to the selection rules of the SDC. For analyzing the polarization of the SDC-emission and
the backscattered laser light, the second waveplate (Analyzer), which is of equal type
as the control waveplate, is rotated. Since it is positioned in front of another horizontal
polarizer (s-pol.), this allows for a polarization sensitive detection.
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7 Nonlinear down-conversion in a single quantum dot

Figure 7.19: Visualization of the effect of waveplates on horizontally polarized
light a) The half waveplate gives access to arbitrary linear polarization. b) The quarter
waveplate moves the Stokes vector on an eight-shaped path to both poles of the sphere.

During the following experiments, performed on QD8, the control-laser was tuned to an
energy slightly above the undisturbed XX-line, resulting in an SDC emission 0.386 meV
below the X-emission (see figure 7.20). As discussed above this is the regime with the
highest efficiency of the SDC-process.
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Figure 7.20: Emission spectrum for polarization control For the experiments on
polarization control, the energy of the control-laser was selected accordingly to achieve
an SDC emission between the X- and X+-lines. This is the regime with the strongest
SDC-emission and allows a clear distinction between the three emission lines of X, X+

and SDC.

114



7 Nonlinear down-conversion in a single quantum dot

Figure 7.21a shows the intensity of the SDC-emission in dependence of the angles of
the two λ/2-plates acting as Control and Analyzer. Figure 7.21b shows a corresponding
measurement for the intensity of the backscattered laser light. Please note that for the
backscattered laser it is important to record the intensity of an unfocused laser beam.
Here, a mirror was placed in front of the vacuum window of the low temperature micro-
scope to ensure this. This is necessary, since strong focusing will lead to cross-polarized
components in the focal plane, which are in turn also backscattered and detected. The
resulting measurement would therefore be distorted. This does however not affect the
results for the SDC, since the cross-polarized components have a clover leaf shaped in-
tensity distribution with no intensity in the center. The QD which is much smaller
(several 10 nm) than the laser focus (∼ 1 µm) sees the pure laser polarization, since the
adjustment of the whole setup ensures that the QD is positioned in the center of the focus.
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Figure 7.21: Polarization control for linear polarization Experimental data for a)
intensity of SDC line and b) reflected laser power and corresponding calculations (c) and
(d) for rotation of both half waveplates. The experimental data shows good agreement
with the theoretically predicted pattern of diagonal stripes.[61]
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Both measurements show a pattern featuring diagonal stripes. Especially for the backscat-
tered laser, this pattern can be intuitively explained. If both waveplates are at an angle
of 0° both of them do not change the horizontal input polarization, since it is aligned
to the fast axis of both waveplates. The light can therefore pass through the horizontal
polarizer in the detection path. When the control waveplate is rotated by a certain
angle, the Analyzer waveplate needs to be rotated by the same angle in order to align
the the laser with the polarizer. Hence, the diagonal stripes emerge. The fact that the
SDC emission shows exactly the same pattern as the control-laser demonstrates that the
polarization of the SDC emission nicely follows the polarization of the control-field. The
SDC emission furthermore shows no indication for an influence of the fine-structure split-
ting on the emitted polarization. (A polarization dependent photocurrent measurement
of the X-transition in this QD is displayed in figure 5.7.) The data does however show
a certain drop of the overall intensity visible towards higher control angles. This can
be attributed to a drift in the optomechanical system, most likely the piezo positioners,
during the measuring time of 11 h.

These experimental results can be supplemented by a theoretical model based of the
Müller calculus (see chapter 2.7.2). Here, a series of matrices representing the effect of
the waveplates Mλ/x (λ/2 or λ/4), the polarizer in the detection path MHP ol and the
SDC process MSDC is multiplied to the stokes vector of the horizontal input polarization
SH .

Sout,SDC = MHP ol · Mλ/x(θ2) · MSDC · Mλ/x(θ1) · Sin (7.18)
Sout,Laser = MHP ol · Mλ/x(θ2) · Mλ/x(θ1) · Sin (7.19)

The intensity of both the SDC and the laser can then be obtained from the s0 parameter
of the resulting output Stokes vectors Sout,SDC and Sout,Laser. The source code for the
implementation of this model in Mathematica can be found in the appendix.

For the case of λ/2-plates as Control and Analyzer, this model delivers the same pattern
of diagonal stripes as the experimental data (see figure 7.21c and d) It can therefore be
concluded that the matrix derived for the SDC process MSDC well-describes the case of
linear polarization. This is however the more trivial case since the matrix only affects
the parameter s3 which is zero per definition for linear polarization. This model is how-
ever of great importance for the following measurements with λ/4-plates and circular
polarization.

