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Göteborg, Sweden 2026



ii

Strong Light-Matter Interactions in 2D Materials

Beatriz Ferreira
ISBN 978-91-8103-490-5
Acknowledgements, dedications, and similar personal statements in this thesis,
reflect the author’s own views.

© Beatriz Ferreira, 2026.

Doktorsavhandlingar vid Chalmers tekniska högskola
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Strong Light-Matter Interactions in 2D Materials

Beatriz Ferreira

Department of Physics and Astronomy

Chalmers University of Technology

Abstract

Integrating 2D materials into high-quality optical microcavities opens the
door to fascinating many-particle phenomena, including the formation of
exciton-polaritons. These are hybrid quasi-particles inheriting properties of
both the constituent photons and excitons. The corresponding change in the
dispersion relation has a large impact on the optics, dynamics and transport
behaviour of the materials.
In this thesis, we aim to microscopically understand the optical response
and propagation of exciton-polaritons in transition metal dichalcogenides
(TMDs). The theoretical method is based on the density matrix formalism
combined with the Hopfield approach. In particular, we investigate how the
exciton diffusion changes in the strong coupling regime, i.e. when exciton-
polaritons are formed. Furthermore, we study the impact of dark excitons
on the optical response of upper and lower polariton branches in absorption
spectra of molybdenum- and tungsten-based TMDs, which are known to
be direct and indirect semiconductors, respectively. We show how different
experimentally accessible quantities, such as temperature or mirror reflectance,
can be exploited to tune the optical response of polaritons. By changing the
cavity detuning, we vary the polariton energy relative to the unaffected dark
excitons in such a way that we open or close specific phonon-driven scattering
channels. In a joint theory-experiment, with the group of Christian Schneider
(University of Oldenburg), we show that this controlled switching of scattering
channels manifests in characteristic sharp changes in the optical spectra of
polaritons. These spectral features can be exploited to extract the position
of dark excitons. This suggests new possibilities for exploiting polaritons for
fingerprinting nanomaterials via their unique exciton landscape. Overall, this
work contributed to a better microscopic understanding of optics, dynamics
and transport of exciton-polaritons in technologically promising 2D materials.

Keywords: exciton-polaritons, 2D materials, diffusion, absorption, detuning.
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2.1.1 Fabry–Pérot Cavity . . . . . . . . . . . . . . . . . . . . 15
2.1.2 Quantum Langevin Equations and Input-Output Theory 17

2.2 Many-particle Hamiltonian in Second Quantization . . . . . . 19
2.3 Excitons and the Wannier Equation . . . . . . . . . . . . . . . 29

2.3.1 Microscopic Polarization and Excitonic Basis . . . . . . 30
2.3.2 Excitonic Hamiltonian . . . . . . . . . . . . . . . . . . 32

2.4 Exciton-Polaritons and Hopfield Transformation . . . . . . . . 34
2.5 Diffusion Coefficient for Polaritons . . . . . . . . . . . . . . . 41
2.6 Heisenberg Equations of Motion for Polaritons . . . . . . . . . 44
2.7 Polariton Absorption . . . . . . . . . . . . . . . . . . . . . . . 47

3 Polariton Transport 51
3.1 Phonon-induced Scattering Rates . . . . . . . . . . . . . . . . 51

3.1.1 Intra-valley Scattering . . . . . . . . . . . . . . . . . . 52
3.1.2 Inter-valley Scattering . . . . . . . . . . . . . . . . . . 54
3.1.3 Temperature Study of Scattering Rates . . . . . . . . . 56

3.2 Polariton Diffusion . . . . . . . . . . . . . . . . . . . . . . . . 58

vii



viii CONTENTS

4 Polariton Optics 63
4.1 Polariton Absorption of WSe2 . . . . . . . . . . . . . . . . . . 63
4.2 Critical Coupling Condition . . . . . . . . . . . . . . . . . . . 65
4.3 Polariton Absorption of MoSe2 . . . . . . . . . . . . . . . . . . 69
4.4 The Effect of the Environment . . . . . . . . . . . . . . . . . . 71
4.5 Effects of Changing Cavity Length . . . . . . . . . . . . . . . 73

4.5.1 Temperature-Dependent Polariton Dynamics . . . . . . 75
4.5.2 Influence of Scattering Channels on Linewidth . . . . . 76
4.5.3 Polariton Linewidth: Experimental and Theoretical

Insights . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5 Conclusion and Outlook 81

Bibliography 83

Papers 103
Paper I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
Paper II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
Paper III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124



CHAPTER 1

Introduction

This thesis delves into the interaction of exciton-polaritons within transition
metal dichalcogenides (TMD) and optical microcavities, emphasizing the
novel phenomena arising from this interaction, their dynamics, and their
technological applications. By integrating theoretical approaches like the
density matrix formalism and the Hopfield model, we explore how these
interactions influence the properties and behaviours of hybrid quasi-particles,
potentially paving the way for new optoelectronic devices. The introductory
focus on transition metal dichalcogenides, optical microcavities, excitons, and
exciton-polaritons, each critical to understanding the complex interplay in
these systems.

1.1 Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) are a class of two-dimensional
materials with chemical formula MX2, where M denotes a transition metal

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: Structure of TMD. (a) Three-dimensional representation of the atomic
structure of a TMD monolayer. (b) Top and (c) side perspectives of a TMD
monolayer.

(e.g., Mo, W) and X a chalcogen (e.g., S, Se, or Te) [1–3]. A TMD monolayer
consists of a plane of transition metal atoms sandwiched between two planes
of chalcogen atoms, forming strong in-plane covalent bonds and weak out-of-
plane van der Waals interactions [4–6], see Fig. 1.1. At the monolayer limit,
the electronic band structure transitions from an indirect to a direct bandgap
located at the K and K′ valleys, resulting in strong light–matter interaction
and efficient optical absorption and emission [1, 7].

Strong spin–orbit coupling in TMDs leads to spin–valley locking, which gives
rise to valley-contrasting optical selection rules enabling helicity-dependent
excitation of specific valleys using circularly polarized light [4, 8]. This valley-
selective optical response allows information to be encoded in the valley degree
of freedom and forms the basis of emerging valleytronic concepts and potential
quantum information applications [8–11]. Moreover, the discrete excitonic
spectrum and coupled spin and valley degrees of freedom provide a versatile
platform for exploring quantum phenomena in solid-state systems. Combined
with nanoscale tunability and compatibility with established semiconductor
technologies, TMDs represent promising platforms for optoelectronic and
quantum photonic application [7, 12].

Another key feature of monolayer TMDs is their exceptionally strong light–matter
interaction arising from reduced dielectric screening and enhanced Coulomb
interactions in two dimensions. This leads to large oscillator strengths and ex-
citon binding energies on the order of hundreds of meV, which dominate their
optical response and enable efficient photoexcitation processes relevant for
photodetectors, light-emitting devices, and photovoltaic applications [1, 13].
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Figure 1.2: Excitonic landscape for a hole in the K valley. Schematic representation
of electronic dispersions around the K and Λ valleys for (a) tungsten-based TMDs
(WS2 and WSe2) and (b) molybdenum-based TMDs (MoS2 and MoSe2). Adapted
from [16].

Additionally, the mechanical flexibility and environmental stability of TMDs
facilitate integration into flexible and robust electronic and photonic platforms
[2, 14].

Monolayer TMDs exhibit a rich excitonic landscape comprising both optically
active (bright) and optically inactive (dark) exciton states, each playing
distinct roles in optical dynamics and relaxation processes, see Fig. 1.2.
Bright excitons arise when the electron and hole reside in the same valley
with parallel spins, enabling efficient coupling to light through favourable
optical selection rules [15–17]. In contrast, dark excitons involve spin- or
momentum-forbidden configurations, such as electrons located in the Λ or K′

valleys, which render them optically inactive under direct excitation [18–23].
These dark states play a central role in relaxation pathways, thermalisation
processes, and energy transfer dynamics. The interplay between different
excitonic states gives rise to complex spatio-temporal dynamics, including
non-classical diffusion [24], transient negative diffusion [25], strain-dependent
transport [26], accelerated hot-exciton diffusion [27], spatial halo formation
[28–30], and unconventional exciton funneling effects [31], and rich transport
phenomena arising from exciton-phonon and exciton-exciton interactions [32].
These phenomena highlight the importance of the excitonic landscape for
understanding transport properties in TMD systems.

Beyond monolayers, TMDs can be assembled into vertical and lateral het-
erostructures, enabling additional control over electronic and optical prop-
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erties [33–43]. Vertical heterostructures support interlayer excitons, where
electrons and holes reside in different layers, leading to long lifetimes and large
dipole moments [33, 37, 44]. Lateral heterostructures allow the formation
of charge-transfer excitons at in-plane interfaces, enabling spatially resolved
manipulation of optical responses [23, 37–39, 43–49].

When integrated into optical microcavities, TMD monolayers can enter the
strong coupling regime, where excitonic and photonic modes hybridize to
form exciton–polaritons [4]. This regime is characterized by Rabi splitting in
optical spectra and enables the exploration of hybrid light–matter physics
combining the coherence of photons with strong excitonic interactions. Het-
erostructures incorporated into microcavities further expand this landscape,
allowing interlayer excitons with long lifetimes to form distinct polaritonic
states and potentially enabling new collective quantum phenomena [50, 51].

Despite these opportunities, challenges related to material quality, scalability,
and environmental stability remain important considerations for technological
implementation [52, 53]. Continued advances in fabrication and characteriza-
tion are therefore essential for fully exploiting the potential of TMD-based
systems.

1.2 Optical Microcavities

The properties of the optical microcavity determine the photonic component
of polaritons and thus control the detuning-dependent scattering mechanisms
investigated in this thesis. We therefore introduce the key cavity parameters
relevant for the microscopic modelling of polariton transport and optical
response.

Optical microcavities confine electromagnetic fields within a small mode
volume, enhancing light–matter interaction and enabling the strong coupling
regime [54–56]. A widely used implementation is the Fabry–Pérot cavity,
consisting of two parallel mirrors separated by a finite distance [57, 58], see
Fig. 1.3. These mirrors are typically realized as distributed Bragg reflectors
(DBRs), composed of alternating high- and low-refractive-index layers that
achieve high reflectivity through constructive interference. The resulting
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Figure 1.3: Schematic illustration of an hBN-encapsulated TMD monolayer in a
Fabry–Pérot cavity.

cavity supports discrete photonic modes, increasing photon lifetime and
interaction strength with embedded materials such as TMD monolayers.

The key parameters defining cavity behaviour include resonance frequency,
quality factor (Q-factor), and mode volume. These quantities can be engi-
neered through mirror reflectivity, cavity length, and refractive-index design
[55, 59, 60].

In this thesis, we focus on Fabry–Pérot microcavities integrating TMD mono-
layers encapsulated in hexagonal boron nitride (hBN) [4], as illustrated in
Fig. 1.3. Encapsulation reduces environmental disorder, preserves optical
linewidths, and enables robust strong light–matter coupling [61]. By tuning
cavity detuning and Q-factor, it becomes possible to explore polariton disper-
sion, scattering dynamics, and collective phenomena such as Bose–Einstein
condensation and superfluid behaviour [62–64].

Beyond planar Fabry–Pérot cavities, alternative photonic architectures—including
photonic crystal cavities and waveguide-based systems—offer additional con-
trol over light confinement and dispersion engineering [65, 66]. Such versa-
tility highlights the central role of optical microcavities in studying hybrid
light–matter states in two-dimensional material platforms.
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Figure 1.4: Schematic of two types of excitons: (a) Wannier exciton and (b) Frenkel
exciton. Figure taken from [67].

1.3 Excitons in Transition Metal Dichalco-

genides

The reduced dielectric screening and strong Coulomb interactions in mono-
layer TMDs result in tightly bound excitonic states that dominate the optical
response even at room temperature. Understanding the nature and hierarchy
of these excitonic states is therefore essential for describing light–matter inter-
actions in TMD-based systems. Excitons in TMDs exhibit unique properties
due to the distinct band structure and reduced dimensionality of these 2D
materials. These quasiparticles, consisting of bound electron-hole pairs formed
by Coulomb interaction, are important in determining the optical responses
of TMDs, such as absorption, emission, and energy transport [7, 51, 68, 69].

While TMDs predominantly support Wannier-Mott excitons, it is also relevant
to compare them with Frenkel excitons typically found in organic semicon-
ductors and molecular crystals, see Fig. 1.4. Frenkel excitons have a much
smaller spatial extent, are confined often to a single molecule or lattice site,
and exhibit higher binding energies. However, due to their highly localized
nature, Frenkel excitons contribute less to the electrical conductivity and are
not as influential in the optoelectronic properties of inorganic semiconductors
like TMDs [70, 71]. In TMDs, excitons predominantly exhibit Wannier-
Mott characteristics due to the materials’ high dielectric constant and the
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Figure 1.5: Schematic representation of excitons in (a) bulk versus (b) monolayer
TMD, highlighting the influence of reduced dielectric screening in the monolayer
form which enhances exciton binding energies. Panel (c) shows the representation
of different exciton types, bright and dark. Figure taken from [72].

extensive spatial extent of the electron-hole pairs compared to the lattice
dimensions [7, 69, 73]. The electron-hole interaction within these materials
is influenced by the degree of dielectric screening, which varies significantly
between the bulk and monolayer forms. In bulk TMDs, as shown in Figure
1.5(a), the three-dimensional environment provides more effective dielectric
screening, reducing exciton binding energies. Conversely, in monolayer TMDs,
depicted in Figure 1.5(b), the reduced thickness limits the dielectric screening
effect. This diminished screening in two-dimensional environments leads to
considerably enhanced exciton binding energies, often exceeding hundreds
of meV, which are substantially higher than those found in conventional
bulk semiconductors. Such high binding energies contribute to the unique
optical properties of monolayer TMDs. From the perspective of light–matter
interaction, excitons act as resonant oscillators that mediate coupling between
electronic excitations and confined photonic modes. The large oscillator
strength and discrete excitonic spectrum in monolayer TMDs therefore make
them particularly favourable systems for entering the strong coupling regime
and forming exciton–polaritons.

