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Zusammenfassung

Halbleiter-Quantenpunkte (QDs) sind vielversprechend für zahlreiche moderne Technologien,
darunter lichtemittierende Bauelemente, Photovoltaik und biologische Marker. Die nanome-
tergroßen Strukturen beschränken Ladungsträger in allen drei Raumrichtungen, wodurch
diskrete, größenabhängige Energieniveaus entstehen. Dadurch lassen sich optische Eigen-
schaften, wie die Emissionswellenlänge, gezielt über die Größe der QDs einstellen. Besonders
vielversprechend sind QDs aus Blei-Halogenid-Perowskiten (LHPs), da sie eine exzellente
Lichtemission mit geringen Herstellungskosten vereinen. Im Gegensatz zu herkömmlichen
Halbleitern wie CdSe, GaAs oder InP zeichnen sich LHPs durch eine hohe Toleranz gegenüber
Defekten und eine vereinfachte Bandstruktur aus. Dadurch sind sie für eine effiziente Emissi-
on nicht auf Kern-Schale-Systeme angewiesen und die einzelnen Übergänge sind spektral gut
voneinander getrennt. Allerdings begrenzt die inhomogene Verbreiterung in QD-Ensembles
die Auflösung einzelner Übergänge, die für ein tiefgreifendes Verständnis optischer Prozesse
jedoch erforderlich ist. Um etwa die Lichtverstärkung von LHP-QDs zu optimieren, muss der
zugrunde liegende Mechanismus der optischen Verstärkung genau verstanden werden, der
in LHP-QDs bisher verschiedenen Prozessen zugeschrieben worden ist, darunter Exzitonen,
Trionen oder Biexzitonen.

Diese Arbeit präsentiert eine ausführliche Untersuchung der Energieniveaus in LHP-QDs
und zeigt anhand zeitaufgelöster optischer Spektroskopie, dass die Lichtverstärkung auf einer
biexzitonischen optischen Verstärkung beruht. Die Absorptionsresonanzen neuartiger mono-
disperser sphärischer LHP-QDs werden mit Modellrechnungen für den Fall schwacher und
starkerQuantenbeschränkung verglichen. Sie lassen sich dem schwachen Beschränkungs-
fall zuordnen, bei dem die Schwerpunktsbewegung wasserstoffartiger Exzitonen durch das
QD-Potenzial eingeschränkt wird. Der angeregte Zustand wird mithilfe transienter Absorp-
tionsspektroskopie (TA) detailliert untersucht und zeigt als dominante Beiträge induzierte
biexzitonische sowie gebleichte exzitonische Übergänge. Das Identifizieren der Energien von
LHP-QDs ermöglicht weiterführende Untersuchungen ihrer Lichtverstärkungseigenschaften.
Zunächst wird die verstärkte spontane Emission charakterisiert, gefolgt von einer detaillierten
Analyse des zugrunde liegenden optischen Verstärkungsmechanismus mittels leistungsab-
hängiger, spektral- und zeitlich aufgelöster TA-Spektroskopie. Die Messergebnisse weisen
auf biexzitonische Verstärkung hin, basierend auf drei zentralen Argumenten: Der Verstär-
kungsschwellwert entspricht theoretischen Werten für Biexzitonen, seine spektrale Position
überlappt mit der des energetisch niedrigsten Biexzitons und die Dauer der Verstärkung
wird durch die Lebensdauer der Biexzitonen begrenzt. Diese klare Zuordnung zur biexzitoni-
schen optischen Verstärkung ermöglicht eine gezielte Optimierung der Lichtverstärkung von
LHP-QDs und ebnet den Weg für ihre Anwendung in Lasertechnologien.
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Abstract

Semiconductor quantum dots (QDs) show great promise for many modern technologies,
including light-emitting devices, photovoltaics, and biological labeling. These nanometer-
sized structures confine charge carriers in all three dimensions, giving rise to discrete and
size-dependent energy levels. Hence, by changing the size of QDs, their optical properties,
such as the emission wavelength, can be tuned precisely. Lead halide perovskite (LHP) QDs
are especially promising due to their excellent light emission properties combined with low
fabrication costs. In contrast to conventional semiconductor materials such as CdSe, GaAs,
or InP, LHPs show high defect tolerance and a simplified band structure. Therefore, they do
not require core/shell systems to achieve efficient emission, and individual transitions are
spectrally well separated. However, inhomogeneous broadening in QD ensembles limits the
resolvability of individual transitions, which is necessary to understand optical processes in
detail. For example, to optimize the light amplification properties of LHP QDs, the underlying
optical gain mechanism must be understood, which so far has been attributed to various
processes, including single-exciton, trion, or biexciton gain.

This thesis presents an in-depth study of the energy landscape in LHP QDs and identifies
biexcitonic optical gain as the source of light amplification, based on time-resolved optical
spectroscopy. The absorption resonances of novel spherical monodisperse LHP QDs are
compared with model calculations considering weak and strong confinement. They are
assigned to the weak confinement regime, where the center-of-mass motion of hydrogen-like
excitons is confined by the QD potential. The excited state is studied in detail using transient
absorption (TA) spectroscopy, revealing the dominant contributions from induced biexcitonic
and bleached excitonic transitions. Identifying the energy landscape of LHP QDs enables
further studies on their light amplification properties. First, amplified spontaneous emission
is characterized, followed by a detailed study of the underlying optical gain mechanism
through power-dependent, spectrally- and temporally-resolved TA spectroscopy. These
measurements indicate biexcitonic gain based on three key arguments: The gain threshold
aligns with theoretical values for attractive biexcitons, its spectral position overlaps with the
energetically lowest biexciton, and the gain duration is limited by the biexciton lifetime. This
clear assignment to biexcitonic optical gain enables the targeted optimization of the light
amplification properties of LHP QDs, paving the way for their widespread use toward lasing
applications.
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1
Introduction

Semiconductor technologies are essential for electronic and optoelectronic devices in everyday
life, including solar cells, computers, and smartphones.1 In particular, semiconductor-based
devices have become the standard for light-emitting applications, such as displays and ambient
lighting. Advancing these technologies remains a key priority, with high color purity being
crucial for light emitting diodes (LEDs).2,3 Typically, red, green, and blue LEDs are combined
to produce arbitrary colors visible to the human eye. To achieve this, each LED must exhibit
maximum color purity and saturation. This is also crucial for generating white light of varying
qualities, often characterized by different color temperatures, such as cool bluish or more
natural whites. For this purpose, narrow emission linewidths and precisely tunable emission
wavelengths are essential.4

However, tuning bulk semiconductors is limited, as their properties are primarily deter-
mined by their crystal structure, composition, and doping.5 A versatile solution is to use
small, nanometer-sized semiconductor units, so-called quantum dots (QDs).6 These struc-
tures confine charge carriers in all three dimensions, giving rise to the quantum size effect,
which results in discrete and size-dependent energy levels. Strikingly, by tuning the size
of QDs, their emission wavelength can be shifted, covering a broad spectral range.3,5,7 The
first experimental confirmations of this quantum size effect were found in the early 1980s,
when size-dependent optical spectra of CuCl and CdS QDs were observed.8–10 Subsequent
advances in the colloidal synthesis of QDs in the early 1990s enabled broad investigation
and application of QDs over the last decades.11,12 For the discovery and synthesis of QDs, the
Nobel Prize in Chemistry was awarded in 2023,13 underlining their importance in advancing
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modern technologies. In addition to light-emitting devices,2–4,14,15 other applications of QDs
include photovoltaics,16–18 photocatalysis,19,20 biological labeling,21–23 and lasers.24,25

A common limiting factor in achieving widespread use of a product is the cost of pro-
duction. In this context, the novel material class of lead halide perovskites (LHPs) has come
into the spotlight over the last decade. Initially studied mainly as thin films for photovoltaic
applications,26–30 LHP nanocrystals (NCs) have been readily available since 2015 in vari-
ous shapes, sizes, and compositions.31–33 They exhibit a high tolerance toward intrinsic
defects, making their production much cheaper compared to defect-intolerant conventional
semiconductors.34,35 Therefore, LHP QDs have emerged as promising systems for LEDs or
displays,36–38 wearable electronics,39–43 quantum light generation,44–47 and lasers.48–50

To build inexpensive and efficient devices, it is essential to understand in detail the
underlying properties of the materials used and their working principles. In this context, LHPs
have an advantage. Their band structure is inverted compared to conventional semiconductors,
which leads to a reduction in the complexity of their optical spectra.51 However, one problem
intrinsic to all QDs remains: When studying QD ensembles, even slight variations in their
size and shape can lead to an inhomogeneous broadening of optical spectra, limiting the
resolvability of individual absorption resonances.52,53 A recently introduced synthesis method
allows one to readily produce monodisperse spherical LHP QDs with distinct absorption
resonances.54

This thesis presents the first in-depth study of spherical LHP QDs using optical spec-
troscopy techniques. The underlying quantum confinement is analyzed and a theoretical
model is assigned that properly describes the excitonic nature and the energy landscape of the
QDs. Furthermore, excited-state properties are studied and found to be dominated by exciton
bleaching and biexciton formation. Based on this, the potential of the spherical QDs toward
lasing applications is tested. Light amplification in QD films is observed and the underlying
optical gain mechanism is studied in detail using time-resolved optical spectroscopy. By
identifying the underlying energy landscape of center-of-mass motion-confined excitons
and biexcitons, this thesis lays the foundation for further studies on the optical properties of
spherical LHP QDs. The identified biexcitonic nature of optical gain adds to the knowledge
about light amplification in LHP NCs and provides a basis for the targeted optimization of
their light amplification properties toward lasing applications.

The content of this thesis is structured as follows: First, the theoretical background in
Chapter 2 provides an overview of the underlying physical concepts that are essential to this
thesis and reviews the relevant literature. Next, the experimental background is introduced
in Chapter 3, including a concise overview of the QD synthesis and a detailed description of
the spectroscopic techniques used throughout this thesis. The presented results are divided
into two parts. Chapter 4 highlights the findings on the energy landscape and transitions
from the ground and an excited state of spherical LHP QDs. Based on these results, Chapter 5
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presents the light amplification properties of CsPbBr3 QDs and the underlying optical gain
mechanism. Finally, Chapter 6 summarizes the results presented in this thesis and provides a
comprehensive conclusion including an outlook on future directions and opportunities.





2
Quantum Dots and Lead Halide

Perovskites

This chapter introduces the theoretical concepts relevant to this thesis, including a concise
overview of the literature. It is structured into two parts. Section 2.1 introduces semiconductor
QDs in general, with a focus on the weak and strong confinement models. Furthermore,
the optical properties of conventional QD materials are discussed, particularly their light
amplification. Section 2.2 introduces the material class of lead halide perovskites (LHPs)
and compares their unique properties, such as high defect tolerance and inverted band
structure, with those of conventional semiconductors. As a result, LHP QDs offer excellent
light emission properties without the core/shell engineering necessary for conventional QDs.
In addition, their optical properties and amplified spontaneous emission (ASE) characteristics
are discussed.

5



6 2.1 Conventional Quantum Dots

2.1 ConventionalQuantum Dots

2.1.1 Quantum Confinement Regimes

Charge carriers in a crystal are influenced by the periodic potential of the atom cores. They
can be described as quasi-free particles by applying the effective mass approximation, which
assigns charge carriers an effective mass 𝑚∗ which is given by55

𝑚∗ = ( 1
ℏ2

d2𝐸
d𝑘2

)
−1

. (2.1)

Hence, the effective masses of electrons 𝑚∗
e and holes 𝑚∗

h depend on the curvature of the
respective energy bands in 𝑘-space.55 While a crystal is theoretically considered infinitely
large, when its size is reduced, the effective mass approximation can still be applied as long
as the crystal size is much larger than the lattice constant.56 However, a small crystal size
imposes significant boundary conditions on the charge carriers, which hence are treated
as ’particles-in-a-box’.53 Figure 2.1a illustrates an electron confined in an infinite square
potential well with the resulting discrete energy levels depending on the quantum number 𝑛.
Semiconductor nanostructures that are quantum confined in all three dimensions are called
quantum dots (QDs).6

a b
En

n = 1
n = 2

n = 3

r < rBr > rB

rr

-
+

rBL

weak confinement strong confinement

-

Figure 2.1: Quantum Confinement Regimes. (a) Electron confined in a one-dimensional
infinite square potential well of length 𝐿, yielding discrete energy levels for the electron charac-
terized by the quantum number 𝑛. (b) Comparison of the exciton Bohr radius 𝑟B with the QD
radius 𝑟, describing the weak (𝑟 > 𝑟B) and strong (𝑟 < 𝑟B) confinement regimes. The QDs are
represented by the gray spheres.

Considering a particle with mass 𝑚 in a three-dimensional infinite spherical potential with
radius 𝑟, textbook quantum mechanics yields the allowed eigenenergies 𝐸𝑛,𝑙 which simplify in
the case of quantum number 𝑙 = 0 to

𝐸𝑛,𝑙 =
ℏ2𝜒2

𝑛,𝑙

2𝑚𝑟2
= ℏ2𝜋2𝑛2

2𝑚𝑟2
, (2.2)

with 𝜒𝑛,𝑙 being the root with number 𝑛 of the spherical Bessel function of order 𝑙.53,57

In addition to the confinement potential, the Coulomb interaction between negatively
charged electrons and positively charged holes must be considered when discussing semicon-
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ductors. This can lead to the formation of so-called Wannier-Mott excitons if their binding
energy is larger than the thermal energy. Wannier-Mott excitons also form in bulk crystals
and are typically described in analogy to the hydrogen atom.58 In this context, the two-particle
(electron and hole) problem can be reduced to a one-particle (exciton) problem by separating
the collective center-of-mass motion with the total mass 𝑀 = 𝑚∗

e + 𝑚∗
h from the relative

motion with the reduced mass 𝜇 = 𝑚∗
e𝑚∗

h
𝑚∗
e+𝑚∗

h
.53 Such an exciton is illustrated in Figure 2.1b on

the left, including its exciton Bohr radius 𝑟B which is defined similarly to the Bohr radius of
the hydrogen atom as

𝑟B =
4𝜋𝜀𝜀0ℏ2

𝜇𝑒2
, (2.3)

with the dielectric constant of the considered crystal 𝜀, the vacuum permittivity 𝜀0, and
the elementary charge 𝑒. Typical values for 𝑟B are between ∼1 nm and several tens of nm.1,59

Before highlighting the influence of quantum confinement, the dispersion relation of an
exciton in a bulk semiconductor is discussed, which is given by

𝐸𝑛r(K) = 𝐸gap −
𝑅𝑦∗

𝑛2r
+ ℏ2K2

2𝑀
, (2.4)

with the band gap energy 𝐸gap of the bulk crystal and the internal hydrogen-like exciton

states characterized by the exciton Rydberg energy 𝑅𝑦∗ = 𝜇𝑒4

2ℏ2(4𝜋𝜀𝜀0)
2 and the quantum number

𝑛r. The last term characterizes the kinetic energy of the exciton with the wave vector K.53

To describe the energy levels of an actual QD, both the confinement potential of the QD
and the Coulomb interaction between electron and hole must be combined.60 There are two
limiting cases that can be distinguished depending on the ratio between the QD radius 𝑟 and
the exciton Bohr radius 𝑟B: For 𝑟 > 𝑟B, the weak confinement regime is appropriate, while
for 𝑟 < 𝑟B the strong confinement regime is applicable. The two confinement regimes are
illustrated in Figure 2.1b.

The Weak Confinement Regime

The weak confinement regime considers QDs with 𝑟 > 𝑟B which are still quantum confined.
CuCl QDs, which were the first to be reported, were assigned to this confinement regime.8 As
CuCl has a relatively small Bohr radius of 𝑟B ≈ 0.7 nm,53 all CuCl QDs reported fulfill 𝑟 > 𝑟B.61

This regime is dominated by excitonic properties, so electrons and holes form hydrogen-like
Wannier-Mott excitons (see Figure 2.2a) with their center-of-mass motion confined by the
QD potential (see Figure 2.2b).

To derive the energy levels in the weak confinement regime, the dispersion relation for
bulk excitons in Equation 2.4 is taken as a starting point. However, the kinetic energy term of
the free exciton has to be replaced by the discrete energy levels of a particle-in-a-box.53,62 This
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a b
-

+
EX

=

nR = 1
nR = 2

nR = 3

exciton

Figure 2.2: Weak Confinement Model. (a) Electron and hole forming a Wannier-Mott exciton.
(b) Confinement of the exciton in its center-of-mass motion, here illustrated in a one-dimensional
infinite square potential well. The discrete energy levels 𝐸X of the center-of-mass motion of the
exciton are characterized by the quantum number 𝑛R.

’exciton-in-a-box’ can be derived for an infinite spherical potential analogue to Equation 2.2,
again using 𝑙 = 0 to consider selection rules for photon absorption in semiconductors. The
energy levels for the weak confinement regime are given by53

𝐸𝑛r,𝑛R = 𝐸gap −
𝑅𝑦∗

𝑛2r
+
ℏ2𝜋2𝑛2R
2𝑀𝑟2

. (2.5)

The quantum number 𝑛r describes the energies of the relative motion, while 𝑛R denotes the
energies of the confined center-of-mass motion of the exciton. Note that in this confinement
regime, electrons and holes move coherently as a hydrogen-like exciton. In relatively large
QDs, this collective behavior of electron and hole can lead to interesting effects such as
superradiance.63–66

The Strong Confinement Regime

Most of the III-V and II-VI QDs studied are in the strong confinement regime with 𝑟 < 𝑟B.67 In
this regime, electron and hole are confined individually by the QD potential, as illustrated in
Figure 2.3a.

a b

-

+
1p1p1s1s

-

+

Ee,h

Figure 2.3: Strong Confinement Model. (a) Electron and hole are confined individually by
the QD potential, here illustrated as one-dimensional infinite square potential wells. (b) The
Coulomb interaction between the confined charge carriers is illustrated with the dashed line.
1s1s (1p1p) denotes the transition between the 1s (1p) hole and the 1s (1p) electron levels.

Again using Equation 2.2, the discrete energy levels of an electron and a hole in an infinite
spherical potential (𝐸e𝑛,𝑙 and 𝐸h𝑛,𝑙, respectively) can be written as53



2Quantum Dots and Lead Halide Perovskites 9

𝐸e𝑛,𝑙 = 𝐸gap +
ℏ2𝜒2

𝑛,𝑙

2𝑚∗
e 𝑟2

,

𝐸h𝑛,𝑙 =
ℏ2𝜒2

𝑛,𝑙

2𝑚∗
h𝑟2

.

(2.6)

This strongly overestimates the energies of the charge carriers as the Coulomb interaction
is not included. Due to the small QD size to which the charge carriers are confined, it is
essential to also include their Coulomb interaction. Its contribution can actually be even
larger in the strong confinement regime than in the weak confinement regime. However,
when including the Coulomb interaction, the relative and center-of-mass motion cannot be
separated like in the weak confinement model. Instead, the energy levels of the first allowed
transitions 𝐸1s1s and 𝐸1p1p, which are illustrated in Figure 2.3b, can be written as53,56

𝐸1s1s = 𝐸gap + 𝜋2 (
𝑟B
𝑟
)
2
𝑅𝑦∗ − 1.786

𝑟B
𝑟
𝑅𝑦∗ − 0.248𝑅𝑦∗,

𝐸1p1p = 𝐸gap + 4.4932 (
𝑟B
𝑟
)
2
𝑅𝑦∗ − 1.884

𝑟B
𝑟
𝑅𝑦∗.

(2.7)

Note that such Coulomb-bound electron-hole pairs are not hydrogen-like excitons like in
the weak confinement model, as they do not have a correlated motion.53,66

Clarification of Terminology

At this point, a common inconsistency in the usage of the term ’exciton’ shall be addressed. As
discussed above, in the weak confinement model, the considered quasi-particles are Wannier-
Mott excitons to which a relative and a center-of-mass motion is assigned in analogy to
the hydrogen atom. These excitons are confined in their center-of-mass motion by the QD
potential. In the strong confinement model, electron and hole are individually confined by
the QD before the Coulomb interaction is taken into account. Although such an electron-hole
pair is Coulomb-bound as well, one cannot separate a relative and a center-of-mass motion
analogue to the hydrogen atom. However, this is commonly also referred to as exciton. In
order to differentiate the different concepts of electron-hole pairs, in the course of this thesis,
only hydrogen-like excitons as referred to as excitons, whereas the other are called one-pair
states.56

The terminology becomes even more complex if more than one electron and one hole
are excited in a QD. This is illustrated in Figure 2.4a with simplified two-level systems. On
the left, a one-pair state is shown. A negatively (positively) charged one-pair state consists
of two electrons (two holes) and one hole (one electron), illustrated in Figure 2.4a in the
middle. A Coulomb-bound charged one-pair state is typically called trion.68 The situation of
two electron-hole pairs in a system is shown in Figure 2.4a on the right. Although the term
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biexciton is typically used, here it is referred to as ’two-pair state’ because it does not consist
of two hydrogen-like excitons.69,70 It should be highlighted that binding energies cannot
be correctly included in this representation. Binding energies are often neglected in such
schemes for simplicity, but for strongly confined QDs, the Coulomb interaction can actually
be substantial.53
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Figure 2.4: Multi-Particle States. (a) Electron-hole picture illustrating a one-pair state (left),
negatively and positively charged one-pair states (middle), and a two-pair state (right). (b) Level
scheme illustrating an exciton and a biexciton including the biexciton binding energy 𝐸b,XX.

Figure 2.4b illustrates what is referred to as exciton and biexciton in this thesis. The
biexciton actually consists of two Coulomb-bound hydrogen-like excitons, and the biexciton
binding energy 𝐸b,XX is displayed properly.