The previous measurements showed that the polarization control works for linear po-
larization. To investigate the case of circular polarization, a set of analogous measure-
ments and calculations was conducted using λ/4-plates as Control and Analyzer (see
figure 7.22). This data reveals a more complex pattern than the experiments with lin-
ear polarization. Nevertheless, it can provide an intuitive insight, when looking at the
critical points of the pattern. These are located at waveplate angles, where the control
waveplate generates circular polarization and the Analyzer waveplates projects circular
polarization into the H-V-basis. This is the case at waveplate angles of 45° and 135°,
defining four points of interest:

(45°| 45°) (45°|135°) (135°|45°) (135°|135°)
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7 Nonlinear down-conversion in a single quantum dot

At these points both the SDC and the laser intensity show either a maximum or a
minimum. These extrema are furthermore always opposing each other, leading to the
conclusion that SDC and laser have opposite circular polarization in these points. This
is exactly the prediction derived from the conservation of angular momentum. Again,
this data set shows a very good agreement with the theoretical model.
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Figure 7.22: Polarization control for circular polarization Experimental data for
a) intensity of SDC line and b) reflected laser power and corresponding calculations (c)
and (d) for rotation of both quarter waveplates. The data shows counteracting behavior
in the critical points and overall good agreement between theory and experiment.[61]

7.5.1 Polarization of the exciton
After the fundamental demonstration of polarization control, a few additional aspects
can be investigated. One of these is the behavior of the X-line during these experiments
(see figure 7.23). For both linear and circular polarization the intensity of the X-line is
also influenced by the control laser and shows a counteracting behavior to the intensity
of the SDC emission.

In case of linear polarization the same stripe pattern like for the SDC emission is ob-
served, but it is shifted by 45◦. This means that the X-line shows a maximum, whenever
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the SDC emission shows a minimum and vice versa. Even though this pattern is not as
pronounced as for the SDC peak it is nevertheless significant. At control angles of 45◦

and 135◦ the intensity of the X emission is significantly increased. Under this condition
both lasers, Control and TPE, are parallel polarized, which might indicate a nonlin-
ear interaction between the two laser fields. A connection with the orientation of the
fine structure splitting can be excluded, since here a periodicity of 45◦ would be expected.

For circular polarization a further interesting feature can be observed. The maxima at
45◦|135◦ and 135◦|45◦ suggest that the X-line is in fact emitting circularly polarized
light, which is opposite to the circular polarization of the SDC photons. This is es-
pecially remarkable as an exciton with a fine-structure splitting usually does not emit
circularly polarized light.

A similar behavior was described for a fixed polarization by [62, 4], when studying
dressed states. There it is claimed that the driving laser field imprints its polarization
basis onto the QD.
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Figure 7.23: Polarization of the X-emission Intensity of the exciton line during po-
larization control of the SDC emission for a) linear polarization and b) circular polariza-
tion. The polarization of the exciton emission is partially influenced by the polarization
of the control-laser and shows an opposite behavior as compared to the SDC emission.

7.5.2 Down-conversion in proximity of the biexciton
The results presented above were all obtained in a configuration where the SDC oc-
curs close to the X-line. The SDC process however, does also work in proximity of the
XX-line, even though this configuration has a lower efficiency (see chapter 7.1). Figure
7.24 shows the result of a polarization control experiment with the SDC occurring at
ESDC − EXX = 0.445 meV. For both linear (a) and circular (b) polarization the same
patterns as in the previous measurements are observed. The overall intensity of the
SDC however shows a much stronger dependence on the angle of the control waveplate.
In case of linear polarization a variation of the SDC intensity along the diagonals is
observed. Maxima occur at control angles of approximately 45◦ and 135◦, where the
control-laser is V-polarized (p-polarization in the frame of the beamsplitters on the mi-
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7 Nonlinear down-conversion in a single quantum dot

croscope head) and therefore parallel to the TPE-laser. For the circular polarization an
increased SDC emission is observed for a waveplate angle of 45◦, which corresponds to
circular polarization, while there is no such enhancement observable at an angle of 135◦.
Furthermore, the XX-line shows the same opposite behavior as observed in the previous
case, even though it is less pronounced (see figure 7.24c and d).

These measurements look in general less clean as the case, where the SDC occurs close
to the X-line. Based on the available data the mechanism behind this cannot be fully
uncovered. Accordingly, this might be a subject for further research.

0 45 90 135 180
0

45

90

135

180

l
/4

 A
n
a
ly

z
e
r 

(°
)

l/4 Control (°)

250

275

300

325

350

375

400

425

450

Counts

0 45 90 135 180
0

45

90

135

180

l
/4

 A
n
a
ly

z
e
r 

(°
)

l/4 Control (°)

250

500

750

1000

1250

1500

1750

2000

2250

2500

Counts

0 45 90 135 180
0

45

90

135

180

l
/2

 A
n
a
ly

z
e
r 

(°
)

l/2 Control (°)

250

300

350

400

450

500

550

600

Counts

0 45 90 135 180
0

45

90

135

180

l
/2

 A
n
a
ly

z
e
r 

(°
)

l/2 Control (°)

250

600

950

1300

1650

2000

2350

2700

Counts

a) b)

c) d)

Linear polarization Circular polarization

S
D

C
X

X

Figure 7.24: Polarization control with control-laser close to X-line Intensity
of SDC for a) linear and b) circular polarization and intensity of XX for c) linear and
d) circular polarization. The data generally shows the same behavior as before but the
overall intensity is influenced by the polarization of the control-laser.