TMD monolayers support Wannier-Mott excitons, including a variety of
excitonic states such as bright and dark excitons, trions, and biexcitons
[73–75]. The rich excitonic landscape in TMDs, characterized by bright
excitons that couple strongly with light and dark excitons that participate in
complex scattering processes, contributes to the unique properties of exciton-
polaritons when TMDs are integrated into microcavities [51]. In Figure
1.5(c) it is represented the different exciton types, bright and dark, and their
respective energy transitions.
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In vertical heterostructures, interlayer excitons are formed, possessing long life-
times and tunable properties that are valuable for exploring exciton transport
and polaritonic effects [44, 45]. Recent studies have demonstrated that even
indirect excitons, such as interlayer excitons, can couple strongly with light
through hybridization mechanisms, resulting in the formation of hybridized
exciton-polaritons with unique optical characteristics [76]. This hybridization
enables the exploration of novel polaritonic phenomena in TMD heterostruc-
tures, offering new opportunities for manipulating light-matter interactions
in 2D materials.

Charge transfer excitons in lateral heterostructures allow for spatially engi-
neered optical properties [26]. The spatial confinement and interface charac-
teristics in these structures provide a versatile platform for studying exciton
dynamics [42] and light-matter interactions at the nanoscale.

The dynamics of excitons in TMDs include various processes like exciton
diffusion, scattering, and recombination [24, 25, 27, 32]. The strong oscillator
strength and rich excitonic landscape of TMD monolayers make them par-
ticularly suitable for integration into optical microcavities, where excitons
can coherently interact with confined photonic modes. Understanding these
dynamics is essential for manipulating light-matter interactions in TMD-based
microcavities, facilitating the exploration of phenomena such as Bose-Einstein
condensation in exciton-polariton systems.

1.4 Exciton-Polaritons

When excitonic resonances in TMD monolayers are embedded within optical
microcavities, the confined photonic modes can strongly couple to excitons,
leading to hybridization between light and matter. In this regime, the
eigenstates of the coupled system become exciton–polaritons. While exci-
ton–polaritons have been extensively studied in conventional semiconductor
platforms, TMD-based systems introduce additional complexity due to the
presence of multiple excitonic states, including dark excitons. Understanding
how these states modify polariton formation, transport, and optical response
constitutes the central objective of this thesis. The Hopfield framework
discussed here forms the basis for the microscopic modelling of polariton
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diffusion and absorption developed in subsequent chapters.

Exciton–polaritons are hybrid quasiparticles arising from strong coupling
between excitons and cavity photons [77, 78]. Within the Hopfield descrip-
tion, the system is treated in terms of new normal modes obtained through
diagonalization of the light–matter Hamiltonian, resulting in upper and lower
polariton branches that inherit properties from both photonic and excitonic
components.

However, the word polariton is not exclusive to exciton-polaritons. Polaritons
broadly describe hybrid states resulting from the interaction between light
and matter, where an electromagnetic field couples with an elementary matter
excitation [79–81]. Depending on the type of matter excitation, various
kinds of polaritons can form, such as surface plasmon-polaritons [80], phonon-
polaritons [82], and magnon-polaritons [83]. More specifically, a polariton
is a coupled mode of the external electromagnetic field and an electric or
magnetic dipole-carrying excitation, meaning a normal mode of the material
that may linearly couple to the electromagnetic field through its electrical
or magnetic character [79]. These excitations can be either single-particle
electronic transitions (e.g., interband transitions in insulators) or many-body
excitations (such as excitons and plasmons).

Exciton-polaritons represent a special case where excitons (electron-hole pairs)
couple with photons to form these quasiparticles, retaining the properties of
both [59, 84]. In the context of optoelectronics, the huge light-matter interac-
tion demonstrated by TMDs has made them highly attractive for practical
device applications [4]. Liu et al. were the first to confirm the formation
of polariton states in a MoS2 monolayer integrated into a microcavity by
performing angle-resolved reflectivity and photoluminescence measurements
[4].

Due to their mixed nature, exciton-polaritons have several remarkable prop-
erties:

• Small Effective Mass: The photonic component grants polaritons
a small effective mass, enabling rapid propagation and making them
ideal for transport applications [85–88]. Given their light component,
polaritons show an interesting transport behaviour, resulting in fast
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propagation in the ballistic regime [85, 87, 88].

• Bose-Einstein Condensation: The bosonic nature of polaritons
allows them to undergo Bose-Einstein condensation (BEC) at relatively
high temperatures, leading to the formation of coherent quantum states
with properties like superfluidity [62, 89, 90].

• Nonlinear Interactions: Exciton-polaritons exhibit strong nonlinear
interactions, crucial for developing optical switches, transistors, and
other photonic devices [91–93].

• Tunable Dispersion: The dispersion of exciton-polaritons can be
precisely controlled by modifying cavity parameters, allowing exploration
of quantum phases of matter [84, 94].

Exciton–polaritons have been extensively studied using a wide range of
experimental techniques, including angle-resolved spectroscopy and time-
resolved optical measurements, which provide access to their dispersion,
dynamics, and coherence properties [95, 96]. The hybrid light–matter nature
of polaritons has enabled the observation of diverse phenomena, ranging from
nonlinear optical effects and Bose–Einstein condensation to analog quantum
simulations [84, 92]. While these developments highlight the versatility of
polariton systems, the present thesis focuses specifically on the microscopic
mechanisms governing polariton transport and optical response in TMD-based
platforms, where dark excitons introduce additional scattering channels and
modify the hybridization landscape.

In TMD monolayers, exciton-polaritons exhibit unique dynamics due to the
presence of various excitonic states, including bright and dark excitons. The
signature of dark excitons can be found in the optical spectrum of TMDs [15].
The coupling between these excitons and cavity photons leads to complex
transport behaviour, influenced by polariton-phonon scattering processes. By
varying the cavity detuning, researchers can modify the polariton energy
relative to dark excitons, effectively controlling the scattering channels and
influencing the optical spectra of the polaritons. One can even turn the dark
WS2 into a bright material [97].

While exciton–polaritons have been extensively studied in conventional semi-
conductor systems, TMD-based platforms introduce additional complexity
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due to the presence of dark excitons and strong many-body interactions. By
combining the exciton density matrix formalism with the Hopfield approach
[78], the study examines how cavity properties and excitonic interactions
influence polariton properties. Specifically, we investigate how the strong
coupling regime impacts the optical absorption and transport behaviour of
polaritons. These findings aim to contribute to the development of TMD-
based optoelectronic devices, quantum technologies, and the simulation of
fundamental physics phenomena.

1.5 Overview of investigated Project

In the first paper, ”Microscopic modelling of exciton-polariton diffusion
coefficients in atomically thin semiconductors,” we developed a theoretical
framework that combines the exciton density matrix formalism with the
Hopfield model. This framework enabled us to predict polariton diffusion
coefficients that are significantly enhanced compared to bare exciton diffusion.

The second paper, ”Signatures of dark excitons in exciton-polariton optics of
transition metal dichalcogenides,” highlighted the role of dark excitons in shap-
ing the optical response of TMDs. We demonstrated that the incorporation
of dark exciton dynamics into the polariton spectra is crucial for accurately
interpreting experimental results, thereby enhancing the understanding of
light-matter interactions in these materials.

In our third paper, ”Revealing dark exciton signatures in polariton spectra
of 2D materials,” we further investigated the impact of dark excitons on the
optical properties of polaritons in TMDs. By analyzing various detuning
conditions, we provided experimental evidence for the influence of dark
excitons in polariton systems.

This thesis is organized in the following way. First, we introduce the theoretical
framework in Chapter 2, in particular, we study the polariton dispersion and
group velocity, which will be necessary for the following chapters. Then, we
discuss the polariton-phonon scattering rates in Chapter 3, leading to the
polariton diffusion coefficient (Paper I). Next, in Chapter 4 we study the
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polariton absorption coefficient (Paper II and III). Finally, we end with a
conclusion and future work prospects in Chapter 5.



CHAPTER 2

Theoretical Framework

In this chapter, we introduce the fundamental concepts underlying the theo-
retical framework for studying exciton-polaritons in transition metal dichalco-
genides (TMDs) integrated into optical microcavities. The chapter is divided
into sections covering the Theory of Fabry-Perot Cavities, many-particle
systems in second quantization, excitons and the Wannier equation, and
finally, exciton-polaritons and their interactions. The aim is to provide a
comprehensive understanding of the essential theoretical tools needed for
describing strong light-matter interactions in these systems.

2.1 Theory of Fabry-Perot Cavities

Because polariton dispersion and optical response depend critically on cav-
ity losses and input–output coupling, we derive the Fabry–Perot framework
required for quantitative comparison with absorption spectra and transport
properties analysed later. In this section, we review the fundamental con-

13
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Figure 2.1: Schematic representation of how the exciton and photon modes hybridize,
splitting into two new modes, LP and UP, which are separated by the Rabi splitting
ℏΩR at the anti-crossing of the exciton and cavity energies.

cepts of optical cavities [55], with particular emphasis on the Fabry–Pérot
configuration. Fabry–Pérot resonators are central to the realization of exciton–
polaritons, especially in systems based on transition metal dichalcogenide
(TMD) monolayers. These cavities consist of two highly reflective mirrors
that confine the electromagnetic field within a well-defined spatial region,
leading to discrete photonic modes.

When the cavity resonance is tuned into spectral proximity with excitonic
transitions in a TMD monolayer, strong light–matter coupling can be achieved.
Owing to their large exciton binding energies and high oscillator strengths,
TMDs are particularly well suited for integration into Fabry–Pérot cavities
[4, 5, 98–100]. The resulting field confinement enhances the interaction
between cavity photons and excitons, enabling the formation of hybrid exciton–
photon states.

In this regime, the spatial overlap between the confined cavity modes and the
excitonic transitions leads to a coherent energy exchange between light and
matter, giving rise to a characteristic Rabi splitting of the dispersion into
lower and upper polariton branches, as illustrated in Fig. 2.1.
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2.1.1 Fabry–Pérot Cavity

A Fabry–Pérot cavity consists of two parallel mirrors separated by a distance
L, forming an optical resonator that supports discrete longitudinal photon
modes. Light confined between the mirrors undergoes multiple reflections,
giving rise to standing-wave field distributions along the cavity axis. The
resonance frequencies of these modes are determined by the cavity length and
the optical boundary conditions imposed by the mirrors.

When a TMD monolayer is placed inside the cavity, its excitonic transitions
can interact with the confined photon modes. By adjusting the cavity length L,
the photonic resonance can be tuned into spectral alignment with the exciton
energy, enabling the study of exciton–photon coupling in a controlled manner.
In the strong coupling regime, this interaction leads to an anticrossing of the
exciton and photon dispersions, which manifests as a Rabi splitting in the
cavity transmission and reflection spectra [4, 84].

The formation of exciton–polaritons arises from the coherent and reversible
exchange of energy between the excitonic and photonic components of the
system [54, 56]. This regime is reached when the exciton–photon coupling
strength exceeds the combined decay rates of the excitonic and photonic
modes. In contrast, if this condition is not fulfilled, the system remains in the
weak coupling regime, where the interaction is perturbative and no hybrid
modes are formed. Owing to their large exciton binding energies and high
oscillator strengths, TMD monolayers are particularly well suited for realizing
strong coupling in Fabry–Pérot cavities, even at room temperature [4, 74].

Cavity Decay Rate and Quality Factor

The decay rate κ describes the rate at which photons leak out of the cavity due
to the finite reflectivity of the mirrors. For a cavity with mirror reflectivities
R1 and R2, the decay rate κ is given by [56, 57]:

κ =
c(1 −R1R2)

2L
√
R1R2

, (2.1)

where c is the speed of light in the medium within the cavity, and L is the
cavity length. This decay rate is directly related to the cavity’s ability to
store photons and determines the spectral linewidth of the cavity modes.
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The quality factor Q of the cavity, which measures the sharpness of the
resonance, is defined by:

Q =
ωcav

κ
, (2.2)

where ωcav is the resonance frequency of the cavity mode. Higher Q-factors
indicate lower losses and more pronounced resonant effects, which are partic-
ularly important in achieving strong coupling with TMD excitons [55].

Reflection and Transmission in a Bare Cavity

For a bare Fabry–Pérot cavity (i.e., without excitonic effects), we can derive
the reflection and transmission properties. The transmitted field can be
written as

Et
out = E0e

−iωt 1

1 −√
R1R2eiϕRT

, (2.3)

where R1 and R2 are the intensity reflectivities of the two cavity mirrors. The
phase

ϕRT = 2kL cos θ + ϕ1 + ϕ2 (2.4)

denotes the round-trip phase accumulated by the optical field inside the cavity.
Here, k = 2π/λ is the wavevector of the cavity photon in the medium, L is
the mirror separation, and θ is the angle of propagation with respect to the
cavity normal. The quantities ϕ1 and ϕ2 account for the phase shifts acquired
upon reflection from the two cavity mirrors.