2.1.2 Optical Properties

The influence of quantum confinement on the energy levels of charge carriers, also in connec-
tion with the Coulomb interaction, was introduced in Subsection 2.1.1. The size dependence
of the energy levels leads to size-dependent optical properties of QDs, which are discussed
in the following. While QDs can be produced using different methods, such as colloidal
synthesis,7,10 epitaxial growth,71,72 or embedded in a glass matrix,8,61,73,74 their theoretical
principles remain the same. A prerequisite for colloidal QDs, which are the focus of this
thesis, is their colloidal stability, provided by ligands attached to the surface of the QDs.12,75

Core/ShellQuantum Dots

A big problem with the first QDs was their low photoluminescence quantum yield (PLQY) of
only a few percent. The defect-rich surface with dangling bonds can effectively trap charge
carriers.13,76 This was resolved by a passivation layer around the QDs (between the QD and
the ligands) with a wider band gap material in a type-I alignment, as illustrated in Figure 2.5a,
such as ZnS around CdS. This step-wise potential well confines excited charge carriers to the
QD core and separates them from the defect-rich surface, strongly increasing the PLQY.77,78

Another opportunity arises when there is a particularly thick shell around a small core. The
thick shell increases the absorption cross-section of the QD, while emission still occurs from
the core, to which the charge carriers relax.25
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Figure 2.5: Core/ShellQuantumDots. Illustration and corresponding step-wise potential well
of (a) a core/shell QD with type-I alignment and (b) an almost continuously graded core/shell
QD. Both configurations confine an electron-hole pair to the core.

Furthermore, core/shell systems are not restricted to two materials with a sharp interface
between them. An alloy layer can create a gradient shell that allows an almost continuous com-
position tuning in the shell, as illustrated in Figure 2.5b. Examples include CdSe/CdSexS1–x
QDs and CdSe/CdxZn1–xSe QDs, where 𝑥 = 1 at the innermost part of the shell and gradually
decreases to 𝑥 = 0 towards the outer region of the QD.79,80 Thick shells reduce blinking
of QDs, improving their single-photon emission properties due to the separation of charge
carriers from surface defects which suppresses charging.81–83 QDs with gradient shells are
especially useful in the context of optical gain, which will be discussed in Subsection 2.1.3, as
they suppress non-radiative Auger recombination, which is introduced below.

Linewidth Broadening

The linewidth of a QD ensemble has several contributions. The first is the natural linewidth,
due to the finite lifetime of an excited state and the uncertainty principle. Identical QDs
in an ensemble all have the same natural linewidth; hence, it falls under the category of
homogeneous broadening, which yields a Lorentzian lineshape of, e.g., emission spectra.84

Another example of homogeneous broadening arises from the scattering processes of charge
carriers with phonons. This contribution can be minimized by lowering the temperature of
the system and hence reducing lattice vibrations, i.e., phonons.85

However, precise control over the size and shape of QDs remains challenging. Ensembles
of QDs typically exhibit a distribution in QD sizes and shapes, even within one synthesis
batch. Furthermore, the local environment and surface structure can vary between individual
QDs. These inhomogeneities influence the absorption and emission spectra of QD ensembles,
leading to inhomogeneous broadening.52,53 For a random distribution of the different emission
energies, this yields a Gaussian emission profile.84 Therefore, the discrete energy landscape
of QDs might be hidden in ensemble measurements due to inhomogeneous broadening.
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Charge Carrier Dynamics

Two-fold degenerate discrete energy levels in QDs can each be populated by two charge
carriers, following Pauli’s exclusion principle. This applies to both electrons and holes, as they
are fermions with half-integer spins.57 Excitons and biexcitons have integer spins and can
thus be considered bosons. However, they are composite bosons made up of coupled fermions.
Hence, their bosonic character only holds when interactions between their constituents are
negligible, that is, when their spacing is much larger than their associated size, as in dilute
gases.59,86–89 This is not the case for the QDs discussed in this thesis; hence, the fermion
character of the exciton and biexciton constituents is relevant.

Optical properties and charge carrier dynamics of QDs have been extensively investi-
gated,56,61,67,90–93 including the fine structure of neutral and charged excitons,94,95 many-
body Coulomb and spin effects,96,97 charge carrier multiplication,98–100 or hot carrier cool-
ing.70,101,102 A particular case of non-radiative recombination, so-called Auger recombination,
is highlighted in the following. It can occur both in bulk and confined systems if more than one
electron-hole pair is excited, i.e., under high fluence excitation. It is a three-particle process
involving two electrons (two holes) and one hole (one electron).91,103 One electron-hole pair
recombines and transfers its energy to the third charge carrier that is excited to a higher
energy level from which it can relax non-radiatively by emitting phonons.91,104 Such an Auger
process is illustrated in Figure 2.6a, on the left for a bulk material in the so-called one-particle
picture and on the right for discrete energy levels.
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Figure 2.6: Auger Recombination and Exciton-Exciton Annihilation. (a) One-particle
picture illustrating Auger recombination in a bulk semiconductor (left) and a simplified system
with discrete energy levels (right). (b) Two-particle picture illustrating exciton-exciton annihila-
tion in a bulk semiconductor (left) with the two energetically lowest exciton states (𝑛r = 1 and
𝑛r = 2) and the continuum shown, and a confined excitonic system (right) for which the energy
levels before and after exciton-exciton annihilation are displayed.

In the exciton picture, the corresponding process is called exciton-exciton annihilation,105

which is illustrated in Figure 2.6b, on the left for a bulk semiconductor in the two-particle
picture. In analogy to Auger recombination, the energy of one exciton is transferred to
a second exciton which gets excited to a higher energy level from which it relaxes non-
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radiatively. In Figure 2.6b on the right, the initial biexciton and the final relaxed exciton state
are shown in a discrete level system.

Furthermore, Coulomb interactions are enhanced in confined systems compared to bulk
because charge carriers are forced into close proximity increasingwave function overlap, while
reduced screening leads to stronger dielectric confinement.12,91,106 Therefore, Auger processes
are enhanced in QDs, and a ’universal volume scaling’ of Auger lifetimes 𝜏Auger has been
found that holds true for a multitude of QD materials: 𝜏Auger = 𝛾 ⋅ 𝑉, with 𝛾 ≈ 1 ps/nm3 for II-VI
semiconductor QDs. Typical values of 𝜏Auger are between a few and hundreds of ps, which is
shorter than the radiative lifetime of biexcitons in QDs, rendering Auger recombination the
main decay channel for two-pair states.25,91,107 In general, the radiative lifetimes of excitons
𝜏r,X, trions 𝜏r,X± , and biexcitons 𝜏r,XX can be considered as 𝜏r,X > 𝜏r,X± > 𝜏r,XX.68,79,108,109

The competition between radiative and non-radiative pathways is detrimental to many
applications, such as light amplification.109 The following Subsection 2.1.3 introduces the
potential of QDs for light amplification and summarizes advancements achieved so far.

2.1.3 Light Amplification withQuantum Dots

Light amplification plays a crucial role in lasers, with the name itself being an acronym for
’light amplification by stimulated emission of radiation’, reflecting their fundamental principle.
A laser requires a gain medium, in which the actual light amplification takes place. This
material is located inside a cavity that provides enhanced interaction of the amplified light
with the gain medium and ensures proper extraction of the light. This can be achieved by,
e.g., a high-reflective and a partially reflective mirror. A population inversion is created in the
gain medium by excitation with a pump. It can be pumped either optically by another laser
or electrically like in diode lasers.110 When population inversion is achieved, the probability
of stimulated emission exceeds that of absorption, resulting in optical gain. A common gain
medium, which is also installed in the amplifier system described in Subsection 3.3.1, is a
Ti3+-doped Al2O3 (Ti:Sapphire) crystal. Optical gain can be realized in three- or four-level
systems, with the latter illustrated in Figure 2.7a.

Here, the system is pumped optically by absorbing a photonwith the energy corresponding
to the energy difference |0⟩→ |3⟩. After rapid non-radiative relaxation to |2⟩, a population
inversion between the levels |2⟩ and |1⟩ is created, so that a photon with the energy of the
respective energy difference induces stimulated emission |2⟩→ |1⟩ before rapid non-radiative
relaxation puts the system back to |0⟩. For light amplification, a population inversion is
crucial, which means that the population of |2⟩ is higher than that of |1⟩ so that stimulated
emission |2⟩→ |1⟩ has a higher probability than absorption |1⟩→ |2⟩. This is promoted by
the mentioned fast non-radiative relaxation processes illustrated in Figure 2.7a.111
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Figure 2.7: Optical Gain in Different Systems. (a) Optical gain in a four-level system which
is pumped from |0⟩ → |3⟩. Rapid non-radiative relaxation from |3⟩ → |2⟩ and |1⟩ → |0⟩ (gray
wavy arrows) supports a population inversion between the levels |2⟩ and |1⟩ between which
stimulated emission occurs. (b) Absorption, transparency, and optical gain in QDs without
biexciton binding energy. (c) Level scheme of an exciton for which absorption to the attractive
biexciton with binding energy 𝐸b,XX is at a lower energy compared to stimulated emission to the
ground state.

Optical Gain inQuantum Dots

Figure 2.7b shows QDs with energy bands simplified to two-level systems, where each level is
two-fold degenerate. One can distinguish between three cases depending on the occupation
of the levels: First, both electrons are in the ground state, so a photon with suitable energy can
only induce absorption (shown on the left). Second, if one electron-hole pair is already created,
a subsequent photon has an equal probability of being absorbed or of inducing stimulated
emission from the excited electron-hole pair, effective leading to transparency (shown in the
middle). Finally, with two excited electron-hole pairs, population inversion is achieved, and a
photon can only induce stimulated emission. This is referred to as optical gain (shown on the
right). A single electron-hole pair is therefore not sufficient to achieve optical gain; instead,
a two-pair state is necessary.24 It is apparent that by resonantly pumping such a two-level
system, a population inversion cannot be reached but only transparency. Hence, three- or
four-level systems are typically employed, as they allow for non-resonant pumping (see also
Figure 2.7a).

In the following, a closer look is taken at the threshold population 𝑁th at which optical
gain is reached in an ensemble of two-fold degenerate two-level systems, i.e. the transition
from transparency to optical gain, as illustrated in Figure 2.7b. Assuming the electron-hole
pair population is the same in every QD of the ensemble, the threshold is given by 𝑁th = 1.112

However, this value does not consider the Poissonian nature of coherent laser light,88 which
is typically used to excite QDs. The number of electron-hole pairs excited per QD follows
Poisson statistics. The probability 𝑃 (⟨𝑁 ⟩, 𝑁) of having 𝑁 electron-hole pairs excited in a
selected QD when the average population of the QD ensemble is ⟨𝑁 ⟩, is given by90

𝑃 (⟨𝑁 ⟩, 𝑁) =
⟨𝑁 ⟩𝑁

𝑁!
𝑒−⟨𝑁⟩. (2.8)

As stimulated emission and absorption in a one-pair state compensate each other, optical
gain relies on two-pair states. By introducing the probabilities of a QD being in the ground,
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one-, or two-pair state (𝑃0, 𝑃X, and 𝑃XX, respectively), the optical gain threshold can be written
as population inversion between the two-pair state and the ground state:79,113

𝑃0 = 𝑃XX. (2.9)

Relating these probabilities to the Poisson statistics from Equation 2.8, 𝑃0 = 𝑃 (⟨𝑁 ⟩, 0),
and 𝑃XX = 1 − 𝑃 (⟨𝑁 ⟩, 0) − 𝑃 (⟨𝑁 ⟩, 1), Equation 2.9 can be expanded as

𝑒−⟨𝑁⟩th,XX = 1 − 𝑒−⟨𝑁⟩th,XX − 𝑒−⟨𝑁⟩th,XX⟨𝑁 ⟩th,XX. (2.10)

This yields the two-pair state optical gain threshold𝑁th,XX ≈ 1.15. Note that this threshold
value does not include a binding energy between the two electron-hole pairs. Figure 2.7c
illustrates the level scheme for an excitonic system with a binding energy 𝐸b,XX. In this case,
the absorption to the attractive biexciton state |X⟩→ |XX⟩ is energetically redshifted by 𝐸b,XX
relative to the stimulated emission |X⟩→ |0⟩ and the reabsorption |0⟩→ |X⟩ of another QD.
The larger 𝐸b,XX is, the more the competition between these processes is reduced, which
lowers the optical gain threshold.114

An analogous consideration for the threshold value can be made for charged one-pair
states or trions (see also Figure 2.4a), again without including binding energies. In the case of
a two-level system with two-fold degeneracy, a charged one-pair state cannot absorb another
photon. Instead, a photon with the respective energy can only induce stimulated emission.
Therefore, to achieve optical gain, a population inversion has to be reached between the
charged one-pair state and the ground state:

𝑃0− = 𝑃X− , (2.11)

with the probabilities of a QD to be in the charged ground or charged one-pair state
𝑃0− = 𝑃 (⟨𝑁 ⟩, 0) or 𝑃X− = 1 − 𝑃 (⟨𝑁 ⟩, 0). The optical gain threshold ⟨𝑁 ⟩th,X− can therefore be
extracted from113

𝑒−⟨𝑁⟩th,X− = 1 − 𝑒−⟨𝑁⟩th,X− , (2.12)

yielding ⟨𝑁 ⟩th,X− ≈ 0.69. Compared to bulk semiconductors with continuous energy
bands, population inversion in QDs can be reached at much lower concentrations of excited
charge carriers due to their discrete energy levels. Furthermore, oscillator strengths in QDs
are enhanced,115 and thermal depopulation of individual energy levels is suppressed if the
spacing between energy levels is larger than the thermal energy.116 This has made QDs highly
attractive for lasing applications.24,25

However, the small size of QDs also presents a disadvantage. As mentioned above, an
electron-hole pair alone is not sufficient to achieve optical gain, and the population of a
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two-pair state (or at least a charged one-pair state) is essential. However, as discussed
in Subsection 2.1.2, non-radiative Auger recombination and exciton-exciton annihilation
scale linearly with the QD volume, meaning that the smaller the QD, the faster these non-
radiative processes are. Consequently, non-radiative Auger recombination and exciton-exciton
annihilation are the main limitations of optical gain in QDs.25,112,117

Advancements through Core/Shell Engineering

Extensive research efforts have been employed by the QD community to optimize the potential
of QDs for light amplification, with the goal of using them as an electrically pumped gain
medium in highly efficient lasers.24,25,118 Two key aspects have been addressed in conventional
II−VI semiconductor QDs to enhance their performance. One effort is prolonging the gain
lifetime by developing ways to slow down non-radiative Auger recombination and exciton-
exciton annihilation. The second aspect, which also inherently addresses the first one, is
lowering the optical gain threshold. This can be achieved by systems that do not rely on
two-pair states for optical gain.

To reduce the probability for Auger recombination, core/shell QDs have been developed
with particularly thick and continuously graded shells, as shown in Figure 2.5. Several aspects
of this method are beneficial: The thick shell reduces the non-radiative recombination rate
according to the volume scaling discussed in Subsection 2.1.2. Furthermore, a QD potential
that confines, e.g., the hole to the small core while the electron is delocalized over the whole
QD, reduces their wave function overlap and hence Auger recombination.81,119 An especially
important aspect is the actual shape of the confinement potential.120 Smooth rather than
step-like confinement potentials reduce the overlap of spatial frequencies between initial and
final states. This reduces the transition probability of the excess charge carrier (see Figure 2.6)
and hence the Auger rate.109,121–123

It was already shown in Equation 2.10 and Equation 2.12 that the optical gain threshold for
charged one-pair states ⟨𝑁 ⟩th,X− ≈ 0.69 is lower than that for two-pair states 𝑁th,XX ≈ 1.15.
This can be utilized by deliberately charging QDs, enabling a population inversion to arise
at a lower, almost zero threshold.113,124,125 In the context of core/shell engineering, reducing
the wave function overlap between electron and hole can also eliminate the need for two-
pair states altogether: By confining electrons to the core and holes to the shell of a type-II
core/shell QD, as illustrated in Figure 2.8a, the repulsion due to Coulomb interaction between
two electrons and between two holes is enhanced.126,127 If this repulsion is stronger than the
attractive Coulomb contribution between electrons and holes, the resulting two-pair state is
repulsive. Figure 2.8b illustrates the level scheme of an excitonic system. Here, the absorption
to the repulsive biexciton |X⟩ → |XX⟩, which has a binding energy 𝐸b,XX, is energetically at a
higher energy (blueshifted) than stimulated emission to the ground state |X⟩ → |0⟩. If this
shift is larger than the linewidth of the QD ensemble, single-exciton gain is achieved.126 Note
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that such single-exciton gain is also possible for an attractive biexciton system if the biexciton
binding energy is high enough.128
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Figure 2.8: Type-II Core/Shell Quantum Dot. (a) Type-II core/shell QD confining electrons
to the core and holes to the shell, increasing Coulomb repulsion. (b) Level scheme of an exciton
for which absorption to the repulsive biexciton with binding energy 𝐸b,XX is blueshifted relative
to stimulated emission to the ground state.

Application Fields and Challenges

The size tunability and narrow emission linewidths of QDs, as well as their low optical
gain thresholds and solubility in water have made them a promising and widely used ma-
terial system for a variety of applications,5,7,129,130 such as light-emitting devices and dis-
plays,2–4,14,15 photovoltaics,16–18 infrared photodetectors,131,132 biological labels,21–23 quantum
light sources,133,134 photocatalysis,19,20 and lasers.24,25 However, especially the emission prop-
erties of conventional QDs rely on core/shell designs to reduce the influence of surface defects,
as discussed in Subsection 2.1.2. Furthermore, the band structures of conventional II-VI and
III-V QD materials exhibit a degeneracy close to the band gap, resulting in a limited energetic
separation of discrete levels in such QDs. Both of these challenges can be effectively resolved
by the relatively novel material class of perovskites, which is introduced and compared to
conventional semiconductor materials in the following section.

2.2 Lead Halide PerovskiteQuantum Dots

2.2.1 Unique Properties of Lead Halide Perovskites

The material class of lead halide perovskites (LHPs) was first discovered in 1893.26 However,
they became a vital part of active research only much later when their high potential for
photovoltaics was discovered in 2009.26 The typical crystal structure of perovskites, with
their characteristic ABX3 stoichiometry, is illustrated in the unit cell in Figure 2.9a. In LHPs,
A+ are organic or inorganic cations (e.g., formamidinium FA+, methylammonium MA+, or
Cs+), which are in the corners of the unit cell. B2+ are metal cations (Pb2+ or alternatively,
e.g., Sn2+) in the center, and X– are halide anions (e.g., Cl– , Br– , I– ) located at the face
centers of the unit cell. Corner-sharing [BX6]4– octahedra form interconnections across the
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crystal, as highlighted in Figure 2.9b.135 While a cubic unit cell is illustrated in Figure 2.9,
composition and temperature-dependent tilting of the octahedra can alter the crystal phase
to, e.g., orthorhombic for CsPbBr3 at room temperature.34,135

a b

(in)organic cation
metal cation
halide anion

Figure 2.9: Perovskite Unit Cell and Crystal Structure. Illustration of (a) a cubic unit cell
of LHPs and (b) their crystal structure highlighting the corner-sharing octahedra.

The combination of elements forming a perovskite structure is restricted by the so-called
Goldschmidt tolerance factor and octahedral factor.136 They characterize the stability of
the structure and the octahedral stability, respectively, depending on the ionic radii of the
components. Elemental mixtures for A+, B2+, and X– sites are also possible. In contrast
to the mostly covalent character of conventional II-VI and III-V semiconductors, LHPs are
mainly formed by ionic bonds. Therefore, LHPs have a relatively soft lattice, with some even
attributing liquid-like properties to them.36

Defect Tolerance

An important property of LHPs is their defect tolerance, which is in contrast to the defect
intolerance of conventional semiconductors. This is based on their electronic band formation
that is illustrated in Figure 2.10. In II-VI and III-V semiconductors, the conduction band (CB)
is typically formed by antibonding states, while the valence band (VB) is formed by bonding
states, see Figure 2.10a. Elemental displacements or vacancies create dangling bonds, leading
to mid-gap states that act as charge carrier traps (illustrated in blue). Such deep traps are
energetically shifted far from the CB and VB so they cannot be depopulated by thermal energy.
As trap states promote non-radiative recombination, they drastically reduce the PLQY of the
material.34,35

On the other hand, both the CB and VB forming the direct band gap of LHPs are composed
of antibonding states, see Figure 2.10b. As a result, trap states from dangling bonds at
the crystal surface are located in the bands or are energetically close to them as so-called
shallow traps. This makes the optical and electronic properties of LHPs largely unaffected by
intrinsic defects, such as vacancies, despite their relatively low formation energies.34,36,137

The tolerance toward intrinsic defects enables high emission efficiencies and excellent charge-
transport properties, making LHPs a highly promisingmaterial class for efficient light-emitting
applications and photovoltaic technologies. Furthermore, LHPs are associated with low-cost
fabrication, since intrinsic defects are not detrimental to their performance.34,135,138 The band
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Figure 2.10: Electronic Band Formation. Simplified illustration of the formation of the CB
and VB of (a) conventional semiconductors, such as CdSe or GaAs, with associated mid-gap trap
states in blue, compared to (b) LHPs with associated intra-band and shallow trap states in blue.

gap of LHPs is formed by Pb and halide orbitals as shown in Figure 2.10b. Hence, the band
gap energy is largely independent of the A-site cation and, notably, can be easily tuned by
the halide composition. Moreover, the CB of LHPs is formed by p-type orbitals, while the VB
has a strong contribution from s-type orbitals. This has a significant influence on their band
structure and is discussed in the following.