7.6 Single-laser down-conversion
The previous experiments on nonlinear down-conversion were always carried out with
separate lasers for TPE and Control. This allowed completely independent tuning of
the virtual state for the SDC emission. The TPE laser itself does also create a virtual
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7 Nonlinear down-conversion in a single quantum dot

state that acts as an intermediate state of the two-photon absorption. This state can in
turn also act as the virtual state for the down-conversion (see figure 7.25).
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Figure 7.25: Energy levels during single laser SDC experiment The virtual level
created by the two-photon process serves as the virtual level for the SDC process.

All previously presented experiments on TPE were carried out using the setup with
cross-polarized detection for straylight suppression. Therefore, no SDC emission was
observable during these experiments, since laser and SDC have the same linear polar-
ization. Figure 7.26 shows two experiments carried out with the setup with variable
polarization, one with cross-polarized and one with parallel detection.
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Figure 7.26: SDC emission induced by a single laser Voltage-dependent spectra
of QD5 under phonon-assisted TPE with a) cross-polarized detection and b) parallel
polarized detection. The parallel detection scheme allows the observation of an additional
emission that is identified as SDC

The cross-polarized measurement shows the typical features discussed in chapter 6.2.
In the parallel-polarized measurement the laser is less suppressed and some background
emission leaks into the spectrum. Furthermore, the emission from the dressed XX is
more pronounced and visible over a larger detuning range. The most interesting differ-
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7 Nonlinear down-conversion in a single quantum dot

ence however is the appearance of a completely new emission observable on a diagonal
between X and XX. This is the SDC emission via the virtual state induced by the TPE
laser. The data shows that this process works for larger detunings relative to X or XX
than for the case where two lasers are used. In this measurement a detuning up to 1 meV
is observable. This might be a result of the better adjustment that is achievable when
working with a single laser.

If this process can be classified as SDC it must obey to the selection rules of this process.
In order to test this, analogous measurements to those presented in chapter 7.5 were car-
ried out. Figure 7.27a shows the results obtained with λ/2-plates acting as Control and
Analyzer. The SDC intensity shows the same pattern of diagonal stripes that is expected
from theory for this configuration (see 7.21c). Therefore, it can be concluded that the
selection rules hold for linear polarization and that polarization control is possible in
this case.
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Figure 7.27: Polarization control with single laser SDC SDC intensity for a)
linear (QD8 ) and b) circular polarization (QD5 ). The polarization control works well
for linear polarization but an SDC emission with circular polarization is not possible as
the circularly polarized laser cannot excite the biexciton state.

The overall intensity does however show a clear influence of the orientation of the laser
polarization with maxima every 45◦ in the waveplate angle. This corresponds to the
90◦ period in the angle of the linear polarization. Therefore, it is intuitive to consider
an influence of the fine-structure splitting of the QD. A comparison with a polarization
dependent photocurrent measurement performed on this QD (see figure 5.7b) shows that
the maxima in the SDC emission occur when the laser polarization is at an angle of ±45◦

relative to the orientation of the FSS-axes. This behavior was not observed in the exper-
iments with separate TPE- and control-lasers and suggests that the intensity variation
of the SDC is a consequence of a variation in the biexciton population and not an inher-
ent property of th SDC process. Reasons for this might be a polarization dependence
of the phonon-assisted TPE or the transmission ratios of the beamsplitters and other
optics. Based on the available data this question cannon be completely resolved. Nev-
ertheless, the linear polarization of the emitted photons can be controlled by this process.
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7 Nonlinear down-conversion in a single quantum dot

Figure 7.27b shows an equivalent experiment performed with λ/4-plates as Control and
Analyzer. The displayed data shows a significant deviation from the theoretical ex-
pectation (see figure 7.22d). At control angles of ∼ 45◦ and ∼ 130◦ there is no SDC
emission observable, independent of the Analyzer position. In these two cases, the laser
is circularly polarized. Since the phonon-assisted TPE obeys the same selections rules
as the resonant TPE, the preparation of the biexciton state cannot happen under these
conditions. When neglecting this feature, the SDC intensity does show a good match
with the theoretical prediction. It can therefore be concluded that the selection rules
hold for circular polarization, but since the biexciton state cannot be excited by a single
circularly polarized laser this case it not suited for applications.