The corresponding transmitted intensity is then given by

I tout =
I0∣∣1 −√

R1R2eiϕRT

∣∣2 . (2.5)

When treating exciton–polaritons, this result provides an important consis-
tency check of the theoretical framework. By setting the photonic Hopfield
coefficient equal to unity, corresponding to purely photonic cavity modes, the
expressions above are recovered.

These expressions agree with the results from the T-matrix approach, which
describes the transmission and reflection behaviour of a bare cavity [101]. The
T-matrix method, or transition matrix method, is a mathematical framework
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used in the field of scattering theory. It is particularly useful for analyzing
how waves, such as light, interact with objects, leading to transmission and
reflection. The T-matrix relates electric and magnetic field coefficients across
dielectric layers in stratified media. This consistency between the quantum
and classical descriptions validates the framework and serves as a solid foun-
dation for extending the analysis to exciton-polariton systems. For further
details on the T-matrix method, see [102].
This section highlighted the foundational importance of Fabry-Pérot res-
onators in polariton physics. Their role in confining photons to interact
strongly with excitons in TMDs is pivotal for achieving a strong coupling
regime. This sets the stage for the subsequent discussions on polariton
dispersion, dynamics, and quantum frameworks.

2.1.2 Quantum Langevin Equations and Input-Output
Theory

Quantum open systems, like optical microcavities integrated with TMDs,
are modelled using the quantum Langevin equations. These describe the
time evolution of the system’s degrees of freedom under the influence of
both coherent dynamics and noise from the environment [103, 104]. The
Langevin formalism is particularly suited for systems like exciton-polaritons
in TMD monolayers integrated into optical microcavities, where interactions
between light and matter play a significant role. The inclusion of noise and
dissipation through the Langevin approach allows us to model how the system
couples to its environment and how photons leak from the cavity, essential for
understanding the dynamics and the measurement processes of polaritonic
systems.

To analyze light-matter interactions in the Fabry-Pérot cavity, we employ a
quantum approach where the electromagnetic fields inside and outside the
cavity are quantized separately. We consider a single optical mode in the
cavity, denoted by the annihilation and creation operators â and â† for the
cavity photons, while fields outside the cavity are represented as continuum
modes. This setup leads to input-output relations, connecting the internal
and external fields [103, 105, 106].
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The Hamiltonian describing the cavity photons in second quantization is given
by

Hcav = ℏωcavâ
†â. (2.6)

The interaction between the cavity field and the external environment, which
consists of a continuum of modes outside the cavity, is represented by the
Hamiltonian [107]

Hext = iℏ
∫ ∞

−∞
dω κ(ω)

[
b̂†(ω)â− b̂(ω)â†

]
, (2.7)

where κ(ω) is the coupling strength between the cavity field and the continuum,
and b̂(ω) and b̂†(ω) are the annihilation and creation operators for the external
modes.

This quantum approach aligns with the classical coupled-mode theory in the
limit of large photon numbers, capturing the cavity’s response to external
fields. The Markov approximation assumes memoryless coupling between
cavity and bath modes, implying that the bath correlation time is much
shorter than the system dynamics [108]. This simplification, combined with
input-output formalism, enables a clear description of the coupling of inner
and outer cavity photons.

The input-output formalism relates the fields inside the cavity to the incoming
and outgoing fields [103]. The output field b̂out(t) is related to the input field
b̂in(t) by:

b̂out(t) = b̂in(t) +
√
κâ(t). (2.8)

In polariton experiments, the transmission and reflection spectra reveal the
Rabi splitting and polariton resonances. By tuning the cavity length or
changing the TMD properties, the polariton modes can be manipulated,
making these systems ideal for studying light-matter interactions in the
strong coupling regime [56, 84, 97]. By adopting the quantum Langevin
framework, we bridge the gap between theoretical models and experimental
observables. This formalism allows us to study polariton dynamics in open
systems, including the effects of cavity losses and external coupling, offering
a comprehensive understanding of TMD-based polariton systems. Having
established the fundamental properties of Fabry-Pérot cavities and their
role in confining photons, we now turn to a many-particle description of the
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system. This framework enables us to model the interactions between photons
and excitons within the cavity, laying the groundwork for describing hybrid
light-matter quasiparticles.

2.2 Many-particle Hamiltonian in Second Quan-

tization

To obtain a microscopic description of polariton dynamics beyond phenomeno-
logical models, we construct the full many-particle Hamiltonian including
electron, phonon, and photon interactions. This framework enables the treat-
ment of dark exciton scattering processes central to the results of this thesis.
Second quantization is a powerful formalism used to describe many-particle
quantum systems, particularly when dealing with indistinguishable particles
such as excitons and photons [69, 109, 110]. In contrast to the first quanti-
zation, where the focus is on the wavefunctions of individual particles, the
second quantization shifts the emphasis to the occupation of quantum states.
This approach simplifies the treatment of systems with varying numbers of
particles, making it particularly useful for studying the interactions between
quasiparticles in condensed matter systems [69, 111, 112].

In the context of exciton-polaritons, second quantization provides a convenient
framework to describe the creation and annihilation of excitons and photons,
allowing us to capture the dynamics of the coupled light-matter system [59, 78].
By introducing creation, c†i and annihilation operators, ci acting on the state i,
we can formalize the processes in which particles are added to or removed from
the system, paving the way to describe interactions between these particles.
These particles can have either fermionic (+) or bosonic (-) character, which
is reflected in their respective anti-commutation or commutation relations.
Fermions, such as electrons, obey the Pauli exclusion principle and have
half-integer spin, while bosons, like photons, have integer spin and can occupy
the same quantum state. Then, the commutation and anti-commutations
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relations are written as

[ĉi, ĉj]± =
[
ĉ†i , ĉ

†
j

]
±

= 0 (2.9)
[
ĉ†i , ĉj

]
±

= δij, (2.10)

with the + and - indicating anti-commutation and commutation, respectively.
As such, any one- or two-particle operator is expressed as

Ô(1) =
∑

ij

⟨i|Ô(1)|j⟩ĉ†i ĉj, (2.11)

Ô(2) =
1

2

∑

ijlm

⟨i, j|Ô(2)|l,m⟩ĉ†i ĉ†j ĉlĉm. (2.12)

This approach is particularly useful for handling the system’s Hamiltonian
and defining microscopic quantities.

The Hamiltonian plays a critical role in describing the time evolution of a
system. In this work, we consider the interactions within a cavity-embedded
monolayer of transition metal dichalcogenides (TMDs), a many-particle system
involving excitons and photons. The objective is to obtain the Hamiltonian
describing the exciton-polaritons and their interactions. However, before
defining the polaritonic Hamiltonian, we will first examine the underlying
basis from which it is constructed. The Hamiltonian of this system is the
sum of several contributions as

Ĥ = Ĥ0
e + Ĥ0

phon + Ĥ0
phot + Ĥbath + Ĥe-e + Ĥe-phon + Ĥe-phot + Ĥphot-bath, (2.13)

where we have in order of appearance quasi-free electrons in a lattice, free
phonons, free photons inside and outside the cavity, and the interactions
between electrons (electron-electron), between electrons and phonons (electron-
phonon), between electrons and photons (electron-photon), as well as between
photons inside and outside the cavity (photon-bath).

Quasi-free electrons in a lattice
In a crystal, electrons experience the periodic potential created by the ion
lattice [113–115], where some of these electrons are shared and quasi-free. In
the simplest approximation, we can treat the electrons as quasi-free, meaning
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Figure 2.2: Electronic band structure of monolayer transition metal dichalcogenides.
(a) Hexagonal Brillouin zone showing the high-symmetry points Gamma, K, andM ,
as well as the Q valley along the Γ–K direction. (b,c) Calculated band structures
of monolayer 2H-MoSe2 and 2H-WSe2 along the high-symmetry path Γ−M–K–Γ.
Black lines correspond to density functional theory (LDA) calculations, while red
symbols indicate quasiparticle energies obtained within the G0W0 approximation.
The dashed line marks the vacuum reference level. Adapted from Ref. [118]

.

their motion is only weakly perturbed by the lattice potential. The band
structure of a material represents the relationship between the energy levels
and the momenta of these electrons. It arises from the quantum mechanical
nature of electrons in the periodic lattice and determines the allowed energies,
which form discrete bands separated by forbidden energy gaps. For transition
metal dichalcogenides (TMDs), the conduction- and valence-band extrema
occur at specific high-symmetry points in the Brillouin zone—such as Γ, K,
and the Λ (or Q) valleys—where the electrons and holes predominantly reside,
as shown in Fig. 2.2. [7, 116, 117].
Near these symmetry points, the band structure can be approximated as

parabolic, meaning the electron behaves as a free particle with an effective
mass. This effective mass accounts for interactions with the periodic potential
of the lattice. In this approximation, the energy εi of the electron is related
to its effective mass m and wavevector k by:

εi =
ℏ2k2

2m
, (2.14)

where ℏ is the reduced Planck’s constant and k is the crystal momentum.



22 CHAPTER 2. THEORETICAL FRAMEWORK

Here we employ the effective-mass approximation near the band extrema,
which assumes parabolic dispersion and neglects higher-order band structure
effects. This approximation is valid for low-momentum excitons considered in
this work. The Hamiltonian for quasi-free electrons can then be expressed as:

Ĥ0
e =

∑

i

εid̂
†
i d̂i, (2.15)

where d̂†i and d̂i are the fermionic creation and annihilation operators for an
electron in state i. The composite index i includes the electron’s spin, band,
and momentum.

In the case of two-dimensional materials like TMDs, the electronic behaviour
is constrained to the 2D plane, which restricts the electron’s momentum to this
plane. The effective mass and relative energies of the electrons are typically
extracted from first-principles calculations, such as density functional theory
(DFT), to accurately describe the band structure and the role of electrons
in determining the material’s optical and electronic properties, in particular
from Ref. [119].

Phonons
Phonons represent the quanta of lattice vibrations in a crystal and play a
crucial role in the relaxation dynamics of electrons and excitons by assisting
them in reaching thermal equilibrium. In the context of exciton-polaritons,
phonons are vital in facilitating energy dissipation and momentum scattering,
allowing polaritons to interact and relax into lower-energy states.

The phonon dynamics can be described using a free-particle Hamiltonian:

Ĥ0
phon =

∑

j

ℏΩj b̂
†
j b̂j, (2.16)

where b̂†j and b̂j are the bosonic creation and annihilation operators for a
phonon in state j, and Ωj is the corresponding phonon frequency. The index
j represents the composite state of the phonon, which includes both the
momentum and mode of vibration [110].

The phonon dispersion relation, which characterizes the vibrational modes
of the lattice, can be derived by solving the problem of interacting ions in
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a periodic structure. Although the full dispersion is generally complex, we
often focus on phonons near high-symmetry points in the Brillouin zone,
where electronic transitions are most relevant. Phonons in these regions
provide the dominant scattering pathways for electrons and excitons [69].
In this work, we primarily consider the optical modes (longitudinal optical
(LO), transverse optical (TO), and out-of-plane optical (A1)) and the acoustic
modes (longitudinal acoustic (LA) and transverse acoustic (TA)), as these
play key roles in exciton–phonon interactions.

For two-dimensional materials such as transition metal dichalcogenides (TMDs),
the low-energy acoustic branches can be approximated by a Debye-like linear
dispersion, while the dominant optical phonon energies are well described
by an Einstein model [113, 120]. These simplified descriptions are sufficient
for capturing the exciton–phonon and electron–phonon scattering processes
relevant for relaxation and thermalization [120, 121]. The parameters entering
these models, such as sound velocities and characteristic phonon energies, are
obtained from ab initio calculations as reported in Ref. [122].

Photons: Inner-Cavity Photons
In a Fabry-Perot cavity, photons are confined between two highly reflective
mirrors, allowing the formation of discrete photon modes. These cavity
photons play a crucial role in light-matter interactions, especially in systems
like exciton-polaritons, where strong coupling between the cavity photons and
excitons gives rise to hybrid quasiparticles. The free Hamiltonian describing
photons in the cavity is given by:

Ĥ0
phot =

∑

σ,k

ℏωσkâ
†
σkâσk, (2.17)

where â†σk and âσk are the bosonic creation and annihilation operators for a
photon in mode σ with wavevector k, and ωσk is the frequency of the photon in
this mode. This quantized photon field represents the electromagnetic modes
within the cavity, with each mode corresponding to a specific quantized wave
vector and polarization state. We restrict the analysis to the fundamental
cavity mode, assuming higher-order modes are spectrally well separated and
weakly coupled to excitons. The cavity confines the photons to discrete
frequencies determined by the boundary conditions imposed by the mirrors.
In the ideal case, these photon modes form a discrete set of energy levels,
which are important in the interaction with excitons confined within the
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monolayer of TMD. [56, 84]. The photon frequency depends on the cavity
length and the refractive index of the materials within the cavity [107].

Photon Bath: Outer-Cavity Photons
Outer-cavity photons, or the photon bath, play a role in mediating the
interaction between the cavity mode and the external environment. This
coupling is central to understanding the radiative properties and dynamics of
cavity systems.