Inverted Band Structure

The band structure of LHPs is inverted relative to conventional II-VI and III-V semiconductors,
which is illustrated in Figure 2.11. In materials such as GaAs, the band gap is formed by an
s-type CB and a p-type VB with orbital angular momentum quantum numbers 𝑙 = 0 and
𝑙 = 1, respectively. Spin-orbit coupling results in a total angular momentum quantum number
𝑗 = 3/2 in the VB. Importantly, this yields heavy hole (hh) and light hole (lh) bands that are
degenerate at the VB maximum with magnetic quantum numbers 𝑚𝑗 = ±3/2 and 𝑚𝑗 = ±1/2,
respectively. The split-off band with 𝑗 = 1/2 and 𝑚𝑗 = ±1/2 is energetically shifted away from
the band gap. The CB minimum is formed by a single band with 𝑗 = 1/2 and 𝑚𝑗 = ±1/2.51 This
band structure is illustrated in Figure 2.11a.
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Figure 2.11: Inverted Band Structure of Perovskites. (a) Simplified band structure of a
conventional II-VI or III-V semiconductor where the band gap is formed by a single CB and
degenerate hh/lh VBs. (b) In comparison, the band structure of LHPs is inverted, so the band
gap is formed by a single VB and a single CB which is the split-off electron band.
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Figure 2.11b illustrates the band structure of LHPs. As seen in Figure 2.10b, their CB is
p-type (𝑙 = 1), while the VB is considered s-type (𝑙 = 0). Once again, spin-orbit coupling
requires utilizing the quantum number 𝑗. Three aspects shall be highlighted in comparison to
the conventional band structure shown in Figure 2.11a: First, there is no degeneracy in the
VB, but rather a single band with 𝑗 = 1/2 and 𝑚𝑗 = ±1/2 forming the band gap. Second, the CB
minimum is formed by the split-off electron band with 𝑗 = 1/2 and 𝑚𝑗 = ±1/2, while the bands
with 𝑗 = 3/2 are at higher energies (with 𝑚𝑗 = ±3/2 corresponding to the heavy electron (he)
and 𝑚𝑗 = ±1/2 to the light electron (le)). Therefore, the he/le degeneracy does not influence
the transitions close to the band edge. Third, both the single VB and the single CB forming
the band gap have relatively low effective masses, as neither hh nor he are involved.51,139

The properties discussed so far are related to the intrinsic electronic structure of LHPs.
An application field for LHP thin films is photovoltaics, where they are used as sensitizer
and absorber layers or in tandem solar cells, using their high charge carrier mobility, tunable
band gap, high power conversion efficiency, large-scale and low-cost solution-based fabrica-
tion.26–30,140–143 Another field of applications for LHPs are light-emitting devices, for which
rather than thin films, NCs are used, which are introduced in the following.

2.2.2 Lead Halide Perovskite Nanocrystals

A major breakthrough of the perovskite material class was achieved in 2015 with the first syn-
thesis of colloidal LHP nanocrystals (NCs).31 Since then, mainly nanocubes and nanoplatelets
of different sizes and compositions have been studied.32,144–147 Nanoplatelets are quantum
confined only in one dimension, while nanocubes are confined in all three dimensions. Large
nanocubes and thick nanoplatelets with sizes much larger than the exciton Bohr diameter of
the material (see Subsection 2.1.1), can essentially be considered bulk. The term NC generally
refers to a nm-sized particle, whereas QD specifically means a zero-dimensional particle
where charge carriers are confined in all three dimensions by the potential of the QD.53 Note
that LHPs have some disadvantages, such as the toxicity of elements and the poor stability
of LHP NCs in polar solvents and against moisture. Many research efforts are directed to
limit or eliminate these problems, e.g., by studying Pb-free alternatives such as Sn-, Bi-, or
Sb-based perovskites, or by investigating alternative ligand chemistry and encapsulation
processes.51,138,148,149

However, LHP QDs have a significant advantage over conventional QDs. They show
excellent emission properties without the need for core/shell systems, which is a result of their
high defect tolerance, as discussed in Subsection 2.2.1. Moreover, LHPQDs provide high PLQYs
approaching unity, narrow emission linewidths, and excellent tunability of their emission
energy.34,51,138,150 In addition to tuning their emission by the QD size via the quantum size
effect (see Subsection 2.1.1), the halide composition serves as an additional tuning parameter.
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Gradual anion exchange, e.g., in CsPbBr3 QDs to CsPbCl3 and CsPbI3 QDs, achieves emission
across the entire visible spectrum.33 Even the typically lower PLQY in the blue spectral region
of CsPbBr3 nanoplatelets or generally CsPbCl3 NCs, can be strongly enhanced by a simple
post-synthetic treatment with PbBr2 or CdCl2, respectively.146,151 These excellent emission
properties of LHP NCs have made them promising for light-emitting applications like LEDs
and displays36–38 or wearable electronics.39–43

Additionally, LHP QDs are highly promising for quantum light emission44–47 and las-
ing.48–50 In this context, a unique property of LHPs should be highlighted. As illustrated in
Figure 2.11a, conventional II-VI and III-V semiconductors have a hh/lh degeneracy in the VB.
Although this degeneracy is lifted by quantum confinement, the resulting energy levels with
different effective masses 𝑚∗

hh and 𝑚∗
lh lie energetically close. This makes it challenging to

selectively excite a specific state due to spectral overlap or thermally induced transitions,
and it is difficult to spectrally resolve individual transitions.152,153 In ensemble measurements,
where resolvability is further limited by inhomogeneous broadening, as discussed in Sub-
section 2.1.2, this is especially problematic. The inverted band structure of LHPs shown in
Figure 2.11b avoids these issues, as the band gap is formed by only a single VB and a single
CB. Furthermore, both bands have relatively small effective masses, leading to substantial
confinement energies in QDs (see Equation 2.2).51 This results in better resolvability of in-
dividual transitions and makes LHP QDs an ideal model system for studying confinement
effects.

Most initial studies on LHP NCs have focused on relatively large nanocubes without
significant confinement.154–158 Furthermore, the terminology used in literature is not always
consistent. The degree of confinement in QDs is often described as weak or strong without
referring to the distinct weak and strong confinement regimes introduced in Subsection 2.1.1.
Instead, these terms are often used in relation to the clarity with which distinct absorption
resonances are observed. However, this resolvability is limited in QD ensembles by inho-
mogeneous broadening, as discussed in Subsection 2.1.2. In this thesis, weak and strong
confinement always refers to the specific confinement regimes discussed in Subsection 2.1.1.

2.2.3 Optical Gain in Lead Halide PerovskiteQuantum Dots

Another active field of research on LHP QDs focuses on light amplification toward lasing
applications.48–50 LHP QDs combine the general advantages of QDs to reach optical gain
easier compared to bulk systems (see Subsection 2.1.3) with their unique properties, such as
high defect tolerance, flexible tunability of their emission energy via the halide composition,
and inverted band structure (see Subsection 2.2.1). Their well-separated energy levels can
provide room-temperature stability of optical gain states.25 However, the lifetime 𝜏Auger
associated with non-radiative Auger recombination in LHP QDs is reported to show a volume
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scaling of 𝜏Auger = 𝛾 ⋅ 𝑉 with 𝛾 ≈ 0.06 ps/nm3. This is much smaller than the 𝛾 ≈ 1 ps/nm3 for II-
VI semiconductor QDs (see Subsection 2.1.2). Hence, Auger lifetimes of LHP QDs are expected
to be considerably faster than in conventional core-only QDs, which could potentially hinder
optical gain.25,159

Nevertheless, optical gain with LHP QDs was already reported in 2015,160,161 and has
since been used in combination with various resonators to achieve lasing.48–50,162 However,
the underlying optical gain mechanism in LHP QDs has been attributed to different origins:
Although biexcitonic gain might be expected,114,161,163,164 as is typically observed in conven-
tional core-only QDs (see Subsection 2.1.3), single-exciton gain160,165,166 and trion gain167

have also been reported. Knowing the origin of the underlying optical gain is key for the
targeted optimization of the light amplification properties of LHP QDs. This is exemplified
by the significantly reduced optical gain threshold discussed in Figure 2.8 for conventional
QDs, which is achieved by replacing the biexcitonic gain mechanism with single-exciton
gain through type-II core/shell engineering. Furthermore, preferably QD ensembles without
substantial inhomogeneous broadening should be studied to draw general conclusions.

Amplified Spontaneous Emission

For applications, it is crucial not only to have optical gain but also to achieve usable light
amplification. This requires the optical gain to overcome the losses in the system.112,113 While
prolonging gain lifetimes requires limiting the competition with non-radiative processes,
additional losses like through scattering in the material have to be overcome as well. A gain 𝑔
and loss coefficient 𝛼loss can be defined that yield the net optical gain coefficient 𝐺 through168

𝐺 = 𝑔 − 𝛼loss. (2.13)

A common approach to test whether an ensemble of QDs can generate net light amplifi-
cation (𝐺 > 0) is to measure amplified spontaneous emission (ASE). Figure 2.12a shows the
typical measurement principle of ASE. The QDs are deposited on a substrate and illuminated
by a rectangular focus spot. The light emitted along this rectangular stripe is collected and
analyzed.

The emission properties varying under different excitation conditions are illustrated in
Figure 2.12b. QDs that are not excited remain in their ground state (gray dots). At low
excitation fluences, only a few of the illuminated QDs are actually excited (green dots) as
shown in (i). The edge-emitted light is spontaneous emission, which is per se not directed. As
the excitation fluence is increased (ii), more QDs are excited, resulting in a higher intensity of
the detected spontaneous emission. For an even higher fluence (above the ASE threshold)
shown in (iii), QDs are also excited to an optical gain state. A spontaneously emitted photon
can stimulate emission from a QD in the gain state. If enough QDs are excited to this gain
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Figure 2.12: Principle of Amplified Spontaneous Emission. (a) Illustration of the measure-
ment principle of ASE with the QD film being excited by a rectangular focus spot created by a
cylindrical lens, while the edge-emitted light is collected in a 90° angle. (b) Schematic illustration
of QDs in the film and their emission properties. The amount of spontaneous emission increases
with excitation fluence from (i) to (ii), and for high fluences above the ASE threshold in (iii),
ASE is detected additionally. (c)Waveguiding effect in the illuminated QD film that has a higher
refractive index (𝑛QD film) than the surrounding air (𝑛air) and substrate (𝑛substrate).

state, stimulated emission can happen over and over again along the illuminated stripe. This
cascade of photons is detected at the edge as ASE.

A property of the QD film that strongly supports ASE is its ability to act as a waveguide,
illustrated in Figure 2.12c.112,169 For total internal reflection to occur in the QD film, it must
have a higher refractive index (𝑛QD film) than the surrounding media, here air (𝑛air) and
the substrate (𝑛substrate), so that 𝑛QD film > 𝑛air, 𝑛substrate. This waveguiding effect is more
pronounced at smooth interfaces. Although ASE is typically regarded as a first indication
whether a material is suitable for lasing, those two processes should not be confused. In
contrast to actual lasing, ASE does not involve a cavity and does not produce temporally
coherent light.84,110

In this thesis, the energy landscape of novel spherical LHP QDs is discussed in Chapter 4,
where they are assigned to the weak confinement regime, and a detailed analysis of their
intriguing excited-state properties dominated by biexcitons is provided. Furthermore, the
potential of spherical CsPbBr3 QDs for light amplification is tested, and the origin of the
underlying optical gain is unambiguously attributed to biexcitons in Chapter 5. Before that,
the experimental background is presented in Chapter 3, briefly introducing the material
synthesis and the spectroscopic methods used to study the LHP QDs in detail.





3
Experimental Background

Monodisperse spherical LHP QDs are investigated in Chapter 4 and Chapter 5. The synthesis
that provides these high quality QDs is briefly introduced in Section 3.1, together with electron
microscopy, which is used for their structural verification. The main part of this chapter
presents the spectroscopic methods used to study their optical properties. First, a concise
description of steady-state absorption and photoluminescence (PL) spectroscopy is provided
in Section 3.2, which serve as initial characterization tools of the time-integrated optical
properties of the QDs. Second, transient absorption (TA) spectroscopy is introduced in
Section 3.3, including the working principle of the amplifier system, which provides intense
short laser pulses required to investigate the excited-state dynamics of the QDs. Finally, the
setup for amplified spontaneous emission (ASE) studies is presented in Section 3.4, including
the variable stripe length (VSL) method and the analysis used to extract light amplification
parameters, such as the optical gain threshold and the net optical gain coefficient.
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3.1 Synthesis of Spherical PerovskiteQuantum Dots

The spherical LHP QDs were synthesized by Dr. Quinten Akkerman using his synthesis
detailed in Reference 54. In the following, a concise overview of the synthesis is provided,
together with high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM).

CsPbBr3 Quantum Dot Synthesis

The most common synthesis method for colloidal LHP NCs is the hot-injection technique.
In this approach, the precursors are individually heated to ∼140–200 °C, depending on the
desired NC size, before being rapidly mixed. Since the whole reaction is completed within
a few seconds,31 nucleation and growth occur simultaneously, leading to a relatively broad
size distribution of the resulting NCs.54 In contrast, the synthesis method used here is carried
out under ambient conditions, with nucleation and growth separated in time. The ligand-
controlled growth yields monodisperse spherical QDs with well-defined sizes. The reaction
mechanism for such spherical CsPbBr3 QDs can be described as54

3 PbBr2[TOPO] + 2Cs-DOPA −−−⇀↽−−− 2Cs[PbBr3] + PbDOPA2 + TOPO
−−−→ 2CsPbBr3QDs,

(3.1)

with the phospho-ligands trioctylphosphineoxide (TOPO) and diisooctylphosphonic
acid (DOPA). The synthesis is conducted in the non-polar solvent hexane, to which the
PbBr2[TOPO] precursor is added. To ensure a homogeneous mixture at all times, the solu-
tion is stirred continuously. When the Cs-DOPA precursor is added, the reaction starts and
Cs[PbBr3] monomers are formed. At a certain monomer concentration, nucleation begins.
To get nucleation started in the whole solution at the same point in time, the entire amount of
Cs-DOPA is added quickly under vigorous stirring. Nucleation again lowers the concentration
of monomers, starting the growth phase, where the Cs[PbBr3] intermediate is continuously
converted into CsPbBr3 QDs. After a few minutes, when the growth phase is finished, lecithin
or didodecyldimethylammonium bromide (DDAB) ligands are added, which bind strongly
to the surface of the CsPbBr3 QDs. In the following washing step, an antisolvent (aceton or
ethanol) is added, in which the QDs are not soluble, but the excess ligands and precursors are.
Centrifuging separates the QDs as the sediment from the supernatant, which is discarded.
The QDs are redispersed in hexane or octane and prepared for the intended measurements. A
summary of the used chemicals, preparation of the stock solutions, and synthesis details can
be found in the Appendix.

The size of the QDs can be tuned by the amount of TOPO. To change the composition,
Br– can be fully or partially exchanged to, e.g. Cl– by adding ZnCl2-TOPO after the growth
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and before the washing step.170 Moreover, the inorganic Cs+ can be replaced by organic
cations, such as formamidinium FA+.54

Structural Verification via Scanning Transmission Electron Microscopy

To check the shape and size of the perovskite QDs after the synthesis, a simple light microscope
is not sufficient as the nm-sized QDs are much smaller than the wavelength of visible light.
To increase the resolution, instead of photons, electrons are used, which have a de Broglie
wavelength 𝜆dB given by

𝜆dB = ℎ
𝑚𝑣

= ℎ
√2𝑚𝑒𝑈

, (3.2)

with the electron mass 𝑚 and the acceleration voltage 𝑈.171 A probe corrected FEI Titan
Themis scanning transmission electron microscopy (STEM) setup was used in high-angle
annular dark-field (HAADF) mode with 𝑈 = 300 kV, resulting in 𝜆dB ≈ 2 pm, which is
proportional to the resolution.172 For this measurement, a dilute dispersion of the QDs was
dropcasted onto a carbon-coated copper grid. HAADF-STEM utilizes a focused electron beam
that is scanned across the sample. The position-dependent intensity of transmitted electrons,
which are inelastically scattered at large angles by atom cores, is detected using an annular
detector. The resulting contrast variations provide an image of the sample and can also reveal
its atomic structure.173

3.2 Steady-State Spectroscopy as First Optical Characteri-
zation Tool

The easiest way to study the optical properties of QDs is in the steady state. Here, data are
acquired in a time-integrated way over a duration of the order of ms or s. The sample can
be illuminated continuously; hence, pulsed light sources are not necessary and lamps can be
used for excitation. In the following, steady-state absorption and PL spectroscopy is briefly
introduced, including the commercially available tabletop devices used.

3.2.1 Steady-State Absorption Spectroscopy

The steady-state absorption was measured with the QDs in a dilute colloidal dispersion in
a quartz cuvette. Changes in transmission are attributed solely to absorption, as scattering
and reflection are typically neglected for dilute QD dispersions. A Cary 60 UV-Vis spec-
trophotometer equipped with an 80Hz xenon flash lamp was used together with the provided
software Scan from Agilent Technologies. The white light provides spectral resolution but is
not used directly. Instead, it passes through a Czerny-Turner monochromator, where a grating
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disperses the white light and only a narrow wavelength band exits through a slit. By rotating
the grating it can sweep through the different wavelengths in a broad range of 190–1100 nm.
The light is focused on the sample to an area of ∼1.5 × 1mm2 and the transmitted intensity is
detected by a silicon diode detector.

The transmittance 𝑇 represents the relative change in intensity through the sample. It is
related to the material-specific absorption coefficient 𝛼, the sample thickness, here defined by
the path length 𝐿 of the cuvette, and the absorbance or optical density 𝑂𝐷 via58

𝑇 = 𝐼
𝐼0

= 𝑒−𝛼⋅𝐿 = 10−𝑂𝐷. (3.3)

Note that the wavelength dependence of 𝑇 and related parameters is omitted for clarity. 𝐼
is the intensity transmitted by the sample, while 𝐼0 represents the intensity transmitted by
an identical cuvette filled only with the solvent. Therefore, the determined 𝑂𝐷 reflects only
the absorption of the QDs themselves. Both intensities are corrected for fluctuations in the
intensity of the lamp. 𝑂𝐷 can be related to the extinction coefficient 𝜖, the sample thickness
𝐿, and the sample concentration 𝑐 in the so-called Beer-Lambert law:174

𝑂𝐷 = − log10 (
𝐼
𝐼0
) = 𝜖 ⋅ 𝐿 ⋅ 𝑐. (3.4)

A specific 𝑂𝐷 of the QD dispersion in a cuvette with fixed path length was achieved by
adjusting 𝑐 accordingly. Typically, an 𝑂𝐷 = 0.2 at 400 nm was chosen for a path length of
𝐿 = 2mm. This value represents a good balance between ensuring a sufficiently high signal
intensity for both absorption-based and PL measurements, while minimizing reabsorption and
scattering. Moreover, maintaining a consistent 𝑂𝐷 across all samples ensures comparability
between different samples.

The size of the CsPbBr3 QDs investigated in this thesis can be determined from the
absorption spectrum. Due to the quantum size effect (see Subsection 2.1.1), the spectral
position of the first absorption peak is correlated to the QD diameter. The sizing curve from
Reference 54 is used, which is derived from a dataset of numerous QDs of different sizes,
with their diameters determined through STEM analysis. The correlation between the first
absorption peak position and the QD diameter is reproduced by a polynomial function, which
serves as the sizing curve.54

3.2.2 Steady-State Photoluminescence Spectroscopy

Once the absorption of a sample is known, the next step is typically to investigate its lu-
minescence upon photoexcitation. For this thesis, the steady-state PL was acquired with a
Fluorolog-3 FL3-22 spectrofluorometer from Horiba Jobin Yvon GmbH with the designated
software FluorEssence. It is equipped with a 450W xenon arc lamp from which the desired
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excitation wavelength is selected with a double-grating monochromator. The light emitted
from the sample is collected in a 90° or a 22.5° angle to the excitation path, in the so-called
right-angle (RA) or front-face (FF) configuration, respectively. The latter is more suitable for
strongly scattering samples or for samples with a large 𝑂𝐷 and strong reabsorption. Here,
these effects were minimized because the QDs were measured in a stable colloidal dispersion
in a cuvette with 2mm path length with an 𝑂𝐷 ≈ 0.2 at the excitation wavelength at 400 nm.
Therefore, there was no difference in PL spectra obtained in the RA or FF configuration. The
emitted light passes through another double-grating monochromator, which disperses the
light and sweeps through the different wavelengths, which are subsequently detected by a
R928P photomultiplier tube.

Conversion Between Wavelength and Energy

As described above, the PL intensity is measured as a function of wavelength 𝐼 (𝜆). When
converting it into a function of energy 𝐼 (𝐸), one has to consider the inverse relation between
wavelength and energy via 𝜆 = ℎ𝑐

𝐸 . An equal spacing in wavelength does not correspond to
an equal spacing in energy. Therefore, it is not correct to simply convert the x-axis of the
PL spectrum from 𝜆 to 𝐸, but the intensity also has to be adjusted. This becomes clear when
considering energy conservation:

𝐼 (𝜆) d𝜆 = 𝐼 (𝐸) d𝐸. (3.5)

𝐼 (𝜆) is correctly transformed to 𝐼 (𝐸) via the so-called Jacobian transformation with the
factor ℎ𝑐

𝐸2 :
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𝐼 (𝐸) = 𝐼 (𝜆)d𝜆
d𝐸

= −𝐼 (𝜆) ℎ𝑐
𝐸2

. (3.6)

The minus sign indicates the different directions of integration in the wavelength and
energy domains and is not further relevant. After the PL spectrum 𝐼 (𝜆) is converted to 𝐼 (𝐸)
accordingly, it can be used for, e.g., determining an energy shift or fitting Gaussian peaks.
Note that this procedure is not necessary for absorption measurements as the transmittance 𝑇
is the ratio of two intensities (see Equation 3.3), hence the Jacobian factor cancels.176

3.3 Transient Absorption Spectroscopy

Transient absorption (TA) spectroscopy is a pump-probe technique that monitors changes
in the absorption of the ground and an excited state of a sample. Ultra-short laser pulses
of ∼100 fs are used to obtain information on a sub-ps time scale. In the following, a brief
summary on the amplification and wavelength tuning of such laser pulses is provided before
the TA technique itself is described in detail.
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3.3.1 Amplification of Ultra-Short Laser Pulses

The ultra-short pulse length of laser pulses provides a high temporal resolution for TA
measurements. A high laser power is often required to utilize various nonlinear processes,
such as changing the laser wavelength (see Subsection 3.3.2) or studying the nonlinear
behavior of a sample (see Chapter 5). To generate such ultra-short and intense laser pulses, a
Libra-HE+ Ti:Sapphire amplifier system from Coherent was used, that provides 800 nm laser
pulses with a pulse length 𝜏pulse ≈ 100 fs, an average power 𝑃avg ≈ 5W, and a repetition rate
𝑓rep = 1 kHz. The main components are schematically illustrated in Figure 3.1.

pump laser

seed laser

stretcher amplifier compressor

Figure 3.1: Amplifier System. The seed laser pulses (∼100 fs, 800 nm) are temporally elongated
by a stretcher to ∼ps, the intensity is increased by an amplifier, and the laser pulses again
narrowed by a compressor to ∼100 fs. The Ti:Sapphire crystal as the gain medium in the
amplifier cavity is pumped by a pump laser (∼120 ns, 527 nm).