In conclusion the single laser SDC provides a rather simple way to realize an SDC
process. As a result of the excitation scheme the emission is only possible between the
X- and XX-line, but a larger detuning from these is possible, compared to a two-laser
experiment. This might be a result of the inherent perfect overlap of TPE- and control-
field. The maximum intensity is generally smaller then in the two-laser experiments since
the virtual state cannot be brought arbitrarily close to the exciton state. Experiments
on the polarization control show that the linear polarization of the SDC emission can be
nicely controlled, while circular polarization suffers from a problem with the biexciton
preparation.

7.7 Conclusion
The first subject in this chapter was the experimental demonstration of nonlinear down-
conversion in a single quantum dot. This was achieved by employing the setup and
the knowledge presented in the previous chapters. Finally, the SDC emission could be
identified by means of its unique Stark-shift fingerprint and an excellent agreement with
theoretical data.

In the following, the study of the process was extended to several more detailed aspects.
An analysis of the anti-crossing between SDC and (bi)exciton showed the close relation
of the down-conversion process to the concept of dressed states. It was experimentally
confirmed that the intensity of the SDC emission scales linearly with the control power,
as theoretically predicted in literature. Furthermore, single photon emission by SDC
was proven.

The next important subject was the polarization control of the photons emitted by the
down-conversion. This control was demonstrated for the important cases of linear and
circular polarization. The good agreement of these experimental results with a theo-
retical model supports that the concept can be extended to arbitrary polarization.

Finally, a special case, in which the laser that is used for exciting the biexciton state,
simultaneously acts as the control-laser and induces an SDC emission, was briefly inves-
tigated.
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8 Summary

The aim of this work was the investigation of a nonlinear down-conversion process in
single quantum dots that allows to manipulate the quantum dot emission by means of
a control laser field. The quantum dot is first prepared in the biexciton state. Then the
non-resonant control laser field creates a virtual state, opening up an additional decay
channel for the population in the biexciton state. The properties of the photons emitted
via this channel are fully defined by the nature of the control laser. This process had
already been studied by theoretical methods, but experimental studies had not yet been
conducted, expect from several studies on a related process in a Λ-system in quantum
dot molecules.

In order to study this process from an experimental point of view, the necessary spec-
troscopic techniques had to be implemented. Especially an effective suppression of back-
scattered laser light turned out to be crucial. First, a state of the art cross-polarized
detection scheme was implemented and later complemented with high-resolution spectral
filtering. For this technique especially the side-band emission of the lasers themselves,
as well as the one induced by the optical fibers needed to be overcome. Finally, a setup
was developed that allows experiments with arbitrary polarization.

Furthermore, the intensity of the quantum dot signal needed to be increased to be able
to observe the down-conversion process. Ultimately an approach using solid immersion
lenses proved successful in this regard and was used during the experiments presented in
this work. To make use of the advantages provided by embedding the quantum dots in
a diode structure in combination with the increased collection efficiency provided by the
lens, a new design for pin-diodes with an area large enough to place a solid immersion
lens was developed (Diode: 550 × 700 µm, SIL: 500 µm). These proved functional, even
though they showed to be more susceptible to defects in the semiconductor material,
which was manifested in a larger variation of the onset voltage under forward bias. The
diodes were however perfectly capable of housing the lenses. With the sample used in
this work, a signal enhancement by a factor of 2.9 could be achieved.

Since the desired down-conversion process requires the quantum dot to be in the biex-
citon state, a thorough study of it’s excitation was conducted. During strong driving,
which is required to achieve a saturated population with a continuous wave laser, several
interesting features were observed. A phonon-assisted two-photon excitation of the biex-
citon was studied. This process enables a selective excitation of the biexciton state, while
being robust against a detuning of the system. Therefore, this process was ultimately
chosen for the state preparation during the following measurements. The strong laser
fields induced strong dressing of the biexciton-exciton-system leading to splittings of the
emission lines. Finally, an unexpected emission from the positive trion was observed.
Through a combination of a voltage dependent study of the emission and correlation
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measurements, the trion emission could be traced to back to a fast switching between a
neutral and a charged configuration in the quantum dot.

With these building blocks in place the nonlinear down-conversion could finally be stud-
ied. The emission was identified by it’s unique Stark-shift fingerprint and comparison
with corresponding theoretical data. During these experiments, the emission of the
down-conversion process showed an anti-crossing with the exciton and biexciton emis-
sion lines, which is a result of state dressing by the control-laser. Further investigation
of the process supported this interpretation, as it showed the same characteristics as
observed during the dressing of the system under resonant two-photon excitation. Ad-
ditionally, the single photon character of the SDC emission could be demonstrated.

Following this first study, further experiments were conducted to test the expected mech-
anism for controlling the polarization of the emitted photons. For this experiment the
spectroscopic setup had to be redesigned. To gain the freedom of using an arbitrary po-
larization of the control laser, the setup had to rely completely on spectral filtering for
straylight suppression. Using this modified setup polarization control was successfully
shown for both linear and circular polarization. The results are in very good agreement
with a theoretical model, based on the generalized selection rules for the process. The
experimental results therefore provide a strong evidence that the polarization control
works for arbitrary polarization, even though just a sub-sample of the entire Pointcaré-
sphere was tested.