The Hamiltonian governing the photon bath for outer-cavity photons is given
by

Ĥbath = ℏ
∑

k

∫
dω ω(k)B̂†

k,ωB̂k,ω, (2.18)

with
[B̂k,ω, B̂†

k′,ω′ ] = δk,k′δ(ω − ω′), (2.19)

where B̂†
k,ω and B̂k,ω are the creation and annihilation operators for photons in

the external bath, with momentum k and frequency ω [108]. This Hamiltonian
represents a continuum of external photon modes acting as an environmental
reservoir, whose coupling to the cavity mode gives rise to radiative decay and
input–output dynamics.

Electron-Electron or Coulomb interaction
The electron-electron interaction plays a fundamental role in shaping the
electronic properties of materials, as it significantly modifies the electronic
energy landscape [109, 112]. In particular, the Coulomb interaction between
electrons in the conduction band and holes in the valence band leads to the
formation of bound electron-hole pairs known as excitons [69, 123]. A hole
represents the absence of an electron in the valence band and behaves as a
positively charged quasiparticle within the material. These excitonic states
are energetically favourable due to the strong Coulomb attraction, especially
in two-dimensional materials like transition metal dichalcogenides, where the
reduced dimensionality enhances the interaction strength [16, 73, 74, 124]. The
unique electronic properties of TMDs, combined with the reduced dielectric
screening in two-dimensional systems, lead to large exciton binding energies,
often on the order of hundreds of meV.

The electron-electron interaction is described by the following Hamiltonian:
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Ĥe-e =
1

2

∑

ij,kk′q

Vqĉ
†
i,k+qĉ

†
j,k′−qĉj,k′ ĉi,k (2.20)

where ĉ† and ĉ represent the fermionic creation and annihilation operators,
respectively. The Coulomb matrix element Vq accounts for the strength of the
interaction between particles in states i and j. The indices k and q represent
the momenta of the involved electrons. The electron-electron interaction in
two-dimensional materials like TMDs is typically modelled using the Rytova-
Keldysh potential, which accurately captures the impact of the surrounding
dielectric environment on the Coulomb interaction [125–127]. This potential
is essential for understanding the screening effects in low-dimensional systems,
particularly in the presence of encapsulating layers or substrates that alter
the dielectric landscape.This potential is written as [128]

Vq =
e2

2ϵ0(ϵ1 + ϵ2)L2

1

|q|(1 + r0|q|)
,

where: e is the elementary charge, ϵ0 is the vacuum permittivity, ϵ1 and ϵ2
are the dielectric constants of the surrounding media, r0 is the screening
length, and L2 is the system’s size. The Coulomb interaction is treated within
the static Rytova–Keldysh model, which assumes spatially homogeneous
dielectric screening and neglects frequency-dependent screening effects. This
is appropriate for the low-energy excitonic regime considered here. This
approximation holds well for many practical scenarios where low-energy
interactions dominate the physics of the system [111, 125, 126].

Electron-Phonon Interaction
In a solid, electrons interact with the periodic potential created by the
vibrating ions of the crystal lattice. These vibrations, quantized as phonons,
lead to the scattering of electrons, enabling transitions between different
electronic states. The electron-phonon interaction plays a fundamental role
in determining many properties of materials, such as electrical conductivity
and thermalization dynamics [112, 129, 130]. It is particularly important
in two-dimensional materials, where the reduced dimensionality enhances
certain scattering processes [122, 131]. This interaction facilitates energy
exchange between the electronic and lattice subsystems, significantly affecting
the relaxation processes of excited states [132, 133].
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The Hamiltonian describing the electron-phonon interaction is given by

Ĥe-phon =
∑

ijl

(
glija

†
iaj b̂l + g∗lija

†
jaib̂

†
l

)
, (2.21)

where a†i and aj are the electron creation and annihilation operators, and v†l
and b̂l are the phonon creation and annihilation operators. The prefactor
appearing in the electron–phonon coupling originates from the quantization
of lattice displacements. In second quantization, the displacement field
associated with a phonon mode q is expressed as

glij =

√
ℏ

2ρAΩl

⟨i|∆Vl|j⟩, (2.22)

where ρ is the mass density, A the normalization area, and Ωl the phonon
frequency. This factor corresponds to the zero-point displacement amplitude
of the lattice vibration. The electron–phonon coupling can therefore be
viewed as the product of the deformation potential (energy change per unit
displacement) and the quantized lattice displacement, ensuring that the
resulting coupling constant carries units of energy. Finally, we have the
∆Vl as the scattering potential. The scattering potential is treated within
the deformation potential approximation, retaining the zeroth- and first-
order contributions in momentum. The corresponding deformation potential
parameters are obtained from ab initio calculations reported in Ref. [112, 122].

These equations capture the essential dynamics of electron-phonon interac-
tion, where phonons mediate transitions between electronic states through
the emission and absorption of vibrational energy.

Electron-Photon Interaction
The interaction between electrons and photons is fundamental to the optical
properties of two-dimensional materials, such as transition metal dichalco-
genides [74]. This interaction can be described using the minimal coupling
formalism, where the vector potential of the electromagnetic field modifies
the electron’s canonical momentum [134–136].
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Ĥ =
1

2m
(p + eA)2 + V (r), (2.23)

where p is the electron momentum operator, e is the electron charge, m is
the electron mass, A is the vector potential of the electromagnetic field, and
V (r) is the potential due to the lattice. Expanding this expression yields the
electron-photon interaction term.

The Hamiltonian for electron-photon interaction can be expressed as

Ĥe-phot =
e

m

∑

ij

Mij ·A(t) â†i âj, (2.24)

where â†i and âj represent electron creation and annihilation operators, re-
spectively, and Mij = ⟨i|∇|j⟩ is the optical matrix element governing the
probability of electronic transitions between states i and j. Here, A(t) denotes
the time-dependent vector potential, representing the electromagnetic field
interacting with the electrons. Expanding the vector potential in terms of
photon operators yields

A(r, t) → Â(r, t) =
∑

σ,k

√
ℏ

2ϵ0L3ωk

eσk
(
ĉσk(t)eik·r + h.a.

)
, (2.25)

where ĉσk and ĉ†σk are photon annihilation and creation operators in mode σ
with wavevector k, eσk is the polarization vector, and ωk = c|k| is the photon
frequency. The term h.a. stands for the Hermitian adjoint, representing the
complex conjugate and transpose of the preceding term. Using this quantized
form of the vector potential, the electron-photon interaction Hamiltonian
becomes

Ĥe-phot =
∑

ij,σ,k

gjiσkâ
†
j âiĉσk + h.a., (2.26)

where the coupling constant, often referred to as the oscillator strength, is
given by

gjiσk =
e

m

√
ℏ

2ϵ0L3ωk

eσk ·Mji. (2.27)

This Hamiltonian describes the absorption (annihilation of a photon with
ĉσk) and emission (creation of a photon with ĉ†σk) processes accompanied by
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electronic transitions between states i and j. The electron-photon matrix
element gjiσk determines the strength of this coupling and thus the likelihood
of optical transitions.

In this work, we focus primarily on inter-band transitions, where electrons
are excited from the valence band to the conduction band through photon
absorption. This process is central to the optical absorption properties of
TMDs [7, 137]. The interaction described by this Hamiltonian enables an
external electromagnetic field to induce electronic transitions between different
energy bands, leading to phenomena such as exciton formation, which plays
a key role in light-matter interactions within these materials [124].

Inner-Outer Cavity Photon Interaction
The interaction between photons confined within the cavity and those in the
external radiation field is central to describing radiative decay and input–
output processes in cavity systems [103]. Mediated by the cavity mirrors, this
coupling allows photons to escape into the external environment, enabling the
control and measurement of the system’s optical response. It forms the basis
of quantum optical treatments of open cavity systems, particularly within the
input–output formalism [138]. This interaction also influences the dynamics
of exciton–polaritons, as the exchange of photons between the cavity and the
external field directly affects their behaviour [108, 139].

The Hamiltonian governing this interaction is expressed as seen in the previous
section (see equation 2.7)

Ĥphot-bath = iℏ
∑

j=L,R

∑

k

∫
dω

2π
αj,k(ω)

(
B̂†
j,ωkĉk − B̂j,ωkĉ†k

)
. (2.28)

The coupling parameter αj,k(ω) defines the interaction strength between the
photons inside and outside the cavity. The index j refers to the two sides of
the cavity (left and right), and k is the in-plane momentum of the photon,
which is conserved in this interaction [108].

This interaction governs the leakage of photons from the cavity into the
external environment, which determines the radiative decay rate of the ex-
citon–polaritons [108, 140]. It also enables the coupling of the polaritonic
system to external electromagnetic fields, providing experimental access for
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optical measurements and control [139]. The interaction between inner- and
outer-cavity photons is therefore an integral component in modelling the
optical response of polaritons, particularly within input–output approaches
used to describe cavity systems [84, 103].

The input–output theory relates the external radiation modes to the intra-
cavity fields, allowing one to compute experimentally measurable response
functions such as transmission and reflection spectra [105]. This formalism
plays an important role in the analysis of exciton–polariton systems, where
the coupling to external modes determines the observable optical properties
of the quasiparticles inside the cavity.

With the many-particle Hamiltonian formalism established, we next introduce
excitons, whose microscopic properties determine how they couple to photons
in a microcavity.

2.3 Excitons and the Wannier Equation

The excitonic basis introduced here allows us to transform the electron–hole
description into a form suitable for polariton modelling. In particular, it
provides access to exciton energies and wavefunctions that determine coupling
strengths and scattering pathways analysed in Chapters 3 and 4. In TMDs,
the strong Coulomb interaction leads to the formation of deeply bound
electron-hole pairs called excitons [123, 141, 142]. When the material absorbs
a photon with energy higher than the bandgap, an electron is excited from the
valence band to the conduction band, leaving behind a hole. If the electron
and hole remain bound due to Coulomb attraction, they form an exciton
with an energy slightly below the bandgap, the difference being the exciton
binding energy.

Due to their large binding energies, excitons dominate the optical and trans-
port properties of TMDs, even at room temperature [74, 142–145], and exhibit
a rich exciton landscape, including both bright and dark states [15, 142].
Bright excitons are optically active and can couple directly to light, while
dark excitons are optically inactive due to spin or momentum mismatches
between the electron and hole.



30 CHAPTER 2. THEORETICAL FRAMEWORK

The optical response is typically dominated by 1s excitons, the lowest-energy
excitonic states with no angular momentum nodes. These states are the
solutions to the generalized Wannier equation, which describes the relative
motion of the electron-hole pair in excitonic systems [73, 74, 124]. Higher
excitonic states, such as 2s and 2p, have additional nodes in their wavefunc-
tions and lie at higher energies [124, 146]. The Wannier equation effectively
describes the excitonic binding energy and spatial distribution by accounting
for the Coulomb interaction between electrons and holes in TMDs, cf. Eq.
(2.20), providing a robust framework for analyzing excitonic properties in
these materials [69, 123, 147].

2.3.1 Microscopic Polarization and Excitonic Basis

The microscopic polarization, denoted by

pv↑c↑k1k2
= ⟨â†c,k2

âv,k1⟩,

describes the creation of electron-hole pairs, where â†c,k2
and âv,k1 represent the

creation and annihilation operators for conduction and valence band states,
respectively. The polarization term pv↑c↑k1k2

encapsulates the electron–hole
correlations that underlie the formation of excitonic states [69, 110].

To facilitate the transition from the electron–hole pair representation to an
excitonic basis, it is useful to separate the center-of-mass (CoM) motion from
the relative motion of the electron and hole. This decoupling is a standard
step in deriving the generalized Wannier equation, which captures the binding
energy and spatial structure of excitons [123, 141].

The Schrödinger equation for an electron-hole pair with total momentum Q
and relative momentum q is given by

(
ℏ2Q2

2M
+

ℏ2q2

2mr

)
ψ(re, rh) − V (re − rh)ψ(re, rh) = E ψ(re, rh), (2.29)

where Q is the center-of-mass momentum, q is the relative momentum, M is
the total mass of the electron-hole pair, mr is the reduced mass, and V (re−rh)
is the Coulomb interaction potential between the electron at re and hole at
rh [69, 110].
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We can redefine the polarization in terms of the center-of-mass momentum Q
and the relative momentum q, where

Q = k1 + k2, q = ανk1 + βνk2,

with αν and βν determined by the masses of the electron and hole, me and
mh, as:

αν =
mh

me +mh

, βν =
me

me +mh

.

This transformation enables the excitonic representation

pv↑c↑qQ =
∑

ν

φν
qp

ν
Q, (2.30)

where ν represents the excitonic state, such as the bright KK exciton.

By focusing on the relative motion q alone, we derive the generalized Wannier
equation, which describes the binding energy of the exciton in momentum
space

ℏ2q2

2mν
r

φν
q −

∑

k

V exc(k)φν
q−k = ενφ

ν
q, (2.31)

where mν
r is the reduced exciton mass, and V exc(k) is the screened Coulomb

interaction in momentum space [19, 69]. The Wannier equation provides
a microscopic description of the excitonic states in a TMD monolayer. It
determines the binding energies and wavefunctions of excitons, allowing us to
calculate key properties such as their spatial extent and coupling strength
with photons

The solutions to this equation provide the exciton eigenenergies εν and
eigenfunctions φν

q, forming a quantized series of excitonic states (e.g., 1s,
2s, etc.) [123]. For this thesis, we only consider the 1s exciton states. The
exciton center-of-mass dispersion can then be expressed as

EX
νQ = Eν

g + εν +
ℏ2Q2

2Mν
, (2.32)

where Eν
g is the single-particle bandgap corresponding to valley ν [19, 69].