The starting point is a Vitesse seed laser. This Ti:Sapphire oscillator (pumped by a 532 nm
continuous wave Verdi diode laser) already produces 800 nm laser pulses of ∼100 fs at a
repetition rate of 80MHz but with an average power of only ∼300mW. Directly amplifying
these ultra-short laser pulses risks damaging the gain medium due to self-focusing.177 Instead,
chirped-pulse amplification (CPA) is used.178 First, the ultra-short pulses are temporally
elongated in a grating-based so-called stretcher, which introduces a positive chirp resulting
in ∼ps pulses. This reduces the peak power 𝑃peak according to

𝑃peak =
𝐸pulse
𝜏pulse

, (3.7)

with the pulse energy 𝐸pulse that remains constant during the stretching process. The
following regenerative amplifier consists of a Ti:Sapphire crystal (see Subsection 2.1.3) po-
sitioned in a cavity and pumped by a 527 nm Evolution diode laser with a repetition rate of
1 kHz and a pulse length of ∼120 ns. In- and out-coupling, as well as the number of round trips
of the pulses in the cavity is controlled by electro-optic switches called Pockels cells. The first
Pockels cell couples laser pulses in the cavity at a rate of 1 kHz, matching the repetition rate
of the pump laser. The pulses get amplified by the gain medium in numerous round-trips and
are finally coupled out by the second Pockels cell.179 The amplified pulses with 𝑓rep = 1 kHz
are temporally compressed back to ∼100 fs by a so-called compressor, which introduces a
negative chirp and increases 𝑃peak, following the reverse process of the stretcher.
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Looking at the initial and final parameters of the laser beam underlines the importance of
correctly distinguishing different parameters. Ultimately, 𝑃avg increased from ∼300mW to
∼5W by a factor of ∼17, while 𝑓rep decreased from 80MHz to 1 kHz by a factor of 8 ⋅ 104. A
parameter that includes changes of both quantities is the pulse energy

𝐸pulse =
𝑃avg
𝑓rep

. (3.8)

The initial 𝐸pulse ≈ 4 nJ is amplified to ∼5mJ by a factor of ∼106. 𝑃peak is amplified by the
same factor from ∼40 kW to ∼50GW.

3.3.2 Tuning the Wavelength of Laser Pulses

To achieve a spectral resolution for TA measurements in the visible range, white light is
necessary for the probe beam. Furthermore, to excite the LHP QDs under investigation,
wavelengths of 𝜆 ≲ 500 nm are required. In the following, the processes used to create
these additional wavelengths from the 800 nm output of the amplifier system (as discussed
in Subsection 3.3.1) are briefly described and illustrated in Figure 3.2. They all rely on the
interaction of ultra-short and intense laser pulses with nonlinear media. The polarization
𝑃(𝑡) of such a medium induced by a strong optical field depends nonlinearly on the electric
field 𝐸(𝑡) according to

𝑃(𝑡) = 𝜀0𝜒 (1)𝐸(𝑡) + 𝜀0𝜒 (2)𝐸(𝑡)2 + 𝜀0𝜒 (3)𝐸(𝑡)3 + ..., (3.9)

with the vacuum permittivity 𝜀0 and the linear, second-, and third-order nonlinear optical
susceptibilities 𝜒 (1), 𝜒 (2), and 𝜒 (3), respectively. For media with inversion symmetry the
even-order nonlinear susceptibilities vanish, resulting in a dominant nonlinear contribution
from 𝜒 (3).177,179
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Figure 3.2: Nonlinear Processes. (a) Illustration of self-phase modulation in a Gaussian-
shaped laser pulse by a material with 𝑛2 > 0 creating additional frequencies to the initial
frequency 𝜔0 represented by the instantaneous frequency 𝜔i(𝑡). Level scheme illustrating (b)
second-harmonic generation and (c) optical parametric amplification.
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White-Light Generation

An example of a third-order nonlinear process is the optical Kerr effect, which describes the
intensity dependence of the refractive index 𝑛(𝐼 ) as

𝑛(𝐼 ) = 𝑛0 + 𝑛2𝐼 , (3.10)

with the initial refractive index 𝑛0 and the optical Kerr coefficient 𝑛2. For white-light
generation in the used TA setup, a CaF2 crystal is used, for which the main contribution to
white-light generation is self-phase modulation, which is illustrated in Figure 3.2a. Here, an
incoming optical pulse experiences the intensity-dependent 𝑛(𝐼 ), resulting in a variation of
the phase 𝜑(𝑡) ∝ 𝑛2𝐼 (𝑡). This influences the instantaneous frequency 𝜔i(𝑡) of the pulse, which
is given by

𝜔i(𝑡) = 𝜔0 +
d
d𝑡
𝜑(𝑡). (3.11)

Due to the varying phase, additional frequencies are introduced around the initial fre-
quency 𝜔0, creating a chirp in the pulse.177,180 The resulting optical pulse contains a range of
frequencies that, in the case of CaF2, covers the visible spectral range even extending into the
ultraviolet (UV).

Second-Harmonic Generation

Materials without an inversion symmetry have 𝜒 (2) ≠ 0 (compare with Equation 3.9) and can
therefore show second-order nonlinear properties. This is necessary for second-harmonic
generation (SHG), where the frequency of a laser pulse is doubled, as illustrated in Figure 3.2b.
For this thesis, this process was used to generate 400 nm from the 800 nm provided by the
amplifier system, by utilizing a barium borate (BBO) crystal.

An incoming plane wave with angular frequency 𝜔 can be written as

𝐸(𝑡) = 𝐸0𝑒−𝑖𝜔𝑡 + 𝐸∗0 𝑒𝑖𝜔𝑡, (3.12)

with the amplitude 𝐸0 and its complex conjugate 𝐸∗0 . The interaction of this incoming
electric field with a material with 𝜒 (2) ≠ 0 can be described by

𝑃 (2)(𝑡) = 𝜀0𝜒 (2)𝐸(𝑡)2 = 𝜀0𝜒 (2)(𝐸20𝑒−𝑖2𝜔𝑡 + 𝐸∗20 𝑒𝑖2𝜔𝑡 + 2𝐸0𝐸∗0 ). (3.13)

While the last term on the right side does not contribute to outgoing radiation, the first two
terms have a contribution at the frequency 2𝜔, which is exactly the desired second-harmonic
of the incoming frequency 𝜔.177
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The Optical Parametric Amplifier

The OPerA Solo optical parametric amplifier (OPA) from Coherent used for this thesis can
generate light in a broad spectral range from ∼300 nm up to 12 µm by utilizing several non-
linear processes. As the name suggests, the main process in an OPA is optical parametric
amplification, which is illustrated in Figure 3.2c. Two light beams interacting in a 𝜒 (2) ≠ 0
medium are required: one high-intensity pump beam with 𝜔pump and another so-called signal
beam with 𝜔signal. While the intensity of the pump beam gets decreased, the intensity of the
signal beam is amplified and another, so-called idler beam with 𝜔idler is created. The three
beams follow the relation 𝜔pump = 𝜔signal + 𝜔idler. The OPerA Solo uses the 800 nm output of
the Libra-HE+ amplifier system as pump beam. A fraction of the pump is used for white-light
generation in a sapphire crystal, from which the desired 𝜔signal is selected.

Several other second-order nonlinear processes are used for further frequency mixing,
such as the above mentioned SHG as well as sum-frequency generation (SFG) and difference-
frequency generation (DFG). In analogy to SHG described in Equation 3.13, one can consider
the case of two incoming plane waves with different angular frequencies 𝜔1 and 𝜔2. Then, the
resulting outgoing radiation contains, besides the second-harmonic terms with contributions
at 2𝜔1 and 2𝜔2, additional mixed frequency terms with 𝜔1+𝜔2 and 𝜔1−𝜔2, which correspond
to SFG and DFG, respectively. Note that all the mentioned nonlinear processes require phase
matching to be efficient. This means that the wave vector mismatch Δ𝑘 should ideally be
zero, which can be realized in birefringent materials such as BBO crystals. For SFG as an
example, the wave vector mismatch is given by Δ𝑘 = 𝑘1 + 𝑘2 − 𝑘3, with the wave vectors of
the incoming light 𝑘1 and 𝑘2, and the generated wave vector 𝑘3.177,181

3.3.3 A Tool to Study the Excited State

After introducing the amplifier system and the nonlinear processes utilized to create the
desired wavelengths, TA spectroscopy is discussed next. It is a pump-probe technique and,
therefore, relies on two laser beams interacting with the sample. The pump beam excites
the sample to a certain state depending on the excitation wavelength, while the white-light
probe beam is used to measure the absorption of the sample with (𝑂𝐷pump) and without
prior pumping (𝑂𝐷no pump), as illustrated in Figure 3.3. The signal of interest is the change in
absorption of the ground and the excited state Δ𝑂𝐷, given by

Δ𝑂𝐷 = 𝑂𝐷pump − 𝑂𝐷no pump. (3.14)

Although the spectral and temporal dependence of Δ𝑂𝐷 is crucial to studying the excited
state of a sample, it is omitted in the equations for clarity.

As discussed in Subsection 3.2.1, absorption is not directly measured, but rather the trans-
mitted intensity. The actual parameters recorded here are the spectrally-resolved intensities
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Figure 3.3: Transient Absorption Spectroscopy Principle. Illustration of the TA technique
using a white-light probe beam of intensity 𝐼0(𝜆) illuminating the sample. (a)Without a prior
pump pulse, the transmitted intensity is 𝐼no pump(𝜆). (b) A pump pulse (blue) excites the sample
and after a delay time Δ𝑡, the transmitted white-light intensity is 𝐼pump(𝜆).

of the probe beam after the sample with and without prior pumping 𝐼pump and 𝐼no pump,
respectively. Following the relation between intensity and 𝑂𝐷 introduced in Equation 3.3,
Δ𝑂𝐷 can be expressed as

Δ𝑂𝐷 = − log10 (
𝐼pump

𝐼0
) − (− log10 (

𝐼no pump

𝐼0
)) = log10 (

𝐼no pump

𝐼pump
) . (3.15)

Note that the light intensity 𝐼0 before interacting with the sample cancels out. To obtain
information on the temporal dynamics, a temporal delay Δ𝑡 between pump and probe pulses is
introduced and the Δ𝑂𝐷 signal is repeatedly measured for different time delays. The temporal
resolution is limited by the pulse length.

A TAmeasurement can contain a variety of information and should first of all be compared
to the linear absorption spectrum (see Subsection 3.2.1), which corresponds to 𝑂𝐷no pump in
Equation 3.14. A fundamental process when pumping a bulk semiconductor is the change
in absorption coefficient Δ𝛼 induced by the density of electrons in the CB 𝑓e and of holes
in the VB 𝑓h. As the sample thickness is constant throughout the measurement, Δ𝛼 ∝ Δ𝑂𝐷
(see Equation 3.3). The initial absorption coefficient before pumping is 𝛼no pump. Due to
so-called phase-space filling,62 the absorption into the excited state is reduced if either 𝑓e
or 𝑓h is nonzero, i.e., if electrons in the CB or holes in the VB, respectively, ’block’ some of
the transitions. It is described by 𝛼pump = 𝛼no pump(1 − 𝑓e)(1 − 𝑓h). Furthermore, stimulated
emission characterized by 𝑒 = 𝛼no pump𝑓e𝑓h becomes possible if both 𝑓e and 𝑓h are nonzero.
This illustrates that for an emission process both an electron in an excited state and a hole (a
missing electron in the ground state) must be available. Δ𝛼 can be related to 𝛼no pump and 𝑓e,h
via

Δ𝛼 = (𝛼pump − 𝑒) − 𝛼no pump =

= 𝛼no pump(1 − 𝑓e)(1 − 𝑓h) − 𝛼no pump𝑓e𝑓h − 𝛼no pump =

= −𝛼no pump(𝑓e + 𝑓h).

(3.16)

Note that for 𝑓e,h ≠ 0, both 𝛼pump and 𝑒 contribute to a negative Δ𝛼, i.e., bleaching in
the TA signal. All parameters discussed above are wavelength and delay-time dependent,
although this is not included to keep Equation 3.16 legible. A variety of processes can be
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studied using TA spectroscopy, as discussed elsewhere.91,104,182,183 The temporal resolution of
this technique further enhances its versatility, enabling the resolution of temporally varying
signals, e.g., induced by coherent phonons.158,184,185

The Transient Absorption Setup

A custom-built TA setup from Newport was utilized for this thesis. A sketch of the setup is
shown in Figure 3.4 illustrating the simplified beam path and the main optical components.
The Libra-HE+ Ti:Sapphire amplifier system from Coherent, as detailed in Subsection 3.3.1,
was used as the light source for both pump and probe beam. For the pump, the 800 nm
wavelength of the ultra-fast laser pulses were adjusted to 400 nm using a BBO crystal via
SHG (see Subsection 3.3.2) after which any remaining 800 nm light is blocked by a short-pass
excitation filter. Alternatively, to match the first absorption peak of the investigated QDs, a
wavelength of ∼500 nm was generated via SFG using an OPA (see Subsection 3.3.2).

reference
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sample
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crystal

delay
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Figure 3.4: Transient Absorption Setup. Sketch of the transient absorption setup showing a
simplified beam path of pump and probe beams including the relevant optical components. The
dashed lines and mirrors represent an alternative beam path, where the pump is diverted to an
optical parametric amplifier (OPA).

To alternately measure the absorption of the ground and excited state of the sample
(𝑂𝐷pump and 𝑂𝐷no pump, respectively), every second pump beam is blocked by a mechanical
chopper, resulting in a halved repetition rate of the pump beam of 0.5 kHz. The pulse energy
is adjusted by a variable neutral density (ND) filter and subsequently measured by a 919E-
20U-10-20K photodiode pulse energy detector from Newport. After that, the pump beam is
guided onto the sample at a slight angle so that any transmitted pump light can be absorbed
by a beam block. The size of the pump beam spot at the sample position was determined by
a WincamD-UCD12-1310 beam profiler from dataRay to have a diameter of around 650 µm,
resulting in an area of around 3.3 ⋅ 10−3 cm2. To ensure that the entire probed region is indeed
pumped, the spot size illuminated by the pump beam is larger than that of the probe beam,
the path of which is described in the following.

After the amplifier system, a beam splitter diverts a small portion of the laser light to
serve as the probe beam. Next, it passes through a delay line, which varies the path length of
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the beam to achieve the temporal delay Δ𝑡 between the pump and probe pulses. To achieve
spectral resolution, the 800 nm beam passes through a CaF2 crystal generating white light
(detailed in Subsection 3.3.2) that covers the entire visible spectrum and even reaches into
the UV. The probe illuminates the sample and the transmitted light is subsequently detected
by a MS260i spectrometer from Newport and a charge-coupled device (CCD) camera. To
account for pulse-to-pulse fluctuations in the probe beam, half of it is diverted by a beam
splitter before the sample and is used as a reference beam, detected by the same devices. The
white-light probe pulses are slightly chirped due to self-phase modulation and dispersion in
the media they pass through, such as the CaF2 crystal and beam splitter, causing the lower
energy components to arrive first. This effect is qualitatively compensated for by fitting a
rational function to the signal onset in the two-dimensional TA dataset, ensuring a consistent
time zero across all detected wavelengths.

Polarization-Dependent Measurements

The setup shown in Figure 3.4 can be easily modified for polarization-dependent measure-
ments, where the pump and probe beams are circularly polarized, either with the same
(co-polarized) or the opposite circular polarization (counter-polarized). The output of the
amplifier system and hence the pump beam is already linearly polarized. To ensure the linear
polarization of the white-light probe beam, a Glan-Thompson polarizing prism can be used.
The linear polarization of the beams is converted to circular polarization by placing 𝜆/4 wave
plates in the respective beam paths right in front of the sample. An AQWP05M-600 and a
superachromatic SAQWP05M-700 𝜆/4 wave plate from Thorlabs are used for the pump and
probe beams, respectively.

Sample Preparation

For the TA studies in this thesis, the LHP QDs were prepared in two ways: either dispersed in
a solution or deposited on a transparent substrate. The former was used whenever possible,
as a stable colloidal dispersion naturally ensures sample homogeneity. Upon high-power
pumping, the dispersion was stirred to prevent photo-charging of the sample. A quartz
cuvette with an optical path length of 2mm was used and the sample was diluted to achieve
an 𝑂𝐷 = 0.2 at the respective pump wavelength (see Subsection 3.2.1).

To study the QDs at low temperature, the sample has to be cooled down by a cryostat.
Here, a closed cycle helium cryostat from Advanced Research Systems was used that was
controlled by a Model 335 cryogenic temperature controller from Lake Shore Cryotronics. For
this purpose, the QDs can no longer be in solution but must be deposited on a transparent
substrate. Therefore, the colloidal dispersion was dropcasted onto a sapphire substrate. Note
that the resulting film of QDs should be homogeneous to minimize scattering and to make
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different sample spots across the substrate comparable. Selecting a specific 𝑂𝐷 is challenging,
as variations in film thickness directly affect the 𝑂𝐷 (see Equation 3.4). Additionally, the film
has to be thin enough to allow transmission of the probe beam.

Determining the Excitation Density

As described above, the pulse energy 𝐸pulse of the pump beam is measured directly in front of
the sample. Upon passing through the sample, some pump photons are absorbed, causing the
beam intensity to decrease exponentially with the sample thickness following Equation 3.3.
Hence, the pulse energy reaching the backside of the sample is lower than that at the front.
For the typically used 𝑂𝐷 = 0.2 at the excitation wavelength, this results in a transmission 𝑇 =
10−𝑂𝐷 ≈ 0.63. This can be accounted for by considering a spatially averaged 𝐸pulse,avg across
the sample with a path length 𝐿, as shown in Equation 3.17. The deviation between the initial
𝐸pulse,0 and 𝐸pulse,avg becomes more pronounced for larger 𝑂𝐷 values of the sample.186,187 In
the case of 𝑂𝐷 = 0.2, this results in a change of 20 %.

𝐸pulse,avg =
1
𝐿 ∫

𝐿

0
𝐸pulse(𝑧) d𝑧 =

1
𝐿 ∫

𝐿

0
𝐸pulse,0 ⋅ 𝑒

−𝑂𝐷⋅log𝑒(10)⋅𝑧/𝐿 d𝑧 =

=
𝐸pulse,0

𝑂𝐷 ⋅ log𝑒(10)
⋅ (1 − 𝑒−𝑂𝐷⋅log𝑒(10))

𝑂𝐷= 0.2
≈ 0.8 ⋅ 𝐸pulse,0

(3.17)

However, the value of the pulse energy is of limited use as it does not indicate how many
photons are actually absorbed. The number of photons absorbed per QD in an ensemble of
QDs follows Poisson distribution (see Equation 2.8).90 Therefore, the probability 𝑃 (⟨𝑁 ⟩, 𝑁 ≠ 0)
of having no exciton in a QD is given by

𝑃 (⟨𝑁 ⟩, 𝑁 ≠ 0) = 1 − 𝑃 (⟨𝑁 ⟩, 0) = 1 − 𝑒−⟨𝑁⟩. (3.18)

⟨𝑁 ⟩ can be further related to the spatially-averaged number of photons per pulse per area
𝑗avg and the absorption cross-section 𝜎abs at the excitation wavelength via117

⟨𝑁 ⟩ = 𝑗avg ⋅ 𝜎abs =
𝐸pulse,avg
𝐴spot ⋅ ℎ𝑐/𝜆

⋅ 𝜎abs, (3.19)

with the excitation wavelength 𝜆 and the illuminated area 𝐴spot. Hence, determining 𝜎abs
is essential to calculate ⟨𝑁 ⟩. The common method employed here is illustrated in Figure 3.5
using data of the QD ensemble discussed in Chapter 5.117,147 The Δ𝑂𝐷 signals at the main
bleach upon excitation with various 𝑗avg are time-averaged at relatively long delay times (here
2–3 ns as highlighted in Figure 3.5a) at which no more multi-excitons are left. These values
are plotted in Figure 3.5b as a function of 𝑗avg, and fitting the function 𝑓 (𝑥) = 1 − 𝑒−𝑥⋅𝜎abs

determines 𝜎abs ≈ 8.6 ⋅ 10−15 cm2. The analog procedure with time-averaging over 1.7–2.1 ns
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using data of the QD sample studied in Chapter 4 yields 𝜎abs ≈ 1.9 ⋅ 10−14 cm2. Both values
are consistent with literature.188–191
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Figure 3.5: AverageQuantum Dot Excitation. (a) −Δ𝑂𝐷 signal of the main bleach of the QD
ensemble discussed in Chapter 5 with the time average over 2–3 ns indicated. (b) Corresponding
−Δ𝑂𝐷 values average over 2–3 ns as a function of the spatially-averaged number of photons per
pulse per area 𝑗avg.