Finally, experiments were conducted where the two-photon excitation laser simultane-
ously acts as control-laser. It was found that SDC with polarization control works well
for linear polarization, while the process is not applicable for circular polarization since
the two-photon excitation requires linear polarization to create a population in the biex-
citon state.
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Outlook

The experiments conducted in the scope of this work generally show a rather low inten-
sity of the down-conversion signal. This is on the one side an inherent property of the
process itself since it competes with the regular biexciton cascade and on the other side
a consequence of the limited collection efficiency of the setup. Both issues could be ad-
dressed simultaneously by embedding the quantum dot into a photonic cavity structure
that provides a high Purcell factor. In order to preserve the mechanism for polarization
control, a cavity design with polarization degenerate modes is necessary. A possible
candidate would be micropillar cavities with a perfectly round shape. Such a system
could potentially provide a strong increase of the efficiency of the process. Theoretical
work suggests an efficiency of up to 80% under optimized conditions[23].

In such an optimized scenario, pulsed lasers would be used for both state preparation
and control. This would further give the opportunity of shaping the emission temporally
and spectrally by shaping the control pulse. Experiments like these have already been
demonstrated in Λ-systems in quantum dot molecules[103]. During such an experiment
the emission would become spectrally broader, posing a larger challenge on the spectral
filtering. In this case, cavity structures would be helpful by allowing a larger spectral
separation between the SDC emission and other lines of the QD.
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9 Appendix

Voltage-dependent photoluminescence of QD8
Figure 9.1 shows a voltage dependent photoluminescence measurement performed on
QD8. Here again, the X+ is the strongest emission line emitting roughly 1 meV below
X. The emission from X2+ is less pronounced than in QD2. Overall, this quantum dot
shows very similar characteristics compared to QD2.
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Figure 9.1: Voltage-dependent photoluminescence measurement of QD8 This
quantum dot shows a very similar behavior to QD2. (PLaser = 1 µW)
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SIL test on intrinsic sample
Before fabricating diodes large enough to house a SIL, a preliminary test was performed
using an undoped sample. One SIL was placed onto a small drop of vacuum grease, in
order to determine, if the grease increases the adhesion between the SIL and the GaAs
surface, which it did. A second SIL was placed directly on the surface to provide a
reference (see figure 9.2a). The sample was then cooled to 4 K and PL spectra were
recorded for several dots on the bare surface and both SILs (see figure 9.2b-c). For each
dot the power was adjusted to maximize the emission (see chapter 4.8). In both cases,
the QD signal is significantly increased in comparison to the bare surface. With grease
underneath the SIL an enhancement factor of βGrease = 3.75 ± 1.48 was achieved and
without the grease this value is βnoGrease = 4.05 ± 1.39. The two values are very similar,
suggesting that the effect of the grease is at least very limited.

1320 1325 1330 1335 1340
0

2k

4k

6k

8k

10k

12k
In

te
n

si
ty

 (
C

o
u

n
ts

)

Energy (meV)

 QD1
 QD2
 QD3

1325 1330 1335 1340 1345 1350
0

2k

4k

6k

8k

10k

12k

In
te

n
si

ty
 (

C
o

u
n

ts
)

Energy (meV)

 QD7
 QD8
 QD9

1325 1330 1335 1340 1345 1350 1355
0

2k

4k

6k

8k

10k

12k

In
te

n
si

ty
 (

C
o

u
n

ts
)

Energy (meV)

 QD4
 QD5
 QD6

a) b)

c) d)

Bare surface

SIL with grease SIL without grease

SIL without 
grease

SIL with 
grease

I  = 2204 ± 218av

I  = 8273 ± 3162av I  = 8923 ± 2931av

Figure 9.2: SIL test on undoped sample a) Microscopic image of the sample with
two SILs applied to surface, one with and one without grease. PL spectra of QDs under
b) the bare surface c) a SIL without grease and d) a SIL with grease. The SILs show a
significant enhancement of the signal intensity.
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Geometrical considerations with a Weiertraß-SIL
This section contains several geometrical considerations concerning solid immersion
lenses in Weierstraß geometry.

Path of an arbitrary beam
Figure 9.3 shows the path of an arbitrary light beam emitted by a QD. For the calcula-
tions presented in chapter 4.1 a relation between the angles ϑGaAs and γ is needed. For
deriving such an expression, the refraction at the GaAs-SIL interface and the SIL-Air
interface need to be considered. Furthermore an equation connecting the angles ϑSIL

and β needs to be derived.

r/nSIL

r

γ

β

ϑAir

ϑGaAs

x

ϑSIL

Figure 9.3: Path of an arbitrary beam through the SIL A beam emitted by a QD
under the angle ϑGaAs experiences refraction at the GaAs-SIL and the SIL-Air interface.
For calculating the angle β, two right-angled triangles are constructed inside the SIL.