The excitonic basis assumes low excitation density, allowing excitons to be
treated as weakly interacting bosonic quasiparticles.
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2.3.2 Excitonic Hamiltonian

We have introduced the exciton basis and states, occupied by electron-hole
pairs. If we continue working with the electron picture, the calculation of
equations of motion becomes complex. Instead, we simplify by focusing on the
center-of-mass momentum of the 1s excitons. The excitonic Hamiltonian can
be derived using the excitonic expansion scheme [148, 149]. The new operators
X̂†

νQ(X̂νQ) create and annihilate an exciton in state ν with center-of-mass
momentum Q. Excitons can be treated as bosons in the low-density limit
[69, 126]. The exciton Hamiltonian also includes exciton-photon and exciton-
phonon interactions, as discussed in [148, 150]. In order to transition from
the electron-hole picture to the excitonic picture, we first start by considering
the Hamiltonians for free electrons and holes and their Coulomb interactions.

The total Hamiltonian consists of a free part and an interaction part:

Ĥ = Ĥe−0 + ĤCoulomb,

where the free electron-hole Hamiltonian is given by equation (2.15) and the
corresponding Coulomb interaction (electron-electron or electron-hole) term
in equation (2.20)

To transform the Hamiltonian into the excitonic picture, we introduce the elec-
tron–hole pair annihilation and creation operators, which combine conduction-
band electrons and valence-band holes:

Âk1k2 = â†c,k1
âv,k2 , Â†

k1k2
= â†v,k2

âc,k1 .

In the low-density limit, we approximate the commutator between the electron-
hole operators as

[Âk1k2 , Â
†
k3k4

] ≈ δk1k3δk2k4 .

This allows us to treat the electron-hole pair operators as bosons, which is
valid in the low-excitation limit.

Next, we perform a basis transformation from the electron-hole operators Â
to the exciton operators X̂, where the excitonic operators X̂†

νQ (X̂νQ) create
(annihilate) an exciton in state ν with center-of-mass momentum Q. The
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excitonic states are a superposition of electron-hole pairs, and the electron-hole
pair operator can be expanded into excitonic eigenstates as

Â†
k1k2

=
∑

ν

X̂†
ν,k1−k2

φν(ανk1 + βνk2),

where φν represents the excitonic wave function, and αν and βν are the
weighting factors that describe the electron and hole contributions to the
total exciton momentum.

Consequently, the total Hamiltonian in the excitonic basis, neglecting higher-
order correlations, becomes the free excitonic Hamiltonian

H0
X =

∑

ν,Q

EX
νQX̂

†
νQX̂νQ. (2.33)

The excitonic Hamiltonian captures the internal dynamics of excitons, ac-
counting for their kinetic energy and Coulomb interactions. This framework
provides the basis for modelling the interactions of excitons with other quasi-
particles, such as photons and phonons.

In addition to the free exciton Hamiltonian, we need to account for interactions
with photons and phonons. The exciton-photon interaction is obtained from
the change of basis to excitons of the Hamiltonian in equation (2.26) and is
described by

ĤX−c =
∑

ν,Q

gQ

(
ĉ†QX̂νQ + ĉQX̂

†
νQ

)
, (2.34)

where gQ is the exciton-photon coupling constant, and ĉ†Q and ĉQ are the
photon creation and annihilation operators.

Repeating the exciton-phonon interaction, which describes scattering between
excitons via phonons, starting from equation (2.16, we obtain

HX−p =
∑

νν′,Q,α,q

Dνν′
αq X̂

†
ν,Q+qX̂ν′,Q

(
b̂†α,−q + b̂αq

)
, (2.35)

where Dνν′
αq is the exciton-phonon coupling matrix element. The coupling

element is expressed as

Dνν′
αq = Dc

αq

∑

k

ψ∗ν(k)ψν′(k + βνq) −Dv
αq

∑

k

ψ∗ν(k)ψν′(k− ανq). (2.36)
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Here, Dc
αq and Dv

αq represent the electron-phonon coupling constants in the
conduction and valence bands, respectively, and ψ∗ν(k) is the excitonic wave
function.

2.4 Exciton-Polaritons and Hopfield Transfor-

mation

In this section, we introduce the Hopfield transformation, which describes the
mixing of excitonic and photonic components in exciton-polaritons. We begin
with the polaritonic Hamiltonian and derive analytical expressions for the
polariton energies and the corresponding Hopfield coefficients, which quantify
the exciton and photon contributions to the polariton states.

This analysis is central to the thesis, which explores exciton-polaritons in an
hBN-encapsulated TMD monolayer integrated into an optical microcavity.
The system, as illustrated in Fig. 2.3, includes both inner-cavity photons
(confined within the cavity) and outer-cavity photons (coupled to the external
environment). In this framework, we combine the density matrix formalism
with the Hopfield approach [59, 78] to comprehensively characterize the
exciton-photon coupling in the system. The works [151–153] provide additional
context for the strong coupling regime and its observable consequences.

The total Hamiltonian, which describes the formation of polaritons, is com-
posed of three main parts: the free exciton Hamiltonian, the free photon
Hamiltonian, and the exciton-photon interaction Hamiltonian. The system
Hamiltonian can be written as

ĤX−pol = Ĥ0
X + Ĥ0

phot + ĤX-phot

=
∑

νk

EX
νkX̂

†
νkX̂νk +

∑

k

Ec
kĉ

†
kĉk +

∑

ν,Q

gQ

(
ĉ†QX̂νQ + ĉQX̂

†
νQ

)
.

(2.37)

We focus on the strong-coupling regime, where the exciton-photon coupling
strength gk exceeds the decay rates of the cavity and exciton. In this regime,
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polaritons form as new eigenmodes of the system

Ŷ n
k = hnX,kX̂k + hnc,kĉk, (2.38)

where hnX,k and hnc,k are the Hopfield coefficients that determine the exciton
and photon content of the polariton states. The Hopfield transformation
assumes linear coupling between excitonic and photonic modes and neglects
nonlinear interaction terms, restricting the analysis to the low-excitation
regime. The polariton description relies on a separation of timescales between
fast photonic dynamics and slower excitonic relaxation processes, allowing
the hybrid light–matter states to be treated as well-defined quasiparticles.
Applying the Hopfield transformation to the Hamilton operator, we obtain
[59, 78]

Ĥpol =
∑

k,n

En
k Ŷ

n†
k Ŷ n

k , (2.39)

yielding the free polaritonic Hamiltonian with Ŷ n†
k (Ŷ n

k ) as the polariton cre-
ation (annihilation) operators. Here, En

k represents the polariton energy,
including the lower (LP) and upper polariton (UP) branches separated by
the Rabi splitting ℏΩR = EUP

0 −ELP
0 at k = 0. When the system is resonant

(EX
0 = Ec

0), the exciton and photon states hybridize, producing two polariton
branches with an avoided crossing in the energy dispersion and are visualized
in optical spectra at strong enough coupling g [151–153]. Throughout this
work we consider the low-excitation regime, where nonlinear exciton–exciton
interactions and phase-space filling effects are negligible, allowing a linearized
treatment of light–matter coupling.

Returning to the total Hamiltonian in the exciton basis, adding to equation
(2.37) the terms to include interaction with phonons and with the outer-cavity
bath

Ĥtotal = Ĥpol +
∑

q

Eb
αqb̂

†
αqbαq +

∑

j=L,R

∑

k

∫ ∞

0

dωhω(k)B̂†
jkωB̂jkω

+
∑

νν′kαq

Dνν′
αq X̂

†
νk+qX̂ν′k(b̂†α,−q + b̂αq)+

+ iℏ
∑

j=L,R

∑

k

∫ ∞

0

dω

2π
αj,k(ω)[B̂†

jωkĉk − B̂jωkĉ
†
k], (2.40)
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Figure 2.3: Schematic illustration of a TMD monolayer in a Fabry-Perot cavity with
the fundamental cavity mode represented by the red curve. TMD excitons-polaritons
interact with photons and phonons as indicated by the creation (annihilation)
operators for photons (ĉ†(ĉ)) and phonons (b̂†(b̂)). The cavity system interacts
with the outside world via the operators B̂†(B̂).

where we quantize separately a single internal cavity mode of a Fabry-Perot
resonator and the external radiation fields, which are split into two sets of
continuum modes corresponding to the left and right of the cavity (Fig.2.3).

Applying the Hopfield transformation to the Hamilton operator of Eq. (2.40)
yields

Ĥtotal-pol =
∑

k,n

En
k Ŷ

n†
k Ŷ n

k + Ĥphon−0 + Ĥbath+

+
∑

kαqnn′

D̃n′n
kαq

(
b̂†α,−q + b̂αq

)
Ŷ n′†
k+qŶ

n
k +

+ iℏ
∑

k,n,j

∫ ∞

0

dω

2π
αjk(ω)

(
hnC,kB̂†

jkωŶ
n
k − hn∗C,kB̂jkωŶ

n†
k

)
. (2.41)

with momentum k running now over all the Brillouin zone. Here, the first
term is the free polaritonic Hamiltonian, which we described in equation
(2.39). The terms that described the free-phonons and the photon bath do
not change under the Hopfield transformation, for convenience of notation we
just refer as Ĥphon−0 and Ĥbath, respectively. When it comes to the polariton-
phonon interaction, only the excitonic part of the polariton couples with
phonons. Hence, we obtain a matrix element D̃ related to the exciton-phonon
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coupling via D̃i′,i
Q′,Q,q = hi

′∗
X,Q′Dqh

i
X,Q [154], or simply put the exciton-phonon

coupling is re-normalized by the excitonic Hopfield coefficient. Finally, the
interaction of exciton-polaritons with the photon bath is mediated by the
photonic Hopfield coefficient hiC,Q. Hence, we have two main interactions with
polariton mechanisms, and according to the part of the exciton-polariton that
interacts with the other particles, the proper Hopfield coefficient mediates
this interaction.

In this section, we established the theoretical framework for describing exciton-
polaritons using the Hopfield transformation. The derived polariton Hamilto-
nian and analytical expressions for the Hopfield coefficients provide a robust
toolset to quantify exciton-photon interactions. This is the foundation for
subsequent sections that address polariton dispersion, group velocity, and
dynamic properties.

Polariton Dispersion

The Hopfield transformation provides the formalism to describe exciton-
polaritons as hybrid light-matter states. Building on this, we now derive
the polariton energy dispersion, illustrating the energy separation into lower
and upper polariton branches and its dependence on exciton-photon coupling.
Hence, we investigate the change of the excitonic band structure in the
presence of a strong coupling regime. Both polariton energies En

k (Figure
2.4(a)) and Hopfield coefficients hnX,k and hnc,k (Figure 2.4(b)) can be obtained
analytically (with subscript X and c referring to exciton and intra-cavity
photon component, respectively) [59]

E
LP/UP
k =

1

2
EX

k +
1

2
Ec

k ∓
1

2

√
4g2k + ∆E2

k (2.42)

with ∆Ek = EX
k − Ec

k and the Hopfield coefficients hLPX,k = hUP
c,k = C+,k and

hLPc,k = −hUP
X,k = C−,k [59, 78], where

|C±,k|2 =
1

2

(
1 ± ∆Ek

[
∆E2

k + 4g2k
]− 1

2

)
. (2.43)

For a vanishing exciton-phonon coupling gk, the lower/upper polariton branch
in the light-cone approaches the cavity and exciton energy (thin yellow and
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Figure 2.4: (a) Polariton dispersion and (b) Hopfield coefficients for three typical
values of Rabi splitting. The bare exciton and photon energy are shown for
comparison with thin grey and yellow lines, respectively.

grey lines in Fig. 2.4(a)), respectively. The Hopfield coefficients quantify the
excitonic and photonic contributions to each polariton state. They determine
how polaritons interact with their environment, as different interactions (e.g.,
with phonons or photons) depend on these contributions.

Figure 2.4(a) illustrates the polariton dispersion for three values of the
Rabi splitting representing different exciton-photon coupling strengths. The
avoided crossing in the energy dispersion, characteristic of strong coupling, is
evident. This figure visually demonstrates how the lower and upper polariton
branches emerge as hybrid states of excitons and photons, with the energy
separation determined by the Rabi splitting. We investigate the polariton
dispersion for typical Rabi splitting values of ℏΩR =10, 25, 50 meV [6], which
are larger than the non-radiative exciton linewidth (typically a few meV at
low temperatures for hBN-encapsulation TMDs [19, 61, 155]) and the cavity
linewidth (ranging from the meV [5] down to the µeV range [85, 156]), thus
allowing for strong-coupling regime [59]. At larger momenta, the LP and UP
branches merge with the exciton and photon dispersion, respectively. The
larger ℏΩR, the higher the momentum values at which this occurs, cf. Fig.
2.4(a). Polaritons are coherent superpositions of excitonic and photonic states
with the Hopfield coefficients defining the weights of the single constituents,
cf. Fig. 2.4(b). The coefficient |C+,k|2 gives the exciton content of the lower
polariton and the photon content of the upper polariton, i.e. for |C+,k|2 =1

the LP state |LP,k⟩ = Ŷ LP†
k |0⟩ coincides with the exciton state |X,k⟩ and

the UP state |UP,k⟩ corresponds to the photon state |c,k⟩.
In this section, we analyzed the polariton dispersion relations, illustrating
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the energy separation of the lower and upper polariton branches due to Rabi
splitting. This behaviour reflects the hybridization of excitonic and photonic
states, forming the basis for understanding polariton-mediated processes in
TMD-based microcavities.