3.4 Amplified Spontaneous Emission Studies

In order to test the potential of amaterial for light amplification, its ability to generate amplified
spontaneous emission (ASE) is typically tested first (see Subsection 2.2.3). A common method
for this kind of measurement involves illuminating the sample with a stripe-like spot. ASE can
build up along the stripe, and the emitted light is detected in a 90° angle along the stripe.168 In
the following, the experimental setup is introduced, and two critical parameters are discussed:
the excitation fluence and the length of the illuminated stripe. By varying these parameters,
the ASE threshold and the net optical gain coefficient can be determined, respectively.

3.4.1 Density-Dependent Emission Detection

The same Libra-HE+ amplifier system as detailed in Subsection 3.3.1 is used as the light source
for the ASE studies. The 800 nm output is frequency doubled to 400 nm via SHG in a BBO
crystal (see Subsection 3.3.2), as shown in the setup illustration in Figure 3.6. The remaining
800 nm light is blocked by a short-pass excitation filter, and the pulse energy is adjusted
with a variable ND filter. The approximately Gaussian-shaped laser beam is focused in one
dimension by a LJ1567L2-A cylindrical lens from Thorlabs, creating a roughly rectangular-
shaped beam profile. The stripe-like focus spot, with its longer side parallel to the optical
table, is aligned to the sample using a variable slit so that one end of the excitation stripe
coincides with the sample edge. The stripe length is adjusted by a movable edge plate. Further
details on the sample preparation are given below, while the purpose of the variable stripe
length is discussed in Subsection 3.4.2.
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Figure 3.6: Amplified Spontaneous Emission Setup. The frequency-doubled laser beam is
focused to a rectangular spot by a cylindrical lens. The spot is aligned to the sample edge by a
variable slit and its length adjusted by a movable edge plate. The light emitted by the sample,
which is deposited on a substrate, is collected in a 90° angle.

A power meter sensor can be placed between the edge plate and the sample. The light
that is emitted from the sample and travels along the stripe towards the aligned edge is
collected and again focused by two plano-convex lenses. In between, a long-pass emission
filter blocks scattered laser light. The collected light is focused onto an optical fiber connected
to a FLAME-T-XR1 miniature spectrometer from OceanInsight that is used to acquire the
spectra. Due to the 90° angle between the excitation and emission path, the alignment of the
optical components is especially crucial. Therefore, the detection optics were mounted in a
cage system to avoid measurement artifacts.

Sample Preparation

As discussed in Subsection 2.2.3, ASE measurements are typically performed on QDs de-
posited on a substrate. This is necessary to reach a sufficiently high QD density for the
stimulated emission to overcome losses.112,113 The colloidal QD dispersion used in this thesis
was dropcasted onto Si substrates. These were chosen over glass, even though glass has a
lower refractive index and would, in principle, be more more suitable for waveguiding in the
QD film. However, the high transparency of glass in the used wavelength range can lead to
reflections of scattered light inside the glass, complicating alignment and potentially intro-
ducing measurement artifacts. The drop was distributed across the entire 1 × 1 cm2 substrate
to ensure that the resulting thin film of QDs extended to the edge of the substrate. To slow
down the evaporation of the solvent, the substrate was covered with a small glass bowl. This
ensures a homogeneous distribution of QDs, allowing the QD film to be used for multiple
measurements under the same conditions by simply moving the substrate perpendicular to
the optical table.

Determining the Amplified Spontaneous Emission Threshold

The ASE threshold is the excitation density at which a sufficient number of QDs are in an opti-
cal gain state, so that stimulated emission dominates over losses, as detailed in Subsection 2.2.3.
It is typically quantified by the excitation fluence 𝐹 given by
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𝐹 =
𝐸pulse
𝐴spot

, (3.20)

with the pulse energy 𝐸pulse and the illuminated area 𝐴spot. To determine the correct
𝐸pulse incident on the sample, the power meter sensor must be placed directly in front of the
sample, i.e., after the slit (see Figure 3.6). The measured 𝑃avg is converted into 𝐸pulse with the
repetition rate 𝑓rep = 1 kHz using Equation 3.8. 𝐸pulse can be tuned by the variable ND filter,
as illustrated in Figure 3.6, while 𝐴spot is kept constant.

The spot size is measured by replacing the sample with a WincamD-UCD12-1310 beam
profiler from dataRay, ensuring that its CCD detector is positioned at the same distance from
the cylindrical lens as the sample. Figure 3.7a shows a false color image of the stripe-like
beam spot at the sample position.
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Figure 3.7: Analysis of Laser Spot Profile. (a) False color image of the laser beam spot at
the sample position. (b) Intensity distribution along the longer side of the stripe-like spot with
linear fits to parts of the curve. The determined length of the beam profile in the x-dimension
𝑑x is indicated. (c) Intensity distribution along the shorter side with a Gaussian fit and various
methods of determining its width 𝑑y.

The intensity distribution along the longer side is displayed in Figure 3.7b, revealing an
approximately rectangular-shaped profile in the x-dimension with relatively steep edges. The
corresponding spot length 𝑑x can be approximated by the width of the profile curve at its
mean intensity, similar to the full width at half maximum (FWHM). The minimum intensity
𝐼min is defined as the average over a range of 32 data points of the background signal, while
the maximum intensity 𝐼max is determined by the average over 242 data points at the signal
plateau. A value of 𝑑x = 2350 µm is extracted at the average intensity 𝐼x,avg given by

𝐼x,avg =
𝐼min + 𝐼max

2
. (3.21)
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Along the shorter side, the beam profile can be approximated by a Gaussian peak, as
shown in Figure 3.7c. The corresponding width in the y-dimension 𝑑y can be defined in
different ways, such as at an intensity drop of 1/2, 1/𝑒, or 1/𝑒2. In this case, 𝑑y is found to be
23, 28, or 40 µm, depending on the chosen definition. Therefore, to properly compare ASE
threshold values, the exact method for determining𝐴spot must be specified, which is, however,
often not reported in literature. For this thesis, the full width at an intensity drop of 1/𝑒2 was
chosen.

Ultimately, for the ASE threshold determination presented in Figure 5.3, emission spectra
were acquired at different excitation fluences. The emission intensity was integrated over
a spectral range covering the ASE peak and plotted as a function of the excitation fluence,
where a sudden change in slope indicates the onset of ASE. Since the data were not corrected
for spontaneous emission, the slope before the ASE onset is nonzero. The two distinct regions
were individually fitted with linear functions, with the fluence value at their intersection
determining the ASE threshold.

3.4.2 Variable Stripe Length Method

In the variable stripe length (VSL) method, the length of the stripe-like spot 𝑑x is varied, while
spectra of the light emitted along the excited stripe are acquired.168 As illustrated in Figure 3.6,
the variable slit blocks the tails of the beam with a Gaussian intensity distribution, ensuring
an almost rectangular intensity profile with relatively steep edges, as shown in Figure 3.7b.
One part of the slit also aligns the beam with the substrate. For the VSL measurements, the
excitation stripe length was varied using a movable edge plate controlled by a micrometer
screw. A close-up of the setup that highlights the components just discussed is shown in
Figure 3.8a.
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Figure 3.8: Variable Stripe Length Method. (a) The stripe-like focus is cut and aligned
to the substrate using a variable slit. The stripe length 𝑑x is varied by a movable edge plate.
(b) Emission intensity for a stripe length of 𝑑x = 0.025 cm (light green circles) scaled to the
maximum of the spontaneous emission peak acquired at 𝑑x = 0.125 cm (dark green squares). The
gray shaded area highlights the spectral range covering the ASE peak in which the intensities
were integrated and subtracted, yielding the integrated ASE intensity 𝐼 (𝑑x).
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Determining the Net Optical Gain Coefficient

An exponential increase in the emission intensity with stripe length indicates net optical gain
in the sample, characterized by a positive net optical gain coefficient 𝐺 > 0 (see Equation 2.13).
The intensity dependence on the stripe length 𝐼 (𝑑x) can be related to 𝐺 and the spontaneous
emission intensity per unit length 𝐼𝑙 via

𝐼 (𝑑x) =
𝐼𝑙
𝐺
⋅ (𝑒𝐺⋅𝑑x − 1) . (3.22)

In this equation, gain saturation is not taken into account; thus, Equation 3.22 only
describes the onset of 𝐼 (𝑑x), which may appear almost linear when |𝐺| ⋅ 𝑑x ≪ 1. In this regime,
the exponential factor can be approximated by a Taylor expansion 𝑒𝐺⋅𝑑x ≈ 𝐺 ⋅ 𝑑x + 1, resulting
in a linear intensity increase 𝐼 (𝑑x) = 𝐼𝑙 ⋅ 𝑑x. Hence, for small gain coefficients, the VSL method
alone is not sufficient to confirm the presence of ASE.62

For the VSL analysis presented in Subsection 5.1.2, background spontaneous emission
was subtracted using a reference spectrum measured at small 𝑑x = 0.025 cm, where only
spontaneous emission is observed. This reference spectrum was scaled to the maximum of
each spontaneous emission peak corresponding to different 𝑑x values, as shown in Figure 3.8b
for 𝑑x = 0.125 cm. The emission intensity in the spectral range covering the ASE peak (marked
in gray) was integrated and corrected by subtracting the integrated intensity of the scaled
reference in the same spectral range. The resulting values were used as the integrated ASE
intensity 𝐼 (𝑑x) and fitted using Equation 3.22, revealing 𝐺.



4
Confined Excitons in Lead Halide

PerovskiteQuantum Dots

Most studies on III-V and II-VI QDs are performed on strongly confined QDs, where elec-
trons and holes are described as individually confined before taking Coulomb effects into
account (see Subsection 2.1.1).53,67 Their atomic-like discrete energy levels and resulting
optical properties have been widely investigated.56,70,91–94,96,98,117,153,192 Nevertheless, a fun-
damental constraint of common semiconductors is their band structure, which has a hh/lh
degeneracy around the band gap, leading to close lying energy levels that are difficult to
resolve.152,153 In contrast, this is not the case for lead halide perovskites (LHPs), where the
band gap consists of a single VB and a single CB (see Subsection 2.2.1).51 However, precise
control over their size and shape remains challenging; as a result, inhomogeneous broadening
in optical spectra often obscures the underlying energy landscape. Most studies on their
excitonic properties have been conducted on relatively large NCs with edge lengths ≥10 nm
without significant confinement.154–158 A novel synthesis method for LHP QDs produces
monodisperse spherical QDs.54 Their diameter can be tuned within the range of 4–14 nm,
enabling studies on confinement effects and their optical properties with reduced influence
from inhomogeneous broadening. Detailed insight into the energy levels and charge-carrier
behavior of LHP QDs around the band gap enhances understanding of their optical properties,
supporting their advancement in applications such as light-emitting devices and lasers.

This chapter is based on the main results of Reference 193. Spherical LHP QDs are studied
with the goal of understanding their confined energy landscape and excited-state behavior.
First, fundamental optical properties of spherical CsPbBr3 QDs are introduced in Section 4.1,
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together with HAADF-STEM images confirming their spherical shape. The monodispersity
of the QDs allows to resolve individual energy levels to study their quantum confinement.
Comparisons with model calculations in Section 4.2 render the weak confinement model
suitable to describe the energy landscape of the QDs as center-of-mass motion confined
excitons. This provides the basis to further study excited states of the LHP QDs in Section 4.3.
In transient absorption (TA) spectroscopy (introduced in Subsection 3.3.3), a multitude of
spectral features is observed. Their spectral shape and polarization-dependent behavior
are reproduced by modeling the excited-state absorption and subsequently TA spectra by
considering bleached excitonic and induced biexcitonic transitions as main contributions.
This assignment is further confirmed by the temporal dynamics presented in Section 4.4.

4.1 Structural and Steady-State Optical Properties

To ensure the spherical size of the QDs synthesized following the method described in
Section 3.1, HAADF-STEM images as shown in Figure 4.1 were acquired. The overview image
in Figure 4.1a shows the assembly of QDs in a monolayer. They do not arrange in a cubic
lattice, as would be expected for cube-shaped QDs, but in a hexagonal lattice indicating a
spherical QD shape.54 The few-nm-sized high-contrast particles observed at the edges of some
QDs are attributed to metallic lead clusters formed upon exposure to the electron beam.194

The gap of a few nm between the QDs is caused by the ligands, here lecithin.

a b

3 nm20 nm

Figure 4.1: HAADF-STEM Images. (a) Overview image of CsPbBr3 QDs indicating their
assembly in a hexagon-like pattern. (b) Close-up of a single QD showing its spherical shape
and high crystallinity. HAADF-STEM measurements were performed in collaboration with Dr.
Markus Döblinger from the Department of Chemistry at LMU Munich.

A close-up of a single QD in Figure 4.1b confirms the spherical-like shape and also its
high crystallinity. Naturally, the shape of the QDs is not a perfect sphere and has also been
described as spheroidal or, more precisely, as rhombicuboctahedral.54 In the context of this
thesis, the shape is described as spherical, as this is a sufficiently good approximation, and to
highlight the difference to common cubic or cuboidal LHP NCs.
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Figure 4.2a shows a steady-state absorption and PL spectrum of a spherical CsPbBr3 QD
ensemble in solution. The QDs are ∼7 nm in diameter and have lecithin as ligands. The
absorption resonances labeled X1, X2, and X3 are clearly distinct from each other, and the
PL spectrum is redshifted from X1 by a Stokes shift 𝐸Stokes ≈ 35meV. Figure 4.2b shows
spectra for different QD sizes, which were determined using the sizing curve reported in
Reference 54 that correlates the energetic position of the first absorption peak to the QD size
based on STEM measurements (see Subsection 3.2.1). It is apparent that towards larger QDs
the absorption redshifts and the energetic distance between the peaks decreases. This is a
clear indication of the quantum size effect, as introduced in Subsection 2.1.1. Furthermore,
all absorption peaks can be fit by well-separated Gaussian peaks, shown in Figure A.1 in the
Appendix. The clear shape of the absorption spectra reflects the inverted band structure of
LHPs without a hh/lh degeneracy around the band gap, which is in contrast to conventional
semiconductors, as discussed in Subsection 2.2.1.
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Figure 4.2: Steady-State Optical Properties of CsPbBr3 NCs. (a) Steady-state absorption
and PL spectra of spherical QDs with a diameter of ∼7 nm and lecithin as ligands dispersed in
hexane. X1, X2, and X3 denote the energetically lowest absorption resonances. (b) Absorption
spectra of spherical QDs of different sizes. (c) Absorption spectrum of large cuboidal NCs, which
were acquired and synthesized by Dr. Tushar Debnath using a hot-injection method.

Note that the monodispersity of the QDs, evident from the HAADF-STEM image in
Figure 4.1a, is crucial for observing discrete energy levels in absorption spectra. For a broad
size distribution, inhomogeneous broadening (introduced in Subsection 2.1.2) can lead to
indistinguishable peaks. This can be seen in Figure 4.2c in the absorption spectrum of common
cuboidal NCs that typically have a broader size distribution. Their smooth absorption spectrum
is in contrast to the individual peaks observed for spherical QDs of similar size shown in the
panel directly above. The nature of the distinct absorption resonances is studied in detail in
the next section.
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4.2 Assignment to the Weak Confinement Regime

It was shown in the previous section that the individual absorption peaks of CsPbBr3 QDs
exhibit the quantum size effect. Hence, the question arises as to which energy levels they
actually represent, i.e., whether it is an excitonic system or not. To resolve this, the radius 𝑟
of the QDs is compared to the exciton Bohr radius 𝑟B that describes the spatial extent over
which the exciton is delocalized. The strong and weak confinement models represent the
limiting cases of 𝑟 < 𝑟B and 𝑟 > 𝑟B, respectively, as detailed in Subsection 2.1.1. In the strong
confinement model, excited electrons and created holes are individually confined by the QD
potential, with the Coulomb interaction between them considered afterward, as illustrated
in Figure 4.3a. In contrast, the weak confinement model reverses this order, treating the
Coulomb interaction first, so that the exciton as a whole is confined by the QD potential, as
illustrated in Figure 4.3b.
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Figure 4.3: Weak and Strong ConfinementModels. (a) Illustration of the strong confinement
model highlighting the individual confinement of electron and hole before their Coulomb
interaction is included (represented by the dashed line). The two energetically lowest transitions
1s1s and 1p1p are indicated. (b) The weak confinement model describes hydrogen-like excitons
with internal states that are characterized by the quantum number 𝑛r. These excitons are
confined in their center-of-mass motion, resulting in discrete energy levels characterized by the
quantum number 𝑛R. The energy of the first absorption peaks of CsPbBr3 QDs with different
sizes are compared to the calculations based on (c) the strong and (d) the weak confinement
model. The exciton Bohr diameter 2𝑟B is indicated.
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Using Equation 2.3 and the parameters listed in Table 4.1, a value of 2𝑟B = 6.13 nm is
calculated for CsPbBr3, which is comparable to the diameter of the studied QDs. Therefore,
neither the weak nor the strong confinement model is an obvious choice.

𝑚∗
e 𝑚∗

h 𝜀 𝐸gap [eV]
0.252 0.252 7.3 2.424

Table 4.1: Material Specific Parameters for CsPbBr3. Values of the effective electron and
hole mass 𝑚∗

e,h, the dielectric constant 𝜀, and the band gap energy 𝐸gap of bulk CsPbBr354 used
for determining 𝑟B and energy level calculations.

Advanced calculations using a 𝑘⋅𝑝model and the Hartree-Fock approximation are reported
in literature for spherical LHP QDs,54 aiming to closely reproduce the observed absorption
resonances. However, a more simplistic picture remains desirable to gain an intuitive un-
derstanding of the charge carriers created in the QDs upon photoexcitation. The aim of this
section is to find a proper description of the quasi-particles excited in CsPbBr3 QDs that
characterize their energy landscape: either individual electrons and holes or hydrogen-like
excitons with a collective center-of-mass motion. For this purpose, Equation 2.7 and Equa-
tion 2.5 are used, along with the parameters listed in Table 4.1, to calculate the energy levels
based on the strong and weak confinement model, respectively. These calculated energy
levels are compared (not fit) with the measured absorption resonances of CsPbBr3 QDs of
five different sizes, as shown in Figure 4.3c and Figure 4.3d, respectively.

Note that for the strong confinement model, the Coulomb interaction is already taken
into account. However, Figure 4.3c indicates that the strong confinement model highly
overestimates the energy of the first and second absorption peak for all QD sizes investigated.
In Figure 4.3d, the calculated values of the weak confinement model are shown for the
quantum numbers of the center-of-mass motion confinement 𝑛R = 1, 2, 3 and the relative
motion 𝑛r = 1, which match well with the measured peak energies, especially for the first and
second absorption peaks. For the largest measured QD diameter of ∼12 nm, the agreement
between measurements and model calculations is almost perfect for all three peak energies.
This is expected since the weak confinement model is designed for this size range (𝑟 > 𝑟B).
However, the intermediate sizes of ∼7 nm in diameter are also well reproduced by this model.

Due to the considerable agreement of the measured absorption peak energies with the
weak confinement model, and not with the strong confinement model, the weak confinement
model seems appropriate to describe the energy levels of the QDs in the studied size range.
Therefore, the quasi-particles created upon excitation can be well described as hydrogen-
like Wannier-Mott excitons that are confined in their center-of-mass motion. Hence, the
first absorption peak corresponds to the lowest-confined exciton level, while the second
and third peaks represent the next higher confinement levels. This can be pictured as an
exciton-in-a-box as illustrated in Figure 4.3b.



48 4.3 Biexciton Formation in the Excited State

4.3 Biexciton Formation in the Excited State

In the previous section, it was established that excitons confined in their center-of-mass
motion describe the energy levels populated via ground-state absorption. In other words,
upon photoexcitation, an exciton is created that is delocalized over (almost) the entire QD
due to 𝑟 ≈ 𝑟B. However, for applications such as lasing48 or generation of entangled photon
pairs45,46,134 the excitation of more than one electron-hole pair per QD is often necessary.
Hence, the question arises as to what happens to the excited spherical CsPbBr3 QDs upon a
second excitation. This was studied via transient absorption (TA) spectroscopy, where the
absorption of the system in an excited state is compared to the absorption of the ground state,
as detailed in Subsection 3.3.3.

First, a typical TA spectrum of large cuboidal CsPbBr3 NCs at a pump-probe delay time of
100 ps, along with their absorption spectrum, is shown in Figure 4.4a. The TA spectrum has a
single negative and a positive feature, where the former resembles ground-state bleaching
due to phase-space filling (see Subsection 3.3.3).86,195
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Figure 4.4: Transient Absorption Measurements. Absorption and TA spectra at a time
delay of 100 ps at room temperature upon resonant pumping of (a) large cuboidal CsPbBr3
NCs (synthesized and measured by Dr. Tushar Debnath) and (b) spherical CsPbBr3 QDs with a
diameter of ∼6.8 nm. (c) Level scheme illustrating the ground state absorption transitions and
the X1-resonant pumping of the QDs. (d) TA spectrum of the same QDs as in (b) at a temperature
of 4K and 100 ps delay time.
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In contrast, absorption and TA spectra of spherical CsPbBr3 QDs with a diameter of
∼6.8 nm at the same 100 ps time delay are shown in Figure 4.4b. The TA spectrum, which
qualitatively resembles the second derivative of the absorption spectrum,90,153,192 exhibits sev-
eral positive and negative peaks. The negative peaks coincide with the absorption resonances,
while the positive signals appear redshifted relative to them. Notably, the monodispersity
and resulting reduced inhomogeneous broadening of the spherical QDs enable the resolution
of distinct TA signals and absorption resonances.