For connecting ϑSIL and β two triangles can be constructed, which both contain the line
X. These deliver the following expressions.

sin ϑSIL = x

r/nSIL
sin β = x

r
(9.1)

Combining these equations leads to

sin β = 1
nSIL

sin ϑSIL (9.2)

Considering the refraction at the GaAs-SIL interface provides the following equation.

nGaAs sin ϑGaAs = nSIL sin ϑSIL (9.3)

sin ϑSIL = nGaAs

nSIL
sin ϑGaAs (9.4)

Combining equations 9.2 and 9.4 delivers

sin β = nGaAs

n2
SIL

sin ϑGaAs (9.5)
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Now, one can consider refraction at the surface of the SIL.

nAir sin ϑAir = nSIL sin β (9.6)

sin ϑAir = nSIL

nAir
sin β (9.7)

Combining this expression with 9.5 finally delivers the desired relation between ϑGaAs

and ϑAir.

sin ϑAir = nGaAs

nSILnAir
sin ϑGaAs (9.8)

ϑAir = arcsin
(

nGaAs

nSILnAir
sin ϑGaAs

)
(9.9)

Focal shift induced by the SIL
The focal shift induced by the lens can be determined by looking at the path of the ray
that is emitted by a quantum dot located in the center of the lens under the critical
angle ϑCrit (see figure 9.4).
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Figure 9.4: Focal shift induced by the SIL For determining the focal shift ∆f , a
beam leaving the SIL under the maximum emission angle γmax needs to be considered.

First the length d can be determined by considering the smaller triangle constructed
inside the lens.

r2 = ( r

nSIL
)2 + d2 (9.10)

⇔ d = r

√
1 − 1

n2
SIL

(9.11)
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Furthermore, it is necessary to determine the angle α. The height of a Weierstraß SIL
is chosen in a way that a ray running parallel to the sample surface reaches the SIL-Air
interface under the critical angle. As a result this ray runs tangential to the surface of
the lens after being refracted at the interface. This defines the maximum emission angle
of the SIL γmax, which is for geometrical reasons equal to α. Hence, the angle α can be
calculated from the radius r and cut-off height r

nSIL
of the lens.

sin α =
r

nSIL

r
= 1

nSIL
(9.12)

⇔ α = arcsin 1
nSIL

(9.13)

With α and d known, one can now calculate the focal shift ∆f .

d

∆f
= tan α (9.14)

⇔ ∆f = d

tan α
=

r
√

1 − 1
n2

SIL

tan
(
arcsin

(
1

nSIL

)) (9.15)
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Model for Polarization control
The theoretical model for the polarization control was implemented in ”Mathematica“.
The following code contains an example for calculating the polarization map of the SDC,
when quarter-wave plates are used in the setup.
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7.20 Emission spectrum for polarization control . . . . . . . . . . . . . . . . . . 114
7.21 Polarization control for linear polarization . . . . . . . . . . . . . . . . . . 115
7.22 Polarization control for circular polarization . . . . . . . . . . . . . . . . . 117
7.23 Polarization of the exciton emission . . . . . . . . . . . . . . . . . . . . . . 118
7.24 Polarization control with control-laser close to X-line . . . . . . . . . . . . 119
7.25 Energy levels during single laser SDC experiment . . . . . . . . . . . . . . 120
7.26 SDC emission induced by a single laser . . . . . . . . . . . . . . . . . . . . 120
7.27 Polarization control with single laser SDC . . . . . . . . . . . . . . . . . . 121

9.1 Voltage-dependent photoluminescence measurement of QD8 . . . . . . . . 127
9.2 SIL test on undoped sample . . . . . . . . . . . . . . . . . . . . . . . . . . 128
9.3 Path of an arbitrary beam through the SIL . . . . . . . . . . . . . . . . . 129
9.4 Focal shift induced by the SIL . . . . . . . . . . . . . . . . . . . . . . . . . 130

135



List of Tables

2.1 List of Stokes vectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2 Müller matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.1 Gratings of the double monochromator . . . . . . . . . . . . . . . . . . . . 37
3.2 Specifications of single photon detectors . . . . . . . . . . . . . . . . . . . 40

4.1 Comparison of collection efficiencies . . . . . . . . . . . . . . . . . . . . . 49
4.2 Capacitance of the diodes . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.3 Experimentally achieved signal enhancement . . . . . . . . . . . . . . . . 60

7.1 Rabi energy of the control-laser . . . . . . . . . . . . . . . . . . . . . . . . 100
7.2 SDC Detuning FWHM of Lorentzian fits . . . . . . . . . . . . . . . . . . . 102
7.3 Optical selection rules for SDC emission . . . . . . . . . . . . . . . . . . . 112