Polariton Group Velocity and Occupation

The polariton energy dispersion not only defines the polariton states but also
determines their transport properties, such as group velocity and band occu-
pation. These properties are relevant for understanding polariton-mediated
energy and information transfer, which we explore next. From the polariton
energies (2.42), we can calculate the polariton group velocity and the polariton
band occupation. In Fig. 2.5, we consider the polariton group velocity given
by

vnk = ℏ−1dE
n
k

dk
, (2.44)

in particular focusing on the lower polariton branch, since the upper one has
a negligible occupation. We consider the two cases of Rabi splitting ℏΩR=25,
50 meV for the polariton group velocity and compare it with the excitonic
group velocity vXk = ℏk/MX , where MX is the exciton mass.

We find that the polariton group velocity is approximately 4 to 5 orders of
magnitude larger than the excitonic one for small momenta within the light-
cone, cf. Fig. 2.5.This enhancement is due to the flatter exciton dispersion
compared to the hybridized polariton states, underscoring the potential of
polaritons for long-range ballistic transport. Due to the rapidly changing
polariton dispersion, we find group velocities in the range of 10 µm/ps,
thus principally opening the possibility of ballistic polariton propagation for
distances in the tens of microns. This has recently indeed been observed in
space- and angle-resolved photoluminescence experiments on a WS2 monolayer
in a distributed Bragg reflector cavity [87]. In addition to the remarkable
magnitude difference, the group velocity for polaritons also has a qualitatively
different momentum dependence. It shows a maximum in correspondence to
the inflexion point in the lower polariton branch and decreases toward the
excitonic velocity for momenta of several µm−1. In short, two subsets of states
with considerably different group velocities coexist in a cavity: The fast ones
located within the light-cone and the slow ones outside of it coinciding with
conventional excitons. Next, we overlay the occupation of the lower polariton
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Figure 2.5: Lower polariton group velocity at (a) T=20 K and (b) T=40 K
for two different Rabi splittings of ℏΩR = 25 and 50 meV. The corresponding
band occupation is overlaid on the polariton dispersion, see the colour map. For
comparison, the excitonic group velocity is shown by the thin orange line.

state on the line displaying the group velocity (reddish colours denote large
occupation), cf. Fig. 2.5, assuming a thermalized Boltzmann distribution

fn
k ∝ e−En

k/kBT . (2.45)

While the excitonic occupation is momentum-independent in the considered
range of momenta (cf. the thin orange line in Fig. 2.5), strong variations
are observed for polaritons. At 20 K, the occupation of the states at larger
momenta is decreased by two orders of magnitude when compared to the
exciton case for both considered Rabi splittings (fLP/fX ≈ 10−5 at k ≈
4 µm−1), cf. orange vs black colour in Fig. 2.5. The curvature of the
polariton branch induces a significant decrease in the occupation of the slow
quasi-excitonic states at large momenta, as the energetically lower states
at k ≈ 0 are more efficiently populated. Increasing the temperature, the
population of the former starts to increase, particularly for the smaller Rabi
splitting of 25 meV, cf. Fig. 2.5(b). Regarding the behaviour at smaller
momenta, we see that at 20 K, the occupation of states with the maximum
group velocity is negligible for ℏΩR=50 meV (black colour at approximately
k ≈ 1.3 µm−1). However, when increasing the temperature to 40 K, we
find a considerable occupation even at these states, indicating the possibility
of a strongly accelerated polariton diffusion. We will discuss the diffusion
coefficient in chapter 3.

Here, we demonstrated that polaritons exhibit significantly enhanced group
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velocities compared to excitons, enabling ballistic transport over micron-scale
distances. The unique band occupation of polaritons underpins their potential
for novel optoelectronic applications. Having examined the group velocity
and occupation of polaritons, we turn to their spatiotemporal dynamics. The
diffusion coefficient provides a measure of how polaritons spread in space,
offering insights into their transport behaviour under steady-state conditions.

2.5 Diffusion Coefficient for Polaritons

To describe polariton transport in the steady-state regime, we employ a
semiclassical kinetic approach based on the Boltzmann equation. The
derivation follows the standard semiclassical transport theory based on the
linearized Boltzmann equation within the relaxation-time approximation
[112, 113, 157].The diffusion description assumes incoherent scattering domi-
nated by phonon interactions and neglects localization effects arising from
strong disorder. We consider the phase-space distribution function f(k, r, t)
and expand it around a local quasi-equilibrium distribution [158, 159]

f(k, r, t) = f0(k, r, t) + δf(k, r, t), (2.46)

where f0 denotes a local thermal distribution and δf represents small devia-
tions induced by spatial gradients.

The particle current is given by

J(r, t) =
1

A

∑

n,k

vn
kf(k, r, t), (2.47)

where vn
k = ∇kE

n
k/ℏ is the polariton group velocity and A is the normalization

area. Since f0 is isotropic in momentum space, it does not contribute to a
net current, yielding

J(r, t) =
1

A

∑

n,k

vn
k δf(k, r, t). (2.48)

The evolution of the distribution function is governed by the Boltzmann
equation

∂tf + vn
k · ∇rf =

df

dt

∣∣∣∣
scatt

. (2.49)
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Within the relaxation-time approximation, the scattering term is written as

df

dt

∣∣∣∣
scatt

= −δf
τk
, (2.50)

where τk denotes the momentum-dependent relaxation time.

Assuming a steady-state regime (∂tf ≈ 0) and retaining only linear terms in
spatial gradients, we obtain

δf(k, r) = −τk vn
k · ∇rf0(k, r). (2.51)

Substituting this expression into the current yields

J(r) = − 1

A

∑

n,k

τk v
n
k (vn

k · ∇rf0) . (2.52)

Assuming isotropic dispersion and scattering allows the tensor average

vivj →
|v|2
d
δij, (2.53)

where d denotes the dimensionality of the system. The current then reduces
to Fick’s law

J = −D∇rN(r), (2.54)

with the diffusion coefficient given by

D =
1

dA

∑

n,k

|vnk|2τk
(
− ∂f0
∂En

k

)
∂µ

∂N
. (2.55)

To obtain a more explicit form of the diffusion coefficient, we consider the
low-density (Boltzmann) limit, where the equilibrium distribution reads

f0(k) ≈ exp

(
−E

n
k − µ

kBT

)
. (2.56)

In this regime, the energy derivative simplifies to

− ∂f0
∂En

k

=
f0
kBT

. (2.57)
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Furthermore, for a dilute classical gas the thermodynamic relation

∂µ

∂N
=
kBT

N
(2.58)

holds, yielding (
− ∂f0
∂En

k

)
∂µ

∂N
=
f0
N
. (2.59)

The diffusion coefficient therefore reduces to

D =
1

dV

∑

n,k

|vnk|2τk
f0(k)

N
. (2.60)

Introducing the scattering rate Γn
k = ℏ/τk and expressing the normalized

distribution as fn
k /Z finally leads to

D =
ℏ
d

∑

n,k

|vnk|2
Γn
k

fn
k

Z . (2.61)

We derived the steady-state diffusion coefficient for polaritons, highlighting
the interplay between scattering mechanisms and group velocities. This
theoretical groundwork provides critical insights for understanding polariton
transport in strongly coupled systems. The diffusion coefficient encapsulates
steady-state behaviour, but to fully understand polariton dynamics, we must
examine their quantum evolution. By employing the Heisenberg picture, we
can derive time-dependent equations of motion for polaritons, including their
interactions with phonons and external radiation.

The diffusion coefficient depends on both the polariton group velocity and
the effective scattering rate through the relation Γn

k = ℏ/τk. While the group
velocity reflects the dispersion of the polariton branches (see Sec.2.4), the
scattering rate phenomenologically accounts for relaxation processes such
as phonon-induced scattering and disorder. Due to the hybrid light–matter
nature of polaritons, these quantities generally inherit contributions from
both the photonic and excitonic components, with the group velocity largely
influenced by the photonic dispersion and scattering processes predominantly
arising from the excitonic fraction. A detailed microscopic treatment of the
scattering mechanisms is deferred to chapter 3.
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2.6 Heisenberg Equations of Motion for Po-

laritons

Until now, we have worked in the Schrödinger picture, where the operators
are constant in time. However, the Hamiltonian can give us access to the time
dynamics of the system. To accomplish this, we change into the Heisenberg
picture, where the time evolution of an observable (or, in our case, the
expectation value) is determined by the equation of motion

iℏ
d⟨Ô⟩
dt

= ⟨[Ĥ, Ô]⟩. (2.62)

In modelling polariton dynamics, phonons are treated as an incoherent ther-
mal bath that induces relaxation and scattering processes. We therefore
adopt the Markov approximation, assuming that bath correlations decay
rapidly compared to system dynamics, allowing scattering to be described
as memoryless. Furthermore, coherent phonon dynamics are neglected, such
that phonons primarily act as stochastic scattering channels rather than
coherent degrees of freedom. This approach is justified in the weak-coupling,
finite-temperature regime relevant for TMD microcavity systems. These
approximations enable us to derive a tractable set of equations that capture
the essential dynamics. We start from the Heisenberg equations of motion for
the coherent population of polaritons and the external radiation field, taking
their expectation values. For this, we make a correlation expansion including
the dynamics of the phonon-assisted polarization [19, 160]. We consider a
coherent calculation, i.e., the input laser is coherent and creates a coherent
population of polaritons ⟨Ŷ ⟩ = Ŷ ̸= 0, but not coherent phonons, i.e., ⟨b̂⟩ = 0.
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Hence, the equations of motion are

iℏ
d

dt
Ŷ n
k (t) = En

k Ŷ
n(t) − iℏ

∑

j=L,R

∑

k

∫ ∞

0

dω

2π
αj,k(ω)hnc,k⟨B̂jk(t)⟩+

+ ℏ
∑

q,n′,n

D̃n′n
kαq⟨Ŷ n′

k−q(t)
(
b̂†α,−q(t) + b̂αq(t)

)
⟩, (2.63)

iℏ
d

dt
⟨B̂jkω(t)⟩ = ⟨[B̂jk, Ĥ]⟩ = ℏωB̂†

jkω(t) + iℏαj,k(ω)
∑

n

hnc,kŶ
n
k (t), (2.64)

iℏ
d

dt
⟨b̂αq(t)⟩ = ⟨[b̂αq, Ĥ]⟩ = ℏ

∑

n,n′k

D̃n′n
α,−q⟨Ŷ n,†

k−q(t)Ŷ n
k (t)⟩ = 0, (2.65)

iℏ
d

dt
S+,n
kαq(t) =

(
En

k−q − Eb
αq

)
S+,n
kαq(t) + ℏ

∑

n′

D̃n′n
kα,−qn

b
αqŶ

n′
k (t), (2.66)

iℏ
d

dt
S−,n
kαq(t) =

(
En

k−q + Eb
αq

)
S−,n
kαq(t) + ℏ

∑

n′

D̃n′n
kα,−qn

b
αqŶ

n′
k (t), (2.67)

where n characterizes each polariton branch and S
+/−,n
k are the phonon-

assisted polarizations [154]. Next, we write a formal solution for the photon
bath operator in terms of an arbitrary initial time solution t0 with t > t0.
This operator depends on the state of the bath at a time t0 and on the history
of the polaritons, i.e., they are leaking light into the photonic reservoir. We
find

B̂jkω(t) = B̂jkω(t0)e
−iω(t−t0) + aj(ω)

∑

i

hnc,k

∫ t

t0

dt′Ŷ n
k e

−iω(t−t′). (2.68)

Inserting this solution into the second term of Eq. (2.63) and assuming that
the coupling parameter αj,k(ω) =

√
κj,k/2 is not frequency dependent [108],

we obtain

iℏhnc,k
∑

k,j=L,R

∫ ∞

0

dω

2π
αj,k(ω)⟨Bjkω(t)⟩ = − (κL,k + κR,k)

∑

n′

hn,∗c,kh
n′
c,kŶ

n′
k (t)

+ hn,∗c,k

√
2κL,kb1,k(t) − hn,∗c,k

√
2κR,kb2,k(t). (2.69)

with the input fields

b1,k(t) = −
∫ ∞

−∞

dω

2π
B̂Lkω(t0)e

−iω(t−t0), b2,k(t) =

∫ ∞

−∞

dω

2π
B̂Rkω(t0)e

−iω(t−t0).

(2.70)
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To calculate the third term in Eq. (2.63), we need to determine the dynamics
of the phonon-assisted polarizations S+,n

kαq(t) = ⟨Ŷ n
k−qb

†
α,−q⟩ and S−,n

kαq(t) =

⟨Ŷ n
k−qbαq⟩ appearing in Eqs. (2.66) and (2.67). These can be formally solved

within the Markov approximation yielding [154].