In analogy to the negative TA signal in Figure 4.4a, one could assume that the two
negative signals in Figure 4.4b are also due to phase-space filling from occupied X1 and X2
states. However, as illustrated in the level scheme in Figure 4.4c, the QD sample is pumped
resonantly to the X1 level with an energy of ∼2.49 eV, while X2 is at an energy of ∼2.64 eV.
The energy difference between the two levels of ∼150meV cannot be overcome by the thermal
energy at room temperature (∼25meV), and certainly not at 4K (<1meV), where, additionally,
the overlap between the individual signals is strongly reduced. A TA measurement at a
temperature of 4K is shown in Figure 4.4d, with a qualitatively similar spectral shape to that
at room temperature in Figure 4.4b. The main differences are the narrower, less overlapping
features, resulting from the strongly reduced homogeneous broadening due to less phonon
scattering, and a slight redshift of the spectrum caused by the compressed unit cell and the
resulting decreased in the band gap of CsPbBr3 at lower temperatures.196,197 This leads to
the conclusion that the negative TA signal coinciding with the X2 absorption peak does
not originate from the occupation of this energy level. In contrast, the X1 level is occupied
and, therefore, its bleach is be attributed to phase-space filling. To further investigate the
excited-state processes, TA spectra are examined in more detail below.

4.3.1 Polarization-Selective Properties Reveal Biexciton Formation

Positive signals in TA spectra of perovskite NCs have been attributed to various origins: from
polarons over activation of forbidden transitions to biexcitons.190,191,198–200 In the following,
the energetically lowest positive TA signal of the spherical QDs is examined for a possible
biexcitonic origin. For this purpose, polarization-dependent TA spectroscopy is employed (see
experimental details in Subsection 3.3.3). The pump and probe beams either have the same or
opposite circular polarization, referred to as co- and counter-circular polarized, respectively.
The level scheme in Figure 4.5a shows circular-polarized transitions between the ground state,
the energetically lowest exciton X1, and the biexciton X1X1, including their respective total
angular momentum projections 𝐽z.201

Upon pumping with 𝜎+ light, an X1 exciton with 𝐽z = +1 is excited, referred to as |+1⟩X1.
Only subsequent counter-circular polarized 𝜎− light can excite a X1X1 biexciton with 𝐽z = 0,
denoted |0⟩X1X1, while an X1X1 biexciton with 𝐽z = +2 is forbidden. However, if the second



50 4.3 Biexciton Formation in the Excited State

a b

∆O
D

 [n
or

m
.]

co-circular pol.
counter-circular pol.

1 ps

X1X1

|-1〉X1

σ+

σ-

Eb,X1X1

|+1〉X1

|0〉X1X1

|0〉

σ+

σ+

×

2.8 2.6 2.4

-1

0

Energy [eV]

X1

Figure 4.5: Polarization-Selective X1X1 Biexciton Formation. (a) Level scheme illustrating
circular-polarized TA spectroscopy, where the X1X1 biexciton level can be populated by counter-
circular polarized pump and probe beams, while stimulated X1 emission is possible in the
co-circular polarized case. The biexciton binding energy 𝐸b,X1X1 is indicated. (b) Normalized TA
spectra at a delay time of 1 ps under co- (green line) and counter-circular polarized conditions
(orange line). The X1 bleach is indicated, along with the induced X1X1 absorption signal that is
only observed in the counter-circular polarized case.

beam is co-circular polarized with 𝜎+ light, stimulated emission |+1⟩X1 →|0⟩ is possible.128,202

The corresponding TA spectra at a delay time of 1 ps are shown in Figure 4.5b for co- and
counter-circular polarized pump and probe beams. In the counter-circular polarized case, a
strong positive induced absorption peak is observed redshifted to the X1 bleach. It completely
vanishes in the co-circular polarized case. This behavior follows the biexciton formation
scheme illustrated in Figure 4.5a and suggests that the energetically lowest positive signal is
induced absorption to the X1X1 biexciton |+1⟩X1 → |X1X1⟩. Note that stimulated emission is
not apparent in Figure 4.5b because the spectra are normalized to the X1 bleach minimum to
highlight the difference in the lower-energy part of the spectrum.

The spectral position of the X1X1 biexciton on the lower-energy side of the X1 bleach
indicates that X1X1 is an attractive biexciton. Its biexciton binding energy 𝐸b,X1X1 = 2𝐸X1 −
𝐸X1X1 can be determined from the spectral shift between the X1 and X1X1 signals, as shown
in Figure 4.6. As in the co-circular polarized case, the X1X1 signal is absent, so the X1 bleach
only overlaps with one positive signal at higher energies. Gaussian fits to the bleach and the
adjacent positive signal indicate the spectral position of the X1 bleach at ∼2.48 eV, as shown
in Figure 4.6a. This peak position of the X1 bleach is fixed when fitting three Gaussian peaks
to the counter-circular polarized spectrum in Figure 4.6b. The position of the X1X1 peak is
identified at ∼2.44 eV. The resulting X1X1 biexciton binding energy 𝐸b,X1X1 ≈ 40meV is similar
to biexciton binding energies reported in literature for CsPbBr3 QDs of similar sizes.128,199

After identifying the origin of the energetically lowest positive TA signal as induced absorption
to the X1X1 biexciton, the remaining signals are discussed in the following.
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Figure 4.6: Biexciton Binding Energy Determination. TA spectra at a delay time of 1 ps
for (a) co- and (b) counter-circular polarized conditions with Gaussian fits to the main spectral
features indicating the biexciton binding energy 𝐸b,X1X1.

4.3.2 Modeling Transient Absorption Spectra

In the previous section, the energetically lowest positive TA signal was attributed to induced
X1X1 absorption, while the origin of the other positive signals remains to be explained. The
negative signal coinciding with the X1 absorption resonance is attributed to phase-space
filling of this state; however, this process can be excluded for the other negative signal at
the X2 energy. In this section, the origin of all positive and negative TA signals observed for
spherical CsPbBr3 QDs with a diameter of ∼6.8 nm is analyzed. Building upon previous works
on CdSe QDs,192,203–205 the absorption of the excited state, and subsequently the TA spectrum,
is modeled based on the ground-state absorption spectrum. For this purpose, Equation 3.14
describing the TA spectrum is written in an expanded form as

Δ𝑂𝐷model(𝐸) = 𝑂𝐷pump(𝐸) − 𝑂𝐷no pump(𝐸) =

= [𝑂𝐷pump, not exc.(𝐸) + 𝑂𝐷pump, exc.(𝐸)] − 𝑂𝐷no pump(𝐸).
(4.1)

It highlights that 𝑂𝐷pump(𝐸) contains contributions of unexcited and excited QDs rep-
resented by 𝑂𝐷pump, not exc.(𝐸) and 𝑂𝐷pump, exc.(𝐸), respectively. This is necessary because,
depending on the pump power, not all of the QDs are actually excited, as the number of
excitons created per QD follows Poisson statistics (see Equation 2.8). For the TA measure-
ments shown in this chapter, the average number of excitons created per QD is ⟨𝑁 ⟩ ≈ 0.45,
determined as detailed in Subsection 3.3.3, with the Δ𝑂𝐷 values averaged over 1.7–2.1 ns
delay time. Thus, 55 % of the QDs are expected to remain unexcited by the pump beam.
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The different contributions to Δ𝑂𝐷model(𝐸) are modeled by considering the following
processes: bleached excitonic transitions, induced biexcitonic transitions including a biexciton
binding energy 𝐸b,XX ≈ 40meV (see Figure 4.6), stimulated emission considering the Stokes
shift 𝐸Stokes ≈ 35meV (see Figure 4.2), and ⟨𝑁 ⟩ ≈ 0.45 as described above. The measured
absorption spectrum 𝑂𝐷(𝐸) (see Figure 4.2a or the top panel in Figure 4.4b) serves as the
starting point for the modeling process.

First, 𝑂𝐷no pump(𝐸) is discussed. Without prior pumping, the probe beam exclusively
monitors unexcited QDs, i.e., transitions from the ground state to confined excitons |0⟩→ |X𝑖⟩
with 𝑖 = 1, 2, 3, as discussed in Section 4.2. The corresponding transitions that are possible in
100 % of the QDs are illustrated in Figure 4.7a on the left. Hence, 𝑂𝐷no pump(𝐸) is simply the
measured absorption spectrum given by

𝑂𝐷no pump(𝐸) = 𝑂𝐷(𝐸). (4.2)
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Figure 4.7: Modeling of Excited State Absorption and Transient Absorption Spectra. (a)
Level scheme illustrating excitonic and biexcitonic transitions, where the latter are redshifted by
the biexciton binding energy 𝐸b,XX (red), along with stimulated emission that is Stokes-shifted
by 𝐸Stokes (dark red). Dashed arrows indicate polarization-selective transitions. (b) Illustration
of a QD pumped to the X1 exciton, where the subsequent probe beam can induce stimulated
emission to the ground state; also it cannot create the same independent X1 exciton but an
attractive biexciton. (c) Measured absorption spectrum as 𝑂𝐷no pump(𝐸) (gray line) and the
modeled 𝑂𝐷pump(𝐸) (pink dotted line) that is the sum of (d) 𝑂𝐷pump, not exc.(𝐸) and 𝑂𝐷pump, exc.(𝐸)
(gray and pink dotted line, respectively). (e) Measured TA spectrum at a delay time of 100 ps
upon X1-resonant linear-polarized pumping (gray line) together with Δ𝑂𝐷model(𝐸) (pink dotted
line).
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The situation changes when the sample is pumped resonantly to the X1 level. For the
55 % of the QDs not excited by the pump, the probe beam still monitors the same excitonic
transitions |0⟩→|X𝑖⟩. Hence, considering the corresponding fraction of QDs, their absorbance
𝑂𝐷pump, not exc.(𝐸) can be modeled as

𝑂𝐷pump, not exc.(𝐸) = 0.55⋅𝑂𝐷(𝐸). (4.3)

Finally, for the 45 % of the QDs actually excited by the pump beam, the probe monitors
the different transitions that are illustrated in Figure 4.7a on the right. First, with the X1 level
populated, stimulated emission |X1⟩→ |0⟩ occurs, after which the QD is left in the ground
state, illustrated in Figure 4.7b. The stimulated emission is expected to be redshifted from the
ground state absorption |0⟩→ |X1⟩ by 𝐸Stokes ≈ 35meV. Furthermore, because the pumped
X1 exciton is delocalized over the entire QD (see Section 4.2), the probe beam can no longer
monitor the same excitonic transitions, i.e., it cannot create a second independent exciton.
Thus, all excitonic transitions are bleached yielding negative TA signals X𝑖. Instead, any
additional exciton created by the probe has Coulomb interaction with the pumped X1 exciton,
forming a biexciton (Figure 4.7b on the right). These biexcitonic transitions |X1⟩→ |X1X𝑖⟩
result in positive TA signals, which are redshifted relative to the excitonic transitions by 𝐸b,XX
(Figure 4.7a on the right). The biexciton binding energy is approximated to be the same for
all biexcitons, so that 𝐸b,XX = 𝐸b,X1X1. Note that the stimulated emission |X1⟩→ |0⟩ and the
induced absorption to the energetically lowest biexciton |X1⟩→ |X1X1⟩ are both polarization
selective, as discussed in Figure 4.5, which is indicated by the dashed arrows in Figure 4.7a.
All these processes contribute to 𝑂𝐷pump, exc.(𝐸), which can be written as

𝑂𝐷pump, exc.(𝐸) = 0.45⋅[𝑂𝐷(𝐸−𝐸b,XX) − 0.5⋅𝑂𝐷X1(𝐸−𝐸b,XX) − 0.5⋅𝑂𝐷X1(𝐸−𝐸Stokes)]. (4.4)

𝑂𝐷(𝐸−𝐸b,XX) represents the bleached excitonic and induced biexcitonic transitions, while
𝑂𝐷X1(𝐸) indicates the absorption associated with the X1 exciton, determined by Gaussian
fits to the absorption spectrum, as shown in Figure A.1 in the Appendix. The latter is used
to account for the polarization selectivity of the X1X1 formation and stimulated emission,
shifted by 𝐸b,XX and 𝐸Stokes, respectively, with intensity corrections by a factor of 0.5 that are
discussed in more detail below. Ultimately, by combining all contributions from Equation 4.2,
Equation 4.3, and Equation 4.4, Δ𝑂𝐷model(𝐸) can be described as

Δ𝑂𝐷model(𝐸) = [0.55⋅𝑂𝐷(𝐸) +

+ 0.45⋅(𝑂𝐷(𝐸−𝐸b,XX) − 0.5⋅𝑂𝐷X1(𝐸−𝐸b,XX) − 0.5⋅𝑂𝐷X1(𝐸−𝐸Stokes))] −

− 𝑂𝐷(𝐸).

(4.5)
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The modeling is illustrated in Figure 4.7c-e. In Figure 4.7c, 𝑂𝐷no pump(𝐸) is shown along-
side 𝑂𝐷pump(𝐸). The latter is the sum of 𝑂𝐷pump, not exc.(𝐸) and 𝑂𝐷pump, exc.(𝐸), which are
displayed in Figure 4.7d. The resulting Δ𝑂𝐷model(𝐸) is compared in Figure 4.7e to the experi-
mentally measured TA spectrum at a delay time of 100 ps at which only excitons remain.159

Thus, the few multi-excitons created by the pump due to Poisson statistics are neglected in
the model.

The shape of the TA spectrum is well reproduced by the model showing all the observed
resonances at similar energies. Notably, there is an almost perfect agreement for the X1 bleach,
which is especially striking because the measured and modeled data are not normalized. This
indicates that the model includes the most relevant processes. Furthermore, it validates the
previous assignment of the absorption resonances in Section 4.2 to center-of-mass motion-
confined excitons and the subsequent bleaching of excitonic transitions along with induced
biexcitonic transitions in TA measurements. The importance of including stimulated emission
and the polarization selectivity of the X1X1 biexciton in the model is illustrated below.

The Importance of Stimulated Emission and Polarization Selectivity

In the following, the contributions from stimulated emission and the polarization selectivity of
the X1X1 biexciton are subsequently removed from the model to investigate their influence on
the modeled signals. As discussed in Figure 4.5a, stimulated emission contributes to bleaching
(see Equation 3.16) of the corresponding transition in the co-circular polarized but not in the
counter-circular polarized case. The linear-polarized case considered in the model can be
treated as a superposition of the two opposite circular-polarized cases,206 hence the weighting
of 50 % in 0.5⋅𝑂𝐷X1(𝐸−𝐸Stokes). The appropriate spectral position is determined by the Stokes
shift 𝐸Stokes ≈ 35meV. Its origin in perovskites has been assigned to various processes
such as reabsorption,207 a confined hole state,208 or polaron formation.209,210 Regardless of
its origin, it implies that stimulated emission occurs from this Stokes-shifted energy level
(hence 𝐸−𝐸Stokes). The influence of removing this term from Equation 4.4 and Equation 4.5
is illustrated in Figure 4.8a and Figure 4.8b, respectively. It leads to an underestimated and
shifted X1 bleach in the modeled TA spectrum, while the contribution to the X1X1 biexciton
is overestimated.

The X1X1 biexciton formation is also polarization selective (see Figure 4.5), which is taken
into account by the term 0.5⋅𝑂𝐷X1(𝐸−𝐸b,XX) contributing to the 45 % of the QDs excited by
the pump. Figure 4.8c illustrates an X1-resonant 𝜎+ pump that populates the |+1⟩X1 level.
For simplicity, the analogous case of a 𝜎− pump populating the |−1⟩X1 level is not explicitly
discussed. Thus, only a counter-circular polarized 𝜎− probe can populate the |0⟩X1X1 level, as
discussed in Figure 4.5a. However, this does not apply to transitions to biexcitons in higher
confinement levels X1X𝑖 with 𝑖 ≠ 1, as illustrated in Figure 4.8c for the X1X2 biexciton. In
this case, both a co- and counter-circular polarized probe can create a biexciton, |+2⟩X1X2 and
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Figure 4.8: Contribution of Polarization and Stimulated Emission to the Modeling.
(a) 𝑂𝐷pump, not exc.(𝐸) (gray dotted line) and 𝑂𝐷pump, exc.(𝐸) (pink dotted line) compared with
𝑂𝐷pump, exc.(𝐸) without the contribution of stimulated emission (SE, medium pink dotted line)
and without both stimulated emission and polarization selectivity of X1X1 (light pink dotted
line). (b) Measured TA spectrum at a delay time of 100 ps upon X1-resonant linear-polarized
pumping (gray line) compared to Δ𝑂𝐷model(𝐸) (pink dotted line) and Δ𝑂𝐷model(𝐸) without the
contribution of stimulated emission (SE, medium pink dotted line) and without both stimulated
emission and polarization selectivity of X1X1 (light pink dotted line). (c) Level scheme illustrating
the polarization-selective formation of the X1X1 and the X1X2 biexciton. For equal population
of |+1⟩X1 and |−1⟩X1, X1X1 can be created via two pathways and X1X2 via four.

|0⟩X1X2, respectively.128,202 For the linear-polarized case of the model, |+1⟩X1 and |−1⟩X1 are
populated equally. Thus, there are in total four possible ways to create an X1X2 biexciton,
while only two paths lead to |0⟩X1X1. This is taken into account by lowering the contribution
of the induced X1X1 absorption by 50 % compared to X1X𝑖with 𝑖 ≠ 1. Removing also this term
from Equation 4.4 and Equation 4.1 results in an even stronger underestimation and shift of
the X1 bleach and in substantially overestimated induced X1X1 absorption (see Figure 4.8a and
Figure 4.8b, respectively). This highlights the importance of including stimulated emission as
well as polarization selectivity of this process and of the X1X1 biexciton formation to properly
model the TA spectrum.

A Comprehensive Picture of the TA Spectrum

The presented model only considers attractive biexcitons (no unbound or repulsive biexcitons)
to be formed upon pump and subsequent probe excitation, all having the same biexciton
binding energy 𝐸b,XX. The same linewidths and transition strengths205 given by the measured
absorption spectrum for |0⟩ → |X𝑖⟩ are used for the corresponding |X1⟩ → |X1X𝑖⟩ transitions.
Nevertheless, the TA spectrum is modeled remarkably well. More importantly, the model
provides an explanation for all signals observed in the visible spectral range, not only the main
bleach and adjacent features. Therefore, themodel provides a comprehensive description of the
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main processes involved in the TA pump-probe measurement: Bleached excitonic transitions
at the positions of X1 and X2, along with induced transitions to the X1X𝑖 biexcitons that are
redshifted relative to the excitons by 𝐸b,XX. The X1X1 signal and stimulated X1 emission are
thereby polarization selective, with the latter being energetically redshifted by 𝐸Stokes. A TA
spectrum with all signals assigned accordingly is shown in Figure 4.9.
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Figure 4.9: Comprehensive Interpretation of Transient Absorption Spectrum. TA
spectrum at a delay time of 100 ps upon X1-resonant linear-polarized pumping. The negative
signals are attributed to bleached excitonic transitions |0⟩→ |X1,X2⟩, while the positive ones
are induced biexcitonic transitions |X1⟩→ |X1X𝑖⟩ with 𝑖 = 1, 2, 3.

4.4 Dynamics of Excitonic and Biexcitonic Transitions

So far, TA spectra have been analyzed at a delay time of 100 ps or 1 ps for circular-polarized
pump and probe beams shown in Figure 4.5 and Figure 4.6. There, the earlier delay time
was chosen because the spectral difference in the co- and counter-circular polarized cases
only exists for a few ps limited by the decay in spin polarization.211 In Figure 4.10a, a two-
dimensional color plot of a TA measurement in the linear-polarization case is shown for delay
times up to 2 ns. It is apparent that all features show almost identical dynamics throughout
the measurement with an exponential decay time of ∼2.6 ns. Normalized transients at the X1
and X2 bleaches, as well as the transient of the induced X1X2 absorption, are presented in
Figure 4.10b. Their identical rise and overall dynamics further confirm that upon X1-resonant
pumping, all bleached excitonic transitions |0⟩ → |X𝑖⟩ and all induced biexcitonic transitions
|X1⟩ → |X1X𝑖⟩ depend on the population of the X1 level, as illustrated in the level scheme in
Figure 4.10c.

Note that the measurement shown in Figure 4.10a exclusively reflects the X1 exciton
dynamics. In contrast, biexciton dynamics can only be monitored by the probe beam if they
are already excited by the pump, i.e., for higher pump powers. This case is studied in detail in
the following Chapter 5. In summary, the dynamics of the various TA signals further support
the assignment of negative and positive peaks to bleached excitonic and induced biexcitonic
transition, respectively, as all signals reflect the dynamics of the populated X1 exciton.
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Figure 4.10: Transient Absorption Dynamics. (a) Two-dimensional color plot of a TA
measurement upon resonant X1-pumping. The signals of the X1 and X2 bleach and the induced
X1X2 absorption are labeled and (b) the corresponding transients are shown for comparison.
(c) Level scheme illustrating the bleached excitonic transitions |0⟩ → |X𝑖⟩ and the induced
biexcitonic transitions |X1⟩→ |X1X𝑖⟩ upon pumping to the X1 level.

Generalization AcrossQuantum Dot Sizes and Compositions

In the course of this chapter, the absorption of spherical CsPbBr3 QDs of various sizes has
been analyzed. Through comparison with model calculations based on the weak and strong
confinement models, the distinct absorption resonances were assigned to center-of-mass
motion-confined excitons. TA spectroscopy on such QDs with a diameter of ∼6.8 nm shows
several negative and positive signals, which are attributed to bleached excitonic and induced
biexcitonic transitions, respectively. This assignment is supported by the polarization-selective
behavior and the temporal dynamics of the signals.