136



Bibliography
[1] Abudayyeh, Hamza ; Lubotzky, Boaz ; Blake, Anastasia ; Wang, Jun ; Ma-

jumder, Somak ; Hu, Zhongjian ; Kim, Younghee ; Htoon, Han ; Bose, Riya
; Malko, Anton V. ; Hollingsworth, Jennifer A. ; Rapaport, Ronen: Single
photon sources with near unity collection efficiencies by deterministic placement
of quantum dots in nanoantennas. In: APL Photonics 6 (2021), Nr. 3, S. 036109.
http://dx.doi.org/10.1063/5.0034863. – DOI 10.1063/5.0034863

[2] Allen, Leslie ; Eberly, Joseph H.: Interscience monographs and texts in physics
and astronomy. Bd. 28: Optical resonance and two-level atoms. New York, NY :
Wiley, 1975. – ISBN 0–471–02327–2

[3] Arakawa, Yasuhiko ; Holmes, Mark J.: Progress in quantum-dot single photon
sources for quantum information technologies: A broad spectrum overview. In:
Applied Physics Reviews 7 (2020), Nr. 2, S. 021309. http://dx.doi.org/10.
1063/5.0010193. – DOI 10.1063/5.0010193

[4] Ardelt, P.-L. ; Koller, M. ; Simmet, T. ; Hanschke, L. ; Bechtold, A. ;
Regler, A. ; Wierzbowski, J. ; Riedl, H. ; Finley, J. J. ; Müller, K.: Optical
control of nonlinearly dressed states in an individual quantum dot. In: Physical
Review B 93 (2016), Nr. 16. http://dx.doi.org/10.1103/PhysRevB.93.165305.
– DOI 10.1103/PhysRevB.93.165305. – ISSN 1098–0121

[5] Ardelt, Per-Lennart ; Hanschke, Lukas ; Fischer, Kevin A. ; Müller, Kai
; Kleinkauf, Alexander ; Koller, Manuel ; Bechtold, Alexander ; Simmet,
Tobias ; Wierzbowski, Jakob ; Riedl, Hubert ; Abstreiter, Gerhard ; Fin-
ley, Jonathan J.: Dissipative preparation of the exciton and biexciton in self-
assembled quantum dots on picosecond time scales. In: Physical Review B 90
(2014), Nr. 24, S. 1065. http://dx.doi.org/10.1103/PhysRevB.90.241404. –
DOI 10.1103/PhysRevB.90.241404. – ISSN 1098–0121

[6] Arute, Frank ; Arya, Kunal ; Babbush, Ryan ; et al.: Quantum supremacy
using a programmable superconducting processor. In: Nature 574 (2019), Nr.
7779, S. 505–510. http://dx.doi.org/10.1038/s41586-019-1666-5. – DOI
10.1038/s41586–019–1666–5. – ISSN 0028–0836

[7] Autler, S. H. ; Townes, C. H.: Stark Effect in Rapidly Varying Fields. In:
Physical Review 100 (1955), Nr. 2, S. 703–722. http://dx.doi.org/10.1103/
PhysRev.100.703. – DOI 10.1103/PhysRev.100.703. – ISSN 0031–899X

[8] Babinec, Thomas M. ; Hausmann, Birgit J. M. ; Khan, Mughees ; Zhang,
Yinan ; Maze, Jeronimo R. ; Hemmer, Philip R. ; Loncar, Marko: A diamond
nanowire single-photon source. In: Nature nanotechnology 5 (2010), Nr. 3, S. 195–
199. http://dx.doi.org/10.1038/nnano.2010.6. – DOI 10.1038/nnano.2010.6.
– ISSN 1748–3395

137

http://dx.doi.org/10.1063/5.0034863
http://dx.doi.org/10.1063/5.0010193
http://dx.doi.org/10.1063/5.0010193
http://dx.doi.org/10.1103/PhysRevB.93.165305
http://dx.doi.org/10.1103/PhysRevB.90.241404
http://dx.doi.org/10.1038/s41586-019-1666-5
http://dx.doi.org/10.1103/PhysRev.100.703
http://dx.doi.org/10.1103/PhysRev.100.703
http://dx.doi.org/10.1038/nnano.2010.6


Bibliography

[9] Ball, Philip: First quantum computer to pack 100 qubits enters crowded
race. In: Nature 599 (2021), Nr. 7886, S. 542. http://dx.doi.org/10.1038/
d41586-021-03476-5. – DOI 10.1038/d41586–021–03476–5. – ISSN 0028–0836

[10] Barker, J. A. ; O’Reilly, E. P.: Theoretical analysis of electron-hole alignment
in InAs-GaAs quantum dots. In: Physical Review B 61 (2000), Nr. 20, S. 13840–
13851. http://dx.doi.org/10.1103/PhysRevB.61.13840. – DOI 10.1103/Phys-
RevB.61.13840. – ISSN 1098–0121