S+,n
kαq(t) = −iπ

∑

n′

D̃n′n
kα,−qn

b
αqŶ

n′
k (t)δ(ωn′

k − ωn
k−q + ωb

αq), (2.71)

S−,n
kαq(t) = −iπ

∑

n′

D̃n′n
kα,−q(1 + nb

αq)Ŷ n′
k (t)δ(ωn′

k − ωn
k−q − ωb

αq). (2.72)

Furthermore, we determine the dynamics of the coherent polariton amplitude

iℏ
d

dt
Ŷ n
k (t) = − i

ℏ
En

k Ŷ
n
k (t) −

∑

n′

[hn,∗c,kh
n′
c,k(κL,k + κR,k + iℏΓn′,n

k ]Ŷ n′
k (t), (2.73)

and in the limit of a perfect cavity, κL = κR = 0, we find [154]

d

dt
Ŷ n
k (t) = − i

ℏ
En

k Ŷ
n
k (t) −

∑

n′

Γn′,n
k Ŷ n′

k (t), (2.74)

where Γn′,n
k is the polariton-phonon scattering rate. Assuming that phonons

do not induce oscillations between different polaritons, we obtain

iℏ
d

dt
Ŷ n
k (t) = (Ei

k − iℏΓn
k)Ŷ n

k (t) − iℏ
∑

n′

[hn,∗c,kh
n′
c,k(κL,k + κR,k)]Ŷ n′

k (t)

+ iℏhn,∗c,k

√
2κL,kb1,k(t) − iℏhn,∗c,k

√
2κR,kb2,k(t). (2.75)

This equation is similar to the expression found in Ref. [50], except that we
have an additional term describing distinct phonon-induced damping for each
polariton. Neglecting the excitation from the right-hand side of the cavity
and performing the Fourier transform yields

Ŷ n
k (ℏω) =

−ℏ
∑

n′ [h
n,∗
c,kh

n′
c,k(κL,k + κR,k)]Ŷ n′

k (ω) + ℏhn,∗c,k

√
2κL,kb1,k(t)

i(En
k − ℏω) + ℏΓn

k

(2.76)

with the polariton scattering rates

Γn
k =2π

∑

n′αk′

|D̃n′,n
α,k−k′|2

(
1

2
± 1

2
+ nb

α,k−k′

)
Lγ̃0

(
En′

k′ − Ek
k ± ℏωb

α,k−k′

)
,

(2.77)
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with D̃n′,n
α,k−k′ the polariton-phonon matrix element, nb

α,k−k′ the Bose-Einstein

distribution, ℏωb
α,k−k′ the phonon energy of the mode α with momentum

q = k′ − k, and Lγ̃0 (ℏω) the Lorentzian function with a broadening γ̃0,

Lγ̃0 (ℏω) =
1

π

γ̃0
γ̃20 + ℏω2

. (2.78)

This result is similar to the exciton scattering rates [160, 161], where one can re-
place the exciton energies with the polaritonic energies and the exciton-phonon
matrix element with the renormalized polariton-phonon matrix element. This
is due to only the excitonic part of the polariton coupling to the phonons.

Using the Heisenberg equations, we derived the time evolution of polariton
states, incorporating phonon-assisted processes and cavity dynamics. These
results provide the basis for modelling the coherent and incoherent dynam-
ics of polariton populations in microcavities. The Heisenberg equations of
motion offer a comprehensive description of polariton dynamics. To connect
these theoretical insights to experimental observables, we analyze polariton
absorption, which links microscopic interactions to measurable macroscopic
spectra.

2.7 Polariton Absorption

Cavity polaritons constitute an open quantum system due to their photonic
component, which enables coupling between the intracavity field and the
external radiation continuum. To describe this interaction, we employ the
Heisenberg–Langevin formalism together with input–output theory [108].
This framework provides a direct connection between the internal cavity
dynamics and the measurable external optical fields.

We consider a coherent excitation scenario in which an external laser drives
the cavity, generating a coherent population of polaritons. Starting from the
Heisenberg equations of motion for the polariton operators and the external
radiation modes, we include a correlation expansion that accounts for phonon-
assisted polarization dynamics. To derive the input–output relations, we
adopt the standard formalism based on a formally time-reversed description
of the reservoir dynamics, allowing the external photon bath to be expressed



48 CHAPTER 2. THEORETICAL FRAMEWORK

Figure 2.6: Schematic representation of the input and output fields bi,k(t) in the
system.

in terms of asymptotic output fields [50]. Throughout this treatment, we
assume restricted time reversal [162], whereby dissipative processes remain
lossy rather than transforming into gain. Under this assumption, the presence
of phonons does not modify the fundamental structure of the input–output
relations but instead enters through modified decay channels.

The following equations initiate our analysis, starting from Eq. (2.75) derived
in the previous section:

iℏ
d

dt
Ŷ n
k (t) = (Ei

k − iℏΓn
k)Ŷ n

k (t) − iℏ
∑

n′

[hn,∗c,kh
n′
c,k(κL,k + κR,k)]Ŷ n′

k (t)

+ iℏhn,∗c,k

√
2κL,kb3,k(t) − iℏhn,∗c,k

√
2κR,kb4,k(t) (2.79)

which lead to the subsequent relations for the input and output fields

b3,k(t) = −
∫ ∞

−∞

dω

2π
B̂Rkω(t1)e

−iω(t−t1), (2.80)

b4,k(t) = +

∫ ∞

−∞

dω

2π
B̂Lkω(t1)e

−iω(t−t1). (2.81)

To better visualize the input and output fields bi,k(t), Figure 2.6 schematically
represents the input and output fields in the cavity system, highlighting the
roles of photonic coupling and the polariton recombination pathways. This
diagram is instrumental in understanding the derivation of the transmission
and reflection coefficients discussed in this section.

The next step is to Fourier transform these relations and apply them to
the previously discussed polariton dynamics, allowing us to calculate the
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transmission coefficient under single-sided excitation, where no incoming field
is present at the right port (b2,k = 0 as illustrated in Fig. 2.6).

itnk(ω) =
b3,k(ω)

b1,k(ω)
= − Ωk(ω)

√
2κR,k

√
2κL,k

1 + Ωk(ω)[
√

2κL,k +
√

2κR,k]
, (2.82)

with the corresponding omega function

Ωk(ω) =
∑

n

|hnc,k|2
i(ωn

k − ω + Γn
k)
. (2.83)

Reflection coefficients follow a similar pattern

rnk(ω) =
b4,k(ω)

b1,k(ω)
=

−1 + Ωk(ω)[κL,k − κR,k]

1 + Ωk(ω)[κL,k + κR,k]
. (2.84)

Finally, under the assumption of a symmetric cavity where κL = κR, the
Elliot-like formula for polariton absorption is derived as follows:

An
k(ℏω) = 1 − |rnk(ℏω)|2 − |itnk(ℏω)|2 =

4γnkΓn
k

(En
k − ℏω)2 + (2γnk + Γn

k)2
. (2.85)

This equation mirrors the findings reported in Ref. [50], highlighting crucial
differences primarily due to the inclusion of polariton-phonon interactions in
our analysis. We introduce the decay rates as follows

γnk = ℏc(1 − |rm|2)|hc,k|2/(4Lcav), (2.86)

Γn
k = 2π

∑

n′αk′

|D̃n′n
α,k′−k|2

(
1

2
± 1

2
+ nb

α,k′−k

)
×

× Lγ̃0

(
En′

k′ − En
k ± Eb

α,k′−k

)
, (2.87)

where γnk represents the effective cavity decay rate from one port, and Γn
k

denotes the polariton-phonon scattering rate, summing over all potential
scattering channels from a given polariton state n,k to all possible destination
polariton states n′,k′ through phonon interaction with mode α and momentum
q. The cavity’s quality factor is given by Qf = Ec

0Lcav/[ℏc(1 − |rm|2)|)], with
rm set by default to 0.99 unless stated otherwise.

The polaritonic Elliot formula provides insights into how microscopic decay
channels manifest in the absorption of light by polaritons, an analysis not
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achievable with the traditional classical transfer-matrix method [56]. Eval-
uating Equation (2.85) at resonance conditions shows that absorption is
maximized when the effective polariton decay rates are closest. Thus, a maxi-
mum absorption of 50% is achievable under the critical coupling condition
[163, 164], where γnk = Γn

k/2, indicating an equilibrium between the radiative
leakage from the cavity and the intrinsic dissipation within the TMD layer.
This state represents a well-known limitation for symmetric, two-port systems
supporting a singular resonance [165, 166]. The presence of dark excitons,
particularly in tungsten-based TMDs where they are the lowest energy states,
is expected to significantly elevate the polariton-phonon scattering rates. This
adjustment could profoundly affect the balance between effective radiative
coupling and scattering losses, potentially leading to distinctive features in
polariton absorption spectra that are measurable in experimental settings.

This section provided a detailed analysis of polariton absorption, connecting
microscopic decay channels to macroscopic optical spectra. The derived Elliot-
like formula offers a quantitative tool for interpreting absorption experiments
in strongly coupled TMD microcavity systems.



CHAPTER 3

Polariton Transport

This chapter investigates the transport properties of exciton-polaritons TMDs,
focusing on the role of phonon interactions in influencing their diffusion
coefficients. An in-depth analysis of polariton-phonon induced scattering rates
provides the foundation for understanding energy dissipation and mobility
in polaritonic devices. We explore how these rates affect polariton mobility
under various conditions, impacting their efficacy in device applications. The
insights from this chapter lay the groundwork for optimizing polariton-based
devices, potentially leading to new developments in optoelectronic technology.
In this chapter, we discuss the results of Paper I.

3.1 Phonon-induced Scattering Rates

Understanding phonon-induced scattering rates is the basis for describing the
transport properties and energy dissipation mechanisms of exciton-polaritons
in semiconductor systems. These hybrid quasiparticles interact strongly

51
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with lattice vibrations, influencing their linewidth, lifetime, and transport
behaviours such as diffusion and optical absorption.

We begin by retrieving the polariton-phonon scattering rate, calculated in
Chapter 2,

Γn
k =2π

∑

n′αk′

|D̃n′,n
α,k−k′ |2

(
1

2
± 1

2
+ nb

α,k−k′

)
×

× Lγ̃0

(
En′

k′ − En
k ± ℏωb

α,k−k′

)
, (3.1)

where D̃n′,n
α,k−k′ is the polariton-phonon matrix element, nb

α,k−k′ is the Bose-

Einstein distribution, ℏωb
α,k−k′ is the phonon energy of mode α with momen-

tum q = k′ − k, and Lγ̃0 (ℏω) is the Lorentzian function with broadening γ̃0.
The Lorentzian function, rather than a delta function, captures higher-order
effects like collisional broadening [167, 168] and provides a more accurate
representation of real systems beyond the so-called completed-collision limit
[169]. A broadening parameter of 0.1 meV is chosen to establish a lower
bound for scattering rates.

Given the excitonic landscape, this chapter is organized into two main sections:
intra-valley scattering in the KK valley, followed by inter-valley scattering,
which includes contributions from the Λ and K′ valleys. Effects of disorder
and defects are neglected in our analysis [87].

3.1.1 Intra-valley Scattering

We begin by examining intra-valley scattering processes within the KK valley,
focusing on how these interactions shape the polariton dynamics. Figure 3.1
shows the intra-valley polariton-phonon scattering rates at T = 40 K, chosen
for its relevance to key phenomena.

At T = 40 K, scattering into lower polariton (LP) states outside the light-cone
is most efficient due to limited available states within the light-cone and the
negligible Hopfield coefficient hUP

X for large-momentum upper polariton (UP)
states. The receiving LP state is quasi-excitonic (hLPX ≈ 1), as the excitonic
component drives phonon scattering. However, despite the dominant excitonic
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Figure 3.1: Polariton-phonon scattering rates at T = 40 K for (a) and (c) the
lower polariton branch for MoSe2 and WSe2, respectively. (b) and (d) the upper
polariton branch for MoSe2 and WSe2, respectively. Thin lines represent the case
without acoustic phonon contributions. Note that in (a) and (c), the thin lines
are nearly momentum-independent, highlighting the significant role of acoustic
phonons in enhancing scattering at large momenta.

character of LP states, our microscopic calculations reveal an intriguing result:
the UP branch exhibits more efficient scattering in certain momentum regimes
(Fig. 3.1(b)).

This behaviour can be understood by analysing the role of polariton dispersion
and phonon-assisted transitions. Figure 3.2(a) schematically depicts the
scattering channels mediated by acoustic and optical phonons, while Fig. 3.2(b)
highlights the crossing points of the optical phonon dispersion with the UP
branch for different Rabi splitting, explaining the observed resonances in
Fig. 3.1(b). At small momenta, resonant scattering with optical phonons
leads to enhanced rates for the UP branch, as the polariton’s higher energy
provides access to a broader range of scattering partners.

For the LP branch in MoSe2 (Fig. 3.1(a)), scattering rates are two orders of
magnitude smaller than the excitonic case (thin black line). This substantial
reduction arises from the polariton dispersion in the strong coupling regime,
which limits resonant scattering with acoustic phonons except near the exci-
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Figure 3.2: (a) Schematic of scattering channels via acoustic and optical phonons.(b)
Crossing points of the optical phonon dispersion with the upper polariton branch
for different values of ℏΩR, indicating the minimal upper polariton energies required
for scattering into excitonic states and explaining the resonances in Fig. 3.1(b).

ton energy EX
0 . As momentum increases, non-resonant scattering becomes

possible, reflected in the gradual rise in scattering rates with broadening (thin
lines in Fig. 3.1(a)).

In WSe2 (Fig. 3.1(c)), scattering rates are generally smaller due to weaker exci-
tonic scattering within the KK valley. However, the qualitative trends remain
consistent with MoSe2, demonstrating the crucial role of acoustic phonons
at larger momenta. These findings highlight how intra-valley scattering is
shaped by the interplay between polariton dispersion and exciton-phonon
interactions, laying the groundwork for understanding inter-valley processes
discussed in the next section.

3.1.2 Inter-valley Scattering

Allowing polaritons to scatter into dark valleys introduces new pathways
mediated by K′ and Q′ phonons, enabling transitions into dark excitonic
states such as KK′ and KΛ. These inter-valley scattering processes signifi-
cantly influence the polariton linewidth and transport properties, particularly
in tungsten-based TMDs like WSe2, where dark excitons are energetically
favourable.

Figure 3.3 compares scattering rates for MoSe2 and WSe2 at T = 77 K for
different Rabi splitting (ℏΩR = 10, 25, 50 meV). For MoSe2, the contribution
of dark excitons is negligible due to their higher energy, as shown by the
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Figure 3.3: Full polariton-phonon scattering rates at T = 77 K for (a) and (c) lower
polariton branch for MoSe2 and WSe2, respectively. (b) and (d) upper polariton
branch for MoSe2 and WSe2, respectively. Thin lines indicate intra-valley scattering
rates without dark exciton contributions.

overlap between intra-valley (thin lines) and total scattering rates (thick lines).
By contrast, WSe2 exhibits a significant enhancement in scattering rates due
to inter-valley transitions, particularly for the lower polariton branch (LP).

For the LP branch in WSe2, inter-valley scattering introduces step-like features
in the scattering rates, corresponding to transitions mediated by acoustic and
optical phonons. As shown in Fig. 3.4, these steps align with the crossing
points of the polariton dispersion with phonon modes, highlighting the critical
role of dark excitonic states. The energy alignment of dark excitons with
KΛ states enables efficient coupling, particularly for ℏΩR = 50 meV, where
scattering rates increase sharply at threshold momenta.

These findings underscore the material-dependent nature of inter-valley scat-
tering, with WSe2 providing a unique platform for exploring dark excitonic
states and their impact on polariton dynamics. This understanding is essen-
tial for interpreting temperature-dependent behaviour discussed in the next
section.
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Figure 3.4: Crossing points of the acoustic phonon dispersion for MoSe2 with the
lower (a) and upper (b) polariton branches for different values of ℏΩR, indicating
the minimal polariton energies required for scattering into excitonic states and
explaining the resonances appearing in Fig. 3.3(a) and (b).

3.1.3 Temperature Study of Scattering Rates

The temperature dependence of polariton-phonon scattering rates provides
valuable insights into the mechanisms governing polariton dynamics in WSe2.
Figure 3.5 illustrates how intra-valley and inter-valley scattering channels
contribute to the linewidth of upper (UP) and lower (LP) polaritons at k = 0,
focusing on transitions mediated by acoustic and optical phonons.

At low temperatures (e.g., 20 K), inter-valley processes dominate, particularly
for the LP branch, where transitions into KK′ excitons require minimal phonon
energy. As temperature increases, thermally activated phonons enable inter-
valley scattering into dark states such as KΛ, leading to a substantial increase
in the LP linewidth. The temperature-induced shift in dominant scattering
channels reflects the increased phase space available for intervalley transitions
at higher temperatures.

For the UP branch, the behaviour is distinct. At low temperatures, the
UP state’s higher energy makes it more susceptible to scattering into dark
states, resulting in larger initial scattering rates compared to the LP branch.
However, the temperature dependence is less pronounced, as many dark-
state transitions are already accessible at low temperatures. This asymmetry
between the LP and UP branches underscores the role of energy alignment
and phonon coupling in shaping temperature-dependent scattering rates.

These findings highlight how temperature can be used as a tunable parameter
to control polariton dynamics, particularly in systems where dark excitons
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Figure 3.5: Temperature-dependent polariton-phonon scattering rates for (a) upper
and (b) lower polariton branches in WSe2 at k = 0 with a Rabi splitting of 25 meV,
with contributions from intra-valley (K-K) and inter-valley (KK′, KΛ) scattering.

dominate inter-valley scattering. This understanding can be important for
designing devices that exploit polariton-phonon interactions for tailored trans-
port and optical properties.

To conclude, in this section, we reveal the interplay between intra- and
inter-valley processes and acoustic/optical phonons in shaping polariton dy-
namics. Our analysis demonstrated the material-specific nature of scattering
mechanisms, with dark excitons playing a part in WSe2.

Table 3.1: Comparison of scattering characteristics in MoSe2 and WSe2.

Property MoSe2 (Direct
Bandgap)

WSe2 (Indirect
Bandgap)

Dominant scattering Intra-valley Inter-valley (dark
states)

Contribution of dark
states

Minimal Significant

Temperature depen-
dence

Weak Strong

Role of Rabi splitting
(ℏΩR)

Small effect Significant enhance-
ment

Intra-valley scattering was shown to dominate at low temperatures and small
momenta, while inter-valley scattering became increasingly significant with
temperature and momentum, particularly for transitions into KΛ states.
These findings provide insights into polariton transport and optical properties,
laying the groundwork for further studies on tunable scattering rates in
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polariton-based devices. The detailed analysis of phonon-induced scattering
rates not only elucidates the intricate dynamics within TMDs but also sets
the stage for understanding how these interactions impact polariton diffusion,
which is explored in the following section.

3.2 Polariton Diffusion

Building on the scattering rate analysis, this section examines how these rates
influence polariton diffusion across different conditions. We link scattering
dynamics directly to transport properties, providing a comprehensive view of
polariton mobility.

Our analysis of polariton diffusion builds on the conceptual foundation of
how temperature, Rabi splitting, and scattering rates influence the diffusion
coefficient. According to Eq. (2.61), the crucial parameters affecting polariton
diffusion are the polariton group velocity viQ, the polariton-phonon scattering
rate Γi

Q, and the occupation of polariton states f i
Q.

Hence, a key factor influencing the diffusion of polaritons is the polariton
group velocity, which depends on the extent of exciton-photon coupling. As
illustrated in Fig. 3.6, polaritons with a strong photonic component exhibit
significantly higher group velocities compared to those with predominantly
excitonic character. This distinction arises because photonic modes, by nature,
propagate much faster than excitonic modes, which are typically bound to
slower transport due to their larger effective mass.

This group velocity difference between fast mixed polaritons and slower
excitonic polaritons has a direct impact on the diffusion coefficient. Faster
polaritons contribute more significantly to overall transport, resulting in higher
diffusion coefficients, whereas slower excitonic states can act as bottlenecks,
limiting diffusion, especially at higher momenta where the polariton dispersion
becomes more exciton-like. With this foundation in place, we can now explore
how these effects manifest in the diffusion coefficient across different conditions,
as shown in Fig. 3.7.

Figure 3.7(a) shows the diffusion coefficient as a function of temperature and
Rabi splitting. Based on our microscopic model, we predict that polariton



3.2. POLARITON DIFFUSION 59

Figure 3.6: Schematic representation showing the difference in group velocity for
excitonic versus mixed (strongly coupled) polaritons. Mixed polaritons, having
both excitonic and photonic components, display higher group velocities (labelled
as ”Fast”) compared to purely excitonic polaritons (”Slow”). This variation in
group velocity has direct implications for the diffusion coefficient of polaritons.

diffusion coefficients can be two to three orders of magnitude larger than
those for bare excitons. This enhancement is due to the following key factors:
1. High group velocities: Mixed polaritons with a strong photonic compo-
nent benefit from enhanced group velocities, as illustrated in Fig. 3.6. This is
especially pronounced for polaritons within the light-cone, where the photonic
component dominates.
2. Effective occupation of fast polaritonic states: Lower polariton states
with small momenta are more efficiently populated due to their lower energies,
which enhances the contribution of fast states to the overall diffusion.
3. Reduced phonon scattering for lower polaritons: The phonon scat-
tering rates for polaritons are typically lower for states with a substantial
photonic component, resulting in longer relaxation times and thus enhanced
diffusion.

It is important to note that these features primarily affect small-momentum
polaritons. At larger momenta, the dispersion of polaritons resembles that
of excitons, and their transport characteristics revert to excitonic behaviour.
Therefore, the overall diffusion coefficient is the result of a non-trivial interplay
between a few very fast polariton states within the light-cone and excitonic-like
states outside the cone, which contribute more weakly to diffusion.

In Fig. 3.7(b), we examine the temperature dependence of the diffusion
coefficient for three fixed values of the Rabi splitting: 10, 25, and 50 meV.
At low temperatures, the diffusion coefficient is high due to the dominance
of fast polaritonic states. Interestingly, for larger Rabi splitting, we observe
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Figure 3.7: (a) Polariton diffusion coefficient as a function of temperature and Rabi
splitting. (b) Cross-sectional view of (a) evaluated for fixed Rabi splitting of 10,
25, and 50 meV, with thin lines indicating diffusion stemming only from the lower
polariton branch.

a peak in the diffusion coefficient around 40 K. This peak is attributed
to the population of fast polariton states with maximum group velocity
at approximately Q ≲ 1.3µm−1 at this temperature. As the temperature
increases further, higher-momentum states become populated, which have
lower group velocities due to their excitonic character, resulting in a gradual
decrease in the diffusion coefficient. For smaller Rabi splitting (e.g., ℏΩR = 10
meV), the peak in diffusion is less pronounced, and diffusion decreases more
rapidly with temperature. This is because, for smaller splitting, the states
within the light-cone are closer to the excitonic regime and thus experience
slower transport. At higher temperatures, the quasi-excitonic states outside
the light-cone are increasingly populated, leading to diffusion coefficients that
approach the excitonic limit, as illustrated by the grey line representing the
excitonic diffusion coefficient.

To further illustrate the importance of polariton-specific scattering channels,
we perform a “thought experiment” by recalculating the polariton diffusion
coefficient assuming exciton-phonon scattering rates, as shown by the dashed
line in Fig. 3.8. In this case, the diffusion coefficient decreases by more than an
order of magnitude compared to the full polariton model. This demonstrates
the significant role of modified polariton-phonon scattering in enhancing the
diffusion of polaritons relative to excitons.

Interestingly, the peak at 40 K observed in the full polariton calculation
(Fig. 3.7(b)) vanishes when excitonic scattering rates are used. This is be-
cause excitonic scattering rates have a weaker dependence on momentum,
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Figure 3.8: Polariton diffusion calculated under the assumption of exciton-phonon
scattering rates. This calculation highlights the impact of modified scattering
channels for polaritons, as opposed to the excitonic case.

which diminishes the distinction between fast and slow polariton states. Conse-
quently, without polariton-specific scattering channels, the enhanced diffusion
seen for polaritons cannot be sustained, highlighting the importance of phonon
interactions in differentiating polariton transport from that of pure excitons.
In summary, our results indicate that the polariton diffusion coefficient is
significantly influenced by both the exciton-photon coupling strength and
the polariton-phonon interactions. Large group velocities for photonic com-
ponents and reduced scattering rates for mixed polaritons lead to diffusion
coefficients that are considerably higher than those of bare excitons. This
enhanced diffusion is most pronounced at low temperatures and large Rabi
splitting, where the photonic character dominates. As temperature increases,
however, the quasi-excitonic nature of higher-momentum states reduces the
diffusion coefficient, approaching excitonic values at high temperatures. This
study provides insights into the mechanisms underlying polariton transport
and lays the groundwork for controlling diffusion in polaritonic systems.

This chapter provides a detailed overview of polariton transport in TMDs,
emphasizing the role of phonon-induced scattering rates and their influence
on diffusion properties. The insights obtained here provide a microscopic
framework for understanding and controlling polariton transport through
cavity detuning and material parameters.
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CHAPTER 4

Polariton Optics

The study of polariton absorption spectra offers profound insights into the
quantum mechanical interactions between light and matter within optical
microcavities. Such spectra not only reveal the presence of strong coupling,
characterized by Rabi splitting but also serve as a tool for understanding
the dynamic properties of exciton-polaritons across various semiconductor
platforms. In this chapter, we delve into polariton absorption spectra within
different TMDs, exploring how these materials influence the coupling dynamics
and the resulting spectral properties. In this chapter, we discuss the results
of Paper II and Paper III.

4.1 Polariton Absorption of WSe2

We begin by evaluating Equation (2.85), using numerically derived polariton-
phonon scattering rates from Chapter 3, to explore polariton absorption in a
strong-coupling regime for an hBN-encapsulated WSe2 monolayer integrated
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Figure 4.1: Polariton absorption in an hBN-encapsulated WSe2 monolayer, display-
ing energy and momentum-resolved absorption at a temperature of 77 K, assuming
a Rabi splitting of ℏΩR = 50 meV and a cavity quality factor of Qf = 160. Dashed
white lines illustrate the bare exciton and cavity dispersions, while solid black lines
depict the polariton dispersion. Panel (b) shows absorption profiles for selected
momenta.

within a Fabry-Perot cavity. Figure 4.1(a) presents an energy- and momentum-
resolved surface plot of polariton absorption, revealing a higher intensity for
the upper polariton compared to the lower polariton at zero momentum (also
depicted in Fig. 4.1(b)). Such an observation aligns with historical data on
GaAs, where peak intensities for lower and upper polaritons were similarly
matched in zero-detuning scenarios [170, 171]. At zero detuning, both po-
lariton branches contribute equally in terms of their photonic and excitonic
components at zero momentum, thereby maintaining a consistent cavity decay
rate, γnk , across both branches. Consequently, the variation in the heights of
absorption peaks must be attributed to differences in phonon-induced decay
rates among the polaritons. Additionally, the absorption profile enhances
as momentum increases for the lower polariton (ALP ) up to about k = 1