Figure 4.11 shows absorption and TA spectra of two additional CsPbBr3 QD sizes (with
diameter of ∼4.7 nm and ∼8.5 nm) and of other halide and cation compositions (CsPbCl3 and
FAPbBr3). All absorption and TA spectra have qualitatively the same spectral shape as the
CsPbBr3 QDs studied above. It suggests that the established interpretation of absorption
and TA spectra of CsPbBr3 QDs are transferable to a wide range of spherical LHP QDs of
different sizes and compositions. The results presented here build the basis for further studies
by providing a comprehensive description of the energy levels and transitions in the ground
and excited state, which are crucial for understanding the optical properties of LHP QDs.



58 4.4 Dynamics of Excitonic and Biexcitonic Transitions

a c

b d

CsPbBr3 QDs Ø ~4.7 nm

CsPbBr3 QDs Ø ~8.5 nm

CsPbCl3 QDs

FAPbBr3 QDs

0

1

O
D

 [n
or

m
.]

2.8 2.6 2.4 2.2

-1

0

∆O
D

 [n
or

m
.]

Energy [eV]

3.4 3.2 3.0 2.8

-1

0

Energy [eV]
2.8 2.6 2.4

-1

0

Energy [eV]

0

1

0

1

O
D

 [n
or

m
.]

2.8 2.6 2.4

-1

0

∆O
D

 [n
or

m
.]

O
D

 [n
or

m
.]

∆O
D

 [n
or

m
.]

O
D

 [n
or

m
.]

∆O
D

 [n
or

m
.]

Energy [eV]

0

1

Figure 4.11: Size and Composition Dependent Absorption and Transient Absorption
Spectra. Absorption and TA spectra of spherical CsPbBr3 QDs with diameters of (a) ∼4.7 nm
and (b) ∼8.5 nm, as well as of (c) CsPbCl3 and (d) FAPbBr3 QDs. The CsPbCl3 data were acquired
by Ahmet Tosun, while the synthesis and measurements for FAPbBr3 were performed by Dr.
Tushar Debnath.



5
Biexcitonic Optical Gain in CsPbBr3

Quantum Dots

Conventional QDs like CdSe have been studied for decades with one of the goals being the
integration of electrically pumped QDs as active material in highly efficient lasers.24,25,118

However, in quantum confined systems, non-radiative Auger recombination is faster than in
bulk, which limits optical gain in QDs, as discussed in Subsection 2.1.3.25,112,117 This limitation
is significantly reduced in conventional QDs, where the biexciton gain lifetime can be pro-
longed and the gain threshold lowered through core/shell engineering,80,81,126 charging,113,124

and doping.212 The relatively new material class of LHP NCs, with its attractive light emitting
properties, such as narrow emission linewidths,138,150 near unity PLQYs,51 and tunable emis-
sion spectra,31,33 has also been studied for light amplification (see Subsection 2.2.3). LHP NCs
exhibit ASE160,161 and have been combined with various optical resonators for lasing.48–50,162

Optimization of their light amplification properties is necessary toward their integration
into real-world scalable lasing devices. Therefore, the underlying gain mechanism must be
understood to enable targeted optimization. So far, larger NCs with close-lying energy levels
and often large size inhomogeneities have mainly been studied, making it difficult to reach
general conclusions.51 The underlying optical gain mechanism is hence still discussed, and has
been attributed to single-excitons,160,165,166 trions,167 and biexcitons.114,161,163,164 The spherical
CsPbBr3 QDs studied in Chapter 4 provide a reliable platform for gaining comprehensive
insights into their optical gain properties. Since these findings are largely unaffected by
inhomogeneous broadening and reabsorption, they may be transferable to other CsPbBr3
QDs.

59
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This chapter is based on the main results of Reference 213. In Section 5.1, first, the
ASE characteristics of spherical CsPbBr3 QDs are determined with the setup discussed in
Subsection 3.4.1. Power-dependentmeasurements reveal the ASE threshold, and, by employing
the so-called variable stripe length (VSL) method (see Subsection 3.4.2), the net optical
gain coefficient is determined. Subsequently, the underlying mechanism for optical gain in
this material system is studied in Section 5.2 using power-dependent and time-resolved TA
spectroscopy, as introduced in Subsection 3.3.3. Three key arguments are presented in support
of biexcitonic optical gain: The gain threshold agrees with that expected for biexcitons, its
TA signal spectrally overlaps with the energetically lowest biexciton, and the duration of the
gain signal is limited by the biexciton lifetime.

5.1 Characterizing Amplified Spontaneous Emission

When testing a material for its light amplification properties and its potential to be used
as a gain material, it is typically first checked if the sample exhibits ASE. For this purpose,
CsPbBr3 QDs with DDAB as ligands were chosen, as the shorter alkyl chain length of DDAB
in comparison to lecithin (which was used in Chapter 4) allows a higher packing density of
QDs in films. Steady-state optical properties of such QDs in solution are shown in Figure 5.1
indicating their monodispersity evident from the distinct absorption resonances (compare
also with Figure 4.2a). By fitting Gaussian peaks to the absorption spectrum (as shown in
Figure A.2 in the Appendix), a FWHM of ∼81meV can be extracted for the X1 absorption
resonance. Furthermore, a Stokes shift of ∼40meV is determined, which is similar to literature
values.210,214
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Figure 5.1: Steady-StateOptical Spectra. Steady-state absorption and PL spectrum of spherical
CsPbBr3 QDs dispersed in octane with a diameter of ∼6 nm and DDAB as ligands. The two
energetically lowest absorption resonances corresponding to X1 and X2 are indicated.

ASE measurements were carried out on CsPbBr3 QDs dropcasted on a Si substrate using
the setup detailed in Subsection 3.4.1. TheQDfilm is excitedwith 400 nm light that is focused to
a rectangular focus spot, and the edge-emitted light is collected in a 90° angle. The excitation
fluence is gradually increased from 11–213 µJ/cm2 at a constant stripe length of ∼2.4mm,
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yielding the spectra shown in Figure 5.2. For low excitation fluences only the PL originating
from spontaneous emission is observed, which increases with fluence. Above a certain
threshold fluence, an additional peak arises around 2.39 eV, exhibiting a significantly lower
FWHM of ∼20meV compared to the initial PL width of ∼100meV. Furthermore, its intensity
increases faster with excitation fluence, and it gradually redshifts by up to 10meV.160,163 Due
to the narrow linewidth and the rapid increase with excitation fluence, this additional signal
is attributed to ASE (see also Subsection 2.2.3).25
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Figure 5.2: Amplified Spontaneous Emission Measurement. Emission spectra for different
excitation fluences of 11–213 µJ/cm2 that show increasing spontaneous emission and above a
certain threshold fluence additionally ASE.

In literature, the origin of ASE in LHP NCs has been attributed to biexciton,114,161,163,164

trion,167 or single-exciton gain.160,165,166 The redshift of the ASE peak compared to the PL
of initially ∼70meV is attributed, depending on the appointed gain origin, to the biexciton
binding energy, the trion binding energy, or strong reabsorption, respectively. Identifying the
origin of the optical gain from ASE spectra alone is not reliable; hence TA spectroscopy was
employed, which is discussed in Section 5.2. But first, the ASE data is analyzed in more detail
to reveal the potential of the spherical CsPbBr3 QDs for net light amplification.

Two requirements for ASE are highlighted. The excitation fluence must be sufficient to
achieve a population inversion in the QDs, thereby putting them into an optical gain state.25

The specific threshold fluence for the CsPbBr3 QD film investigated here, is determined in
the following in Subsection 5.1.1. Furthermore, the illuminated stripe must be long enough to
allow for sufficient build up of ASE to overcome losses.168 This is characterized by the net
optical gain coefficient, determined in Subsection 5.1.2 using the VSL method.

5.1.1 Determining the Threshold

The ASE threshold marks the excitation fluence at which ASE is detected in addition to
spontaneous emission (see also Subsection 2.2.3). To determine the threshold fluence for the
film of spherical CsPbBr3 QDs, the power series shown in Figure 5.2 is further analyzed. The
intensity around the ASE peak (2.35–2.41 eV) is spectrally integrated and plotted as a function
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of the excitation fluence in Figure 5.3. Two regions with distinct slopes are apparent in the
data, with their transition marking the onset of ASE. Linear fits to the respective regions
intersect at a fluence of ∼58 µJ/cm2, which defines the ASE threshold.
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Figure 5.3: Amplified Spontaneous Emission Threshold Determination. Integrated
intensity around the ASE peak (see Figure 5.2) as a function of excitation fluence. The ASE
threshold is determined by the intersection point of the linear fits (pink lines) to the two distinct
slopes. The pink dotted lines are extensions of the linear fits, highlighting the intersection point.

Note that the threshold value strongly depends on the spot size used to calculate the
fluence (see also Equation 3.20). Whether defining the length of the rectangular focus spot
along the short side via an intensity drop of 1/2, 1/𝑒, or 1/𝑒2 (as detailed in Figure 3.7), the
resulting threshold values vary from 99 over 83 to 58 µJ/cm2. In literature, it is typically not
described how the spot size was determined, which makes a reliable comparison of threshold
values difficult. Details in the analysis, such as the fit function, also influence the determined
values.166 Nevertheless, ASE threshold values of only a few µJ/cm2 are reported for CsPbBr3
NCs, in some cases using additional passivation techniques.160,167,215–217

5.1.2 Net Optical Gain Coefficient

In the VSL method, the stripe length of the rectangular laser spot illuminating the sample is
varied (see Subsection 3.4.2 for details). An exponential increase in the detected intensity as a
function of the stripe length indicates ASE. In this regime, stimulated emission becomes the
dominant process over optical losses,168 such as reabsorption or scattering on impurities.62

The net optical gain coefficient 𝐺 (see Equation 2.13) characterizes the stripe length at which
this transition to net optical gain occurs. Hence, it is a key parameter to evaluate a system’s
potential for net light amplification.

Figure 5.4 shows the integrated ASE intensity (PL background corrected as detailed in
Subsection 3.4.2) as a function of the stripe length. Fitting Equation 3.22 to the onset of
the data points exhibits the net optical gain coefficient 𝐺 = 93 cm−1. This fit function can
be modified for data that are not corrected for background PL and even further extended
to include saturation of the optical gain. It is reported that the choice of the fit function
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can strongly influence the obtained value of 𝐺.166 While for other systems, such as CdSe
nanoplatelets (NPLs), a giant value of 6600 cm−1 has been achieved,218 for CsPbBr3 NCs, values
of up to ∼450 cm−1 are typically reported.25,160 Here, the VSL measurements were performed
at an excitation fluence of 107 µJ/cm2, corresponding to almost double the threshold fluence.
Since 𝐺 increases with the used laser power,212,218 it is expected that higher values could also
be achieved for the spherical CsPbBr3 QD film. Furthermore, film formation parameters such
as the packing density and surface roughness can strongly influence ASE, as the buildup of
ASE is supported by the film acting as a waveguide (see also Subsection 2.2.3).166,219,220
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Figure 5.4: Net Optical Gain Coefficient Determination. Integrated ASE intensity as a
function of stripe length. The net optical gain coefficient 𝐺 is determined by fitting the data
onset with Equation 3.22 (pink line).

Both the ASE threshold of ∼58 µJ/cm2 and the net optical gain coefficient 𝐺 = 93 cm−1 devi-
ate by roughly an order or magnitude from record values reported for LHP NCs.25,160,167,215–217

However, given that no significant optimization was applied to the QD film, these values
still demonstrate competitive performance, highlighting the high potential of the spherical
CsPbBr3 QD for light amplification.

By analyzing the ASE data alone, the origin of the underlying optical gain cannot be
reliably determined. Upon illumination with high fluences, both the energy levels of the X1
exciton and the X1X1 biexciton are excited in the QD ensemble due to Poisson statistics (see
Equation 2.8). Stimulated emission can therefore occur from both levels, raising the question
of which transition is responsible for the optical gain that leads to the observed ASE signal.
In the following, spherical CsPbBr3 QDs are investigated using TA spectroscopy, revealing
that their optical gain originates from the population of the X1X1 biexciton level.

5.2 Three Aspects Supporting Biexcitonic Optical Gain

After demonstrating the light amplification potential of spherical CsPbBr3 QD in a film, the
underlying optical gain mechanism is investigated using TA spectroscopy. Gain studies on QD
films are typically strongly influenced by reabsorption.165,166 Therefore, the gain properties
of the spherical QDs are studied here in a dilute colloidal dispersion to avoid influences from
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reabsorption and other film formation factors. In literature, optical gain in CsPbBr3 NCs
has been attributed to various origins: biexcitons,114,161,163,164 trions,167 and single excitons
with strong reabsorption.160,165,166 The distinct absorption and TA resonances of the spherical
CsPbBr3 QDs enable an effective investigation of their energy levels, building on the insights
gained about their energy landscape in Chapter 4.

Optical gain is evidenced by the appearance of a negative 𝑂𝐷 signal. The absorption
spectrum of CsPbBr3 QDs in the ground state is represented by the gray line in Figure 5.5. The
nonlinear absorption of the QDs in the corresponding excited state is obtained by 𝑂𝐷 + Δ𝑂𝐷
(see Equation 3.14).203 The colored lines in Figure 5.5 display 𝑂𝐷 +Δ𝑂𝐷 at a delay time of 8 ps
upon pumping with 400 nm light at varying excitation powers, given in units of the average
number ⟨𝑁 ⟩ of excitons created per QD (see Subsection 3.3.3). The spectra at lower ⟨𝑁 ⟩ show
bleaching of excitonic transitions and induced biexcitonic absorption, according to the model
developed in Section 4.3. For increasing ⟨𝑁 ⟩, an additional negative signal appears in the
low-energy tail of the spectra. This negative absorption signal indicates optical gain.112
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Figure 5.5: Optical Gain in the Excited State. Absorption of the ground state (𝑂𝐷, gray line)
and absorption of the excited state (𝑂𝐷 + Δ𝑂𝐷, colored lines) upon 400 nm pumping at different
⟨𝑁 ⟩ after a delay time of 8 ps. The inset shows a zoom-in to the marked range comparing
𝑂𝐷 + Δ𝑂𝐷 at ⟨𝑁 ⟩ = 3.4 (blue line) to an emission spectrum of the same batch of QDs showing
ASE (green line). The gray shaded area highlights the regime of 𝑂𝐷 + Δ𝑂𝐷 < 0.

As Δ𝑂𝐷 is obtained from TA measurements performed on a dilute dispersion of QDs,
the sample in this configuration does not exhibit ASE itself. It is essential to verify that
the observed gain signature corresponds to the ASE signal by using the exact same QDs.
Therefore, QDs of the same synthesis batch are used to compare the spectral position of the
ASE and the gain signal, as shown in the inset of Figure 5.5. 𝑂𝐷 + Δ𝑂𝐷 for ⟨𝑁 ⟩ = 3.4 clearly
shows the negative signature of optical gain. Its spectral position coincides with the ASE
peak at ∼2.4 eV, which was measured in the same way as in Section 5.1. This agreement
demonstrates that the optical gain signature is indeed responsible for the ASE in the respective
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measurement.25 Hence, identifying the mechanism of the observed optical gain signal also
reveals the origin of the ASE. In the course of this section, three key arguments are presented
that support the assignment to biexcitonic optical gain.

5.2.1 Gain Threshold Indicates Biexcitons

To determine the origin of the optical gain, first, the gain threshold is determined in units of
⟨𝑁 ⟩. For this purpose, the normalized absorption changes |Δ𝑂𝐷|

𝑂𝐷 at the gain feature ∼2.4 eV

at a delay time of 5 ps are analyzed. In Figure 5.6, the decadic logarithm of |Δ𝑂𝐷|
𝑂𝐷 is plotted

as a function of ⟨𝑁 ⟩. In this representation, a heuristic fit of 𝑓 (𝑥) = 𝑎 ⋅ exp (−𝑏 ⋅ 𝑥) + 𝑐
reproduces the data points well, and its intersection point with the zero line indicates the
onset of |Δ𝑂𝐷| > 𝑂𝐷 (for Δ𝑂𝐷 < 0) and thus the emergence of optical gain.112,126 Here, a
threshold value of ⟨𝑁 ⟩th = 0.99 is determined.
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Figure 5.6: Optical Gain Threshold Determination. Decadic logarithm of normalized
absorption changes at the gain feature at a delay time of 5 ps as a function of ⟨𝑁 ⟩. The intersection
point of the heuristic fit (pink line) with the zero line indicates the optical gain threshold ⟨𝑁 ⟩th.

Theoretical calculations considering Poisson statistics predict a threshold value of ⟨𝑁 ⟩th =
0.69 for single-exciton gain and ⟨𝑁 ⟩th = 1.15 for biexciton gain without a biexciton binding
energy, as discussed in Subsection 2.1.3.113 In the case of biexciton gain with a nonzero
biexciton binding energy, these values represent lower and upper bounds for the gain threshold,
respectively. Here, an attractive biexciton binding energy of 𝐸b,XX = 68meV is extracted from
the TA spectrum shown in Figure 5.7a, which is consistent with literature.114,128 Accordingly,
⟨𝑁 ⟩th < 1.15 is expected. ⟨𝑁 ⟩th = 0.69 corresponds to the limiting case of 𝐸b,XX exceeding
the ensemble linewidth, so that stimulated emission |X1⟩→ |0⟩ does not spectrally overlap
with absorption |X1⟩ → |X1X1⟩. In this case, single-exciton optical gain is enabled, which
otherwise leads to net transparency (see Subsection 2.1.3).126,128 However, the measured
𝐸b,XX = 68meV is smaller than the FWHM of ∼81meV extracted from Figure 5.1 (as shown
in Figure A.2 in the Appendix). Therefore, the interpretation of biexcitonic gain is consistent
with the determined ⟨𝑁 ⟩th = 0.99, which lies between the two theoretical limits.
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Figure 5.7: Biexciton Binding Energy Promoting Optical Gain. (a) Determination of the
biexciton binding energy 𝐸b,XX via Gaussian fitting to a TA spectrum at a delay time of 100 ps
upon 400 nm pumping with ⟨𝑁 ⟩ = 0.4. (b) Level scheme illustrating the energetic shift between
stimulated biexciton emission |X1X1⟩ → |X1⟩ and ground state absorption |0⟩ → |X1⟩ due to
𝐸b,XX.

Figure 5.7b illustrates how the biexciton binding energy reduces the spectral overlap and
hence the competition between stimulated biexciton emission |X1X1⟩→|X1⟩ and ground state
(re)absorption |0⟩→ |X1⟩ in QD ensembles.114 In the following, TA spectra upon excitation
with ⟨𝑁 ⟩ > ⟨𝑁 ⟩th are studied to get further information about the optical gain.

5.2.2 Spectral Overlap with Biexciton Signal

The spectral position of the optical gain signal can provide further insight into its origin. For
this purpose, Δ𝑂𝐷 is now directly studied instead of the nonlinear absorption 𝑂𝐷 + Δ𝑂𝐷. TA
spectra are shown in Figure 5.8a at delay times of 6.3 ps and 100 ps upon 400 nm pumping
with ⟨𝑁 ⟩ = 3.4. The spectral shape is qualitatively the same for the two delay times except
for the low-energy part. The similarity indicates that the QDs are stable towards such high
exciton densities and that their overall energy landscape is preserved for the considered time
scales. At 100 ps time delay, the expected induced X1X1 biexciton absorption is observed
(see Section 4.3). This is also visible upon pumping with ⟨𝑁 ⟩ = 0.2 for both delay times,
as shown in Figure 5.8b. However, this induced X1X1 absorption feature is not visible for
⟨𝑁 ⟩ = 3.4 at a delay time of 6.3 ps. Instead, an additional negative signal at 2.4 eV is observed
that corresponds to the optical gain (compare also with Figure 5.5).

The spectral position of the induced X1X1 absorption and the gain signal is determined
by Gaussian fitting. The former is extracted from the spectrum at 100 ps time delay, where
the fits are qualitatively similar to those shown in Figure 5.7. The gain signal is analyzed in
Figure 5.8c at 6.3 ps time delay. The resulting fits to the induced X1X1 absorption and the gain
signal are shown together in Figure 5.8d. It is apparent that they overlap spectrally, indicating
that they are both related to biexcitons. However, the gain signal is redshifted relative to the
X1X1 signal by ∼56meV.
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Figure 5.8: Spectral Position of Optical Gain and Stokes Shift. (a) TA spectra at delay
times of 6.3 ps (blue line) and 100 ps (gray line) upon 400 nm pumping with ⟨𝑁 ⟩ = 3.4 and (b)
with ⟨𝑁 ⟩ = 0.2. (c) Gaussian fits to the spectrum from a at 6.3 ps time delay upon ⟨𝑁 ⟩ = 3.4. (d)
Comparison of the fits to the X1X1 signal (orange shaded area) and the gain signal (pink shaded
area). (e) Level scheme illustrating the Stokes shift 𝐸Stokes between the stimulated emission
|X1X1⟩→ |X1⟩ and induced absorption |X1⟩→ |X1X1⟩.

In general, perovskite NCs exhibit a size-dependent Stokes shift,221 which has been
attributed to various phenomena: from extrinsic processes like reabsorption207 to intrinsic
effects such as a confined hole state208 or polaron formation.209,210 The spherical CsPbBr3
QDs studied here also show a Stokes shift of ∼40meV (see Figure 5.1). A comparable Stokes
shift can therefore be expected for biexcitons and higher multi-excitons.222 This is indeed
beneficial for optical gain, as it reduces the overlap between competing processes,128 illustrated
in Figure 5.8e, where the stimulated emission |X1X1⟩→ |X1⟩ is shifted relative to the induced
absorption |X1⟩ → |X1X1⟩ by 𝐸Stokes. So far, both the gain threshold and its spectral position
support the interpretation of biexcitonic optical gain. In the following, the temporal behavior
of the gain signal is studied and compared to the biexciton dynamics.