[11] Barnes, W. L. ; Björk, G. ; Gérard, J. M. ; Jonsson, P. ; Wasey, J.A.E. ;
Worthing, P. T. ; Zwiller, V.: Solid-state single photon sources: light collection
strategies. In: The European Physical Journal D 18 (2002), Nr. 2, S. 197–210.
http://dx.doi.org/10.1140/epjd/e20020024. – DOI 10.1140/epjd/e20020024.
– ISSN 1434–6060

[12] Beham, Evelin ; Zrenner, Artur ; Stufler, Stefan ; Findeis, Frank ; Bichler,
Max ; Abstreiter, Gerhard: Coherent and incoherent properties of single quan-
tum dot photodiodes. In: Physica E: Low-dimensional Systems and Nanostruc-
tures 16 (2003), Nr. 1, S. 59–67. http://dx.doi.org/10.1016/S1386-9477(02)
00586-6. – DOI 10.1016/S1386–9477(02)00586–6. – ISSN 1386–9477

[13] Benisty, H. ; Neve, H. de ; Weisbuch, C.: Impact of planar microcavity effects
on light extraction-Part I: Basic concepts and analytical trends. In: IEEE Journal
of Quantum Electronics 34 (1998), Nr. 9, S. 1612–1631. http://dx.doi.org/10.
1109/3.709578. – DOI 10.1109/3.709578. – ISSN 0018–9197

[14] Bennett, A. J. ; Pooley, M. A. ; Stevenson, R. M. ; Ward, M. B. ; Patel,
R. B. ; de la Giroday, A. Boyer ; Sköld, N. ; Farrer, I. ; Nicoll, C. A. ;
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Michler, P.: Phonon-assisted robust and deterministic two-photon biexciton
preparation in a quantum dot. In: Physical Review B 91 (2015), Nr. 16, S.
1065. http://dx.doi.org/10.1103/PhysRevB.91.161302. – DOI 10.1103/Phys-
RevB.91.161302. – ISSN 1098–0121

[20] Bounouar, Samir ; Strauß, Max ; Carmele, Alexander ; Schnauber, Peter
; Thoma, Alexander ; Gschrey, Manuel ; Schulze, Jan-Hindrik ; Strittmat-
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strukturen: Photolumineszenz und kohärente Photostromspektroskopie, UB-PAD
- Paderborn University Library, Diss., 2017. http://dx.doi.org/10.17619/
UNIPB/1-258. – DOI 10.17619/UNIPB/1–258

[51] Hannegan, J. ; Saha, U. ; Siverns, J. D. ; Cassell, J. ; Waks, E. ; Quraishi,
Q.: C-band single photons from a trapped ion via two-stage frequency conversion.
In: Applied Physics Letters 119 (2021), Nr. 8, S. 084001. http://dx.doi.org/
10.1063/5.0059966. – DOI 10.1063/5.0059966. – ISSN 00036951

[52] Hargart, F. ; Müller, M. ; Roy-Choudhury, K. ; Portalupi, S. L. ; Schnei-
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[112] Seidl, Stefan ; Kroner, Martin ; Högele, Alexander ; Karrai, Khaled ; War-
burton, Richard J. ; Badolato, Antonio ; Petroff, Pierre M.: Effect of
uniaxial stress on excitons in a self-assembled quantum dot. In: Applied Physics
Letters 88 (2006), Nr. 20, S. 203113. http://dx.doi.org/10.1063/1.2204843. –
DOI 10.1063/1.2204843. – ISSN 00036951

[113] Senellart, Pascale ; Solomon, Glenn ; White, Andrew: High-performance
semiconductor quantum-dot single-photon sources. In: Nature nanotechnology 12
(2017), Nr. 11, S. 1026–1039. http://dx.doi.org/10.1038/NNANO.2017.218. –
DOI 10.1038/NNANO.2017.218. – ISSN 1748–3395

[114] Seufert, J. ; Obert, M. ; Scheibner, M. ; Gippius, N. A. ; Bacher, G. ;
Forchel, A. ; Passow, T. ; Leonardi, K. ; Hommel, D.: Stark effect and
polarizability in a single CdSe/ZnSe quantum dot. In: Applied Physics Letters
79 (2001), Nr. 7, S. 1033–1035. http://dx.doi.org/10.1063/1.1389504. – DOI
10.1063/1.1389504. – ISSN 00036951

[115] Sharma, Nand L.: Molecular beam epitaxy of tailored (In,Ga)As/GaAs quantum
dot heterostructures, UB-PAD - Paderborn University Library, Diss., 2017. http:
//dx.doi.org/10.17619/UNIPB/1-228. – DOI 10.17619/UNIPB/1–228

[116] Somaschi, N. ; Giesz, V. ; Santis, L. de ; Loredo, J. C. ; Almeida, M. P.
; Hornecker, G. ; Portalupi, S. L. ; Grange, T. ; Antón, C. ; Demory,
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