5.2.3 Gain Duration Limited by Biexciton Lifetime

A certain temporal dynamic of the gain signal was already observed in Figure 5.8a, with
gain only visible at a delay time of 6.3 ps, but not at 100 ps. A more detailed analysis of
the gain duration and its dependence on ⟨𝑁 ⟩ is provided in the following. The nonlinear
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absorption 𝑂𝐷 + Δ𝑂𝐷 is investigated for different ⟨𝑁 ⟩, with the corresponding transients
at the gain position at 2.4 eV presented in Figure 5.9. The gray shaded area highlights the
regime of negative 𝑂𝐷 + Δ𝑂𝐷, which corresponds to optical gain. It is again apparent that
measurements with ⟨𝑁 ⟩ < ⟨𝑁 ⟩th do not exhibit gain. For transients with ⟨𝑁 ⟩ > ⟨𝑁 ⟩th, the
delay time at which the signal becomes negative indicates the start of the optical gain, while
the delay time at which the signal returns to positive values defines the end of the gain.
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Figure 5.9: Optical Gain Dynamics. Transients of the nonlinear absorption 𝑂𝐷 + Δ𝑂𝐷 (data
smoothed) at the gain signal at 2.4 eV for different ⟨𝑁 ⟩. The gray shaded area highlights the
regime of 𝑂𝐷 +Δ𝑂𝐷 < 0, corresponding to optical gain. The constant offset, particularly visible
at negative delay time where Δ𝑂𝐷 ≈ 0, is the constant contribution of 𝑂𝐷 ≈ 0.001.

As the gain threshold and its spectral position have already indicated biexcitonic gain,
its temporal behavior is now compared to biexcitons. For this purpose, X1 transients at
2.52 eV are analyzed for different ⟨𝑁 ⟩, as shown in Figure 5.10, where transients for ⟨𝑁 ⟩ = 0.2
and ⟨𝑁 ⟩ = 8.4 are displayed, normalized to a late delay time of 3.4 ns. The inset shows the
normalized transients for all measured ⟨𝑁 ⟩ with an additional y-axis offset for clarity. The
pink lines are exponential fits with the resulting time constants listed in Table 5.1.
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Figure 5.10: Biexciton Dynamics. TA transients at 2.52 eV upon 400 nm pumping with
different ⟨𝑁 ⟩, normalized to a delay time of 3.4 ns and, in the inset, with an additional y-offset.
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The monoexponential fit to ⟨𝑁 ⟩ = 0.2 with a time constant of 𝜏1 ≈ 4 ns is attributed to the
lifetime of the X1 exciton (compare also with Figure 4.10).31,223 A similar 𝜏1 is observed for all
measured ⟨𝑁 ⟩ (see Table 5.1), explaining the similar slope for all transients at long delay times,
visible in the inset in Figure 5.10. With increasing ⟨𝑁 ⟩ additional exponential components
arise that are signatures of multi-excitons.117

⟨𝑁 ⟩ 𝜏1[ps] 𝜏2[ps] 𝜏3[ps]
0.2 3521 - -
0.4 4204 494 -
0.8 3769 258 -
2.1 3888 339 30
3.4 4084 348 27
4.2 4224 401 29
6.3 4177 365 28
8.4 4137 366 30

Table 5.1: Exponential Fitting Time Constants. Time constants 𝜏1,2,3 resulting from the
exponential fits to the TA transients upon excitation with different ⟨𝑁 ⟩, shown in Figure 5.10.

The transient with ⟨𝑁 ⟩ = 8.4 in Figure 5.10 clearly shows a fast decay component at early
delay times with a determined time constant 𝜏3 = 30 ps. A similar component is observed in
all measurements with ⟨𝑁 ⟩ ≥ 2.1 that is, notably, ⟨𝑁 ⟩ > ⟨𝑁 ⟩th, thus suggesting a connection
to the gain. This decay component can be attributed to biexcitons, as 𝜏3 is comparable to
biexciton lifetimes reported in literature.114,159,188,214 The biexciton lifetime 𝜏XX = 𝜏3 is plotted
as a function of ⟨𝑁 ⟩ in Figure 5.11a. As shown in Table 5.1, 𝜏XX is constant, with an average
of 𝜏XX,avg = 28.8 ps determined by a constant fit. This is compared to the gain duration 𝜏gain
extracted from Figure 5.9 as the time difference between the end and the start of the optical
gain. The data points are reproduced by a heuristic fit of 𝑓 (𝑥) = 𝑎 + 𝑏 ⋅ (1 − exp ( 𝑐−𝑥𝑑 )),
demonstrating that the gain duration saturates at 𝜏gain,sat = 27.7 ps. This value is comparable
to 𝜏XX,avg = 28.8 ps, indicating that the gain duration is limited by the biexciton lifetime.

From TA data alone, it is not apparent whether the determined biexciton lifetime is
dominated by spontaneous emission or exciton-exciton annihilation. Nevertheless, both
decay processes, radiative and non-radiative, respectively, contribute to the depopulation
of the biexciton level, thus competing with stimulated emission from this level, limiting the
optical gain. This is illustrated in the level scheme in Figure 5.11b. The energetic shifts by
𝐸b,XX and 𝐸Stokes reduce the competition of stimulated emission |X1X1⟩→ |X1⟩ with other
transitions in the QD ensemble, such as ground state absorption |0⟩ → |X1⟩ and induced
absorption |X1⟩→ |X1X1⟩, respectively (see Figure 5.7 and Figure 5.8). Although this benefits
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Figure 5.11: Comparison of Gain Duration and Biexciton Lifetime. (a) Time constants for
the biexciton lifetime 𝜏XX (black squares) and the gain duration 𝜏gain (gray circles) as a function
of ⟨𝑁 ⟩. A constant fit to 𝜏XX (pink line) yields the average biexciton lifetime 𝜏XX,avg, while a
heuristic fit to 𝜏gain (blue line) determines the saturated gain duration 𝜏gain,sat. The pink and blue
dotted lines are extensions of the respective fits. (b) Level scheme, including the energetic shifts
from 𝐸b,XX and 𝐸Stokes, that illustrates the radiative and non-radiative processes depopulating
the X1X1 biexciton level and thereby limiting stimulated emission.

the optical gain,128 the population of the biexciton level remains the limiting factor for the
optical gain.

Note that in Figure 5.10, transients with ⟨𝑁 ⟩ ≥ 0.4 show an additional decay component
𝜏2 of a few hundred ps. According to literature, 𝜏2 might be a signature of trions,224,225 which
have also been reported as a source of optical gain.167 However, this can be excluded for
the present case for several reasons: The 𝜏2 component is already observed for ⟨𝑁 ⟩ < ⟨𝑁 ⟩th.
Furthermore, the determined ⟨𝑁 ⟩th is higher than the threshold expected for trions (see
Subsection 2.1.3). Moreover, the trion binding energy in CsPbBr3 NCs is lower than the
biexciton binding energy,226,227 but the gain signal overlaps spectrally with the low-energy
side of the X1X1 biexciton signal (see Figure 5.8d). Finally, 𝜏2 of a few hundred ps is much
longer than the gain duration saturating at 𝜏gain,sat = 27.7 ps. Trion gain can therefore be
excluded, underlining biexcitonic optical gain as the underlying mechanism.

Determined Biexcitonic Gain Provides Strategies for Future Optimization

In this chapter, three key arguments have been presented supporting biexcitons as the origin
of the optical gain and the resulting ASE signal of the studied spherical CsPbBr3 QDs. The
gain threshold of ⟨𝑁 ⟩th = 0.99 along with 𝐸b,XX = 68meV aligns well with the expected
value for biexcitons with a nonzero binding energy. The position of the gain signature in
TA spectra overlaps with the X1X1 biexciton signal, considering a reasonable Stokes shift
of 𝐸Stokes = 56meV. Furthermore, the duration of the optical gain with 𝜏gain,sat = 27.7 ps is
limited by the biexciton lifetime 𝜏XX,avg = 28.8 ps, highlighting the required population of the
X1X1 biexciton level as prerequisite for the optical gain.

This insight into biexcitonic optical gain in spherical CsPbBr3 QDs not only deepens the
understanding of this specific material system, but also likely reflects an intrinsic property of
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CsPbBr3 NCs in general. The high quality of the QDs minimizes inhomogeneous broadening,
while the use of highly dilute colloidal dispersions instead of relatively thick films reduces
reabsorption within the QD ensemble. Understanding the underlying gain mechanism also
paves the way for future optimization of their light amplification properties. The ASE
threshold can be improved to some extent by optimizing film formation parameters, such as
the packing density by the choice of ligands216 or substrate functionalization.228 Furthermore,
the homogeneity of the film can be improved by incorporating the QDs in SiO2 spheres229 or
polymers.219

However, the fundamental limit for reducing the ASE threshold is related to the threshold
of the underlying optical gain. Therefore, in the present case of biexcitonic gain, it can be
improved by either prolonging the biexciton lifetime or by utilizing another gain mechanism
that has an intrinsically lower threshold. The former can be achieved to a certain degree by
using larger NCs, as the non-radiative biexciton decay rate follows a universal volume scaling
(see Subsection 2.2.3).214,230,231 This has been demonstrated for larger cubic CsPbBr3 NCs
with edge lengths of ∼10 nm, which exhibit ASE threshold fluences an order of magnitude
lower than the value determined here.160,216 However, the application of this method is limited
and reduces the degree of confinement in the system, ultimately leading to bulk-like proper-
ties.232 Understanding the underlying gain mechanism in CsPbBr3 QDs allows for targeted
optimization of limiting processes. As discussed for conventional QDs in Subsection 2.1.3,
several methods can be used to significantly lower the gain threshold, such as core/shell
engineering,80,81,126 charging,113,124 and doping of QDs.212

With the light amplification potential and the underlying optical gain mechanism of the
spherical CsPbBr3 QDs being established, future work can now be directed toward building a
laser with them. In order to ultimately achieve efficient lasing, in addition to a low optical gain
threshold of the gain material, the cavity is also crucial. Resonator geometries previously used
for LHP NCs can serve as a starting point, e.g., by using whispering gallery modes160,161,233,234

or vertical cavity surface-emitting lasers.235–237





6
Summary, Conclusions, and Outlook

In this thesis, I have studied lead halide perovskite (LHP) quantum dots (QDs) focusing on their
steady-state absorption, excited-state dynamics, and light amplification properties. A unique
feature of this material class, compared to conventional II-VI and III-V semiconductors, is that
their optical properties are dominated by a single conduction band and valence band around
the band gap, without heavy hole/light hole degeneracies.51 This reduces the complexity
of optical spectra around the band gap, allowing a clearer distinction between individual
energy levels of QDs. However, precise control over the size of the QDs during synthesis
remains challenging, leading to inhomogeneous broadening in QD ensembles. Recently, a new
synthesis method was developed that yields monodisperse spherical LHP QDs by separating
nucleation from growth.54 I utilize such spherical LHP QDs with sizes comparable to the
exciton Bohr diameter to gain insight into their ground and excited state energy landscape.193

Furthermore, I investigate their light amplification properties, revealing biexcitonic optical
gain as the underlying gain mechanism.213 These topics have been discussed in detail in the
results chapters. In the following, the main findings and their implications for future work
are summarized; first, regarding confined excitons and biexcitons in LHP QDs, and second,
the biexcitonic optical gain in CsPbBr3 QDs.

Confined Excitons and Biexcitons in Lead Halide PerovskiteQuantum Dots

The novel monodisperse spherical LHP QDs exhibit several distinct absorption resonances.54 I
compare their energetic positions with model calculations for weak and strong confinement.53

The latter is the typical case for most conventional II-VI QDs, where the electron and hole are
individually confined before including Coulomb interaction.67 For spherical CsPbBr3 QDs
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with diameters ranging from ∼5–12 nm, I find good agreement with the weak confinement
model, where hydrogen-like excitons are confined as a whole by the QD potential. For sizes
larger than the exciton Bohr diameter of ∼6.1 nm, this result is expected. Notably, the model
still closely reproduces the energies of the absorption resonances for QD sizes comparable to
the Bohr diameter. Therefore, I assign the energy levels observed in steady-state absorption
to hydrogen-like excitons confined in their center-of-mass motion. This provides
a simplistic and intuitive model to describe the energy landscape that governs the optical
properties of the LHP QDs and enables the study of their excited state, which I examine using
TA spectroscopy.

In TA measurements of the spherical LHP QDs, I observe a multitude of spectral features.
The negative signals coincide spectrally with the steady-state absorption resonances, while
the positive signals are redshifted relative to the negative ones. The absorption of the excited
state and the resulting TA spectrum can be modeled using the measured ground-state absorp-
tion spectrum.192,203–205 In my model, the following processes are considered: Due to the
delocalization of the pumped exciton across the entire QD, which has a size similar to the
exciton Bohr diameter, the probe beam cannot create a second independent exciton, resulting
in bleached excitonic transitions. Instead, when the Coulomb interaction is included,
the probe beam monitors induced transitions to biexcitonic levels. These biexcitonic
transitions are redshifted relative to the excitonic transitions by the biexciton binding energy
of ∼40meV for QDs with diameters of ∼6.8 nm. Furthermore, stimulated emission from the
populated X1 exciton is included, which is polarization dependent and occurs from a ∼35meV
Stokes-shifted energy level. Additionally, the polarization-selective excitation of the energeti-
cally lowest biexciton X1X1 is considered, which aligns with the expected behavior.128,202 The
TA spectrum modeled with these considerations closely reproduces the measured spectra,
suggesting that the most relevant processes are included. The temporal dynamics of the TA
signals further confirm my assignment of the dominant processes to bleached excitonic and
induced biexcitonic transitions, all of which resemble the dynamics of the X1 exciton.

My interpretation of the absorption and TA spectra has provided a basis for various
studies on these spherical LHP QDs. So far, they have been applied to photoluminescence
(PL) quenching,223 manganese doping,238 and energy transfer studies.239 This highlights
how my results contribute to the active field of light-emitting devices including LEDs and
displays,15,37,38,240–244 as well as lasing devices.48–50 Having identified the QDs to be in the
weak confinement regime makes them potential candidates for another interesting field of
research. As recently shown in large cubic CsPbBr3 QDs, the coherent motion of weakly
confined excitons extending over many unit cells can lead to a giant oscillator strength and
single-photon superradiance.66 The larger spherical LHP QDs studied here could also be
suitable to observe this effect. It further highlights the potential of the system for quantum
light generation.44–47 Based on my interpretation of the energy levels in the ground and
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excited state of spherical CsPbBr3 QDs, I investigate their light amplification properties in
the second part of this thesis.

Biexcitonic Optical Gain in CsPbBr3 Quantum Dots

Although the origin of optical gain in LHPnanocrystals (NCs) is still discussed in litera-
ture, amplified spontaneous emission (ASE) in relatively large CsPbBr3 NCs has been reported
since 2015160,161 and they have already been integrated into optical resonators.48–50 Optical
gain has been attributed to single excitons,160,165,166 trions,167 and biexcitons.114,161,163,164 I
aim to provide clarity on the gain origin by studying the light amplification properties of
CsPbBr3 QDs. First, I investigate dense films of spherical CsPbBr3 QDs under excitation with
a rectangular laser spot to verify their ability to exhibit ASE. Along this illuminated strip,
ASE is observed when the excitation fluence is sufficient to achieve population inversion and
the stripe length is long enough to overcome losses.25,168 I characterize these requirements
by determining an ASE threshold fluence of 58 µJ/cm2 and a net optical gain coefficient of
93 cm−1 through power-dependent measurements and the variable stripe length method,
respectively. Second, I conclusively attribute the origin of the optical gain to biexcitons
through a comprehensive analysis of power-dependent and time-resolved TA spectroscopy. I
performed these measurements on spherical CsPbBr3 QDs with a diameter of ∼6 nm. This
study builds on the results of the first chapter, in which I identify bleached excitonic and
induced biexcitonic transitions as the main processes dominating the TA spectra, along with
stimulated emission from the occupied excitonic level, which becomes increasingly relevant
with excitation fluence. The assignment to biexcitonic gain is based on three key arguments:

• The gain threshold in units of the average number of excitons created per QD is found
to be ⟨𝑁 ⟩th = 0.99. Together with the determined biexciton binding energy of ∼68meV,
this value aligns well with the threshold expected for biexcitons with attractive binding
energy.

• The spectral signature of optical gain in TA spectra overlaps with the TA signal of
the energetically lowest biexciton. The redshift of ∼56meV between the two features
I attribute to a reasonable Stokes shift, similar to the one observed in steady-state
absorption and PL spectra.

• The gain duration saturates at ∼28 ps, which matches the determined biexciton lifetime
of ∼29 ps. The gain duration, limited by the presence of biexcitons, highlights their
crucial role as prerequisites for optical gain.

My findings on biexcitonic gain can be considered intrinsic to the material class of LHP
QDs, as they are not significantly influenced by reabsorption and inhomogeneous broadening.
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Understanding the underlying gain mechanism is the basis for addressing the fundamental
limitations of QDs in this context, going beyond simple sample optimization strategies. With
the fundamental origin of optical gain being attributed to biexcitons, the extensive knowledge
from conventional II-VI QDs regarding core/shell engineering,80,81,126 charging,113,124 and
doping,212 can now be transferred to LHP QDs. It offers strategies for enhancing their intrinsic
light amplification properties by lowering the gain threshold and prolonging the gain lifetime.
This establishes a foundation for future work using LHP QDs in lasers. Established resonator
geometries, such as whispering gallery modes160,161,233,234 or vertical cavity surface-emitting
lasers,235–237 can serve as starting points, paving the way for LHP QDs as candidates for
efficient and scalable lasing devices.
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Appendix

Chemicals
Lead(II) bromide (PbBr2, 99.999 %), cesium carbonate (Cs2CO3, 99.9 %), trioctylphosphine
oxide (TOPO, 99 %), hexane (≥99 %), n-octane (min. 99 %), diisooctylphosphinic acid (DOPA,
90 %), toluene (99.5 %), ethanol (99.8 %), aceton (≥99.5 %), didodecyldimethylammonium bro-
mide (DDAB, 98 %), acetonitrile (≥99.9 %), and chloroform (CHCl3, 99.5 %) were purchased
from Merck. Lecithin (>97 % from soy) was purchased from Carl Roth. All chemicals were
used without further purification.

Stock Solutions
Stock solutions were prepared as reported in Reference 54.

• The PbBr2 stock solution (0.04M) was prepared by dissolving 1mmol of PbBr2 and
5mmol of TOPO in 5ml of octane at 120 °C in a 40ml vial. When all the PbBr2 was
dissolved, the vial was cooled to room temperature and 20ml of hexane was added.

• The Cs-DOPA stock solution (0.02M) was prepared by transferring 100mg of Cs2CO3
together with 1ml of DOPA and 2ml of octane at 120 °C into a 40ml vial. When all the
Cs2CO3 was dissolved, the stock solution was cooled to room temperature and 27ml
hexane was added.

• The lecithin stock solution (∼0.13M) was prepared by dissolving 0.5 g of lecithin in
10ml of hexane.

• The TOPO stock solution (0.2M) was prepared by dissolving 4mmol of TOPO in 20ml
of hexane.

• The DDAB stock solution (0.1M) was prepared by dissolving 1mmol of DDAB in 10ml
of CHCl3.

Synthesis
The synthesis is based on the room temperature synthesis method reported in Reference 54.

• Synthesis of the CsPbBr3 QDs with lecithin as ligands and a diameter of ∼6.8 nm:
5ml of hexane, 500 µl of PbBr2, and 250 µl of TOPO stock solution were transferred into
an 8ml vial. Under vigorous stirring, 250 µl of Cs-DOPA stock solution was injected.
The reactionwas left stirring for ∼5min, afterwhich 250 µl of lecithin solutionwas added.
After 1min, a four-fold excess of aceton was added, and the QDs were centrifuged at
6000 rpm for 2min. The supernatant was discarded and the QDs redispersed in 1ml
of toluene and precipitated with 1ml of ethanol. Finally, the QDs were centrifuged at
6000 rpm for 2min, the supernatant discarded, and the QDs redispersed in hexane.
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• Synthesis of the CsPbBr3 QDs with DDAB as ligands and a diameter of ∼6 nm:
2ml of hexane and 1ml of PbBr2 stock solution were transferred into an 20ml vial.
Under vigorous stirring, 500 µl of Cs-DOPA stock solution was injected. The reaction
was left stirring for ∼5min, after which 2ml of CHCl3 was added followed by 500 µl of
DDAB solution. After 1min, 5ml acetonitrile was added and the QDs were centrifuged
at 6000 rpm for 2min. The supernatant was discarded and the QDs redispersed in 1ml
of octane.

Gaussian Fitting of Absorption Spectra
Figure A.1 shows the absorption spectrum of a CsPbBr3 QD ensemble studied in Chapter 4.
Fitting of Gaussian peaks reproduces the absorption spectrum almost perfectly. The Gaussian
fit to the first absorption resonance X1 is marked as 𝑂𝐷X1(𝐸).

3.0 2.8 2.6 2.4
0.00

0.05

0.10

0.15

0.20

O
D

Energy [eV]

 measured OD
 cumulative fit
 fit peak 1

 fit peak 2
 fit peak 3
 fit peak 4

ODX1(E)

Figure A.1: Absorption Spectrum Gaussian Fitting. Fitting four Gaussian peaks to the
steady-state absorption spectrum of CsPbBr3 QDs with an diameter of ∼6.8 nm. 𝑂𝐷X1(𝐸) as the
absorption associated with X1 is indicated.

Figure A.2 shows the absorption spectrum of a CsPbBr3 QD ensemble studied in Chapter 5.
Fitting of Gaussian peaks reproduces the absorption spectrum almost perfectly. From the
Gaussian fit to the first absorption resonance X1 the FWHM of ∼81meV is extracted.
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Figure A.2: Extracting FWHM via Gaussian Fitting. Fitting three Gaussian peaks to the
steady-state absorption spectrum of CsPbBr3 QDs with an diameter of ∼6 nm. The extracted
FWHM of ∼81meV of the absorption associated with X1 is indicated.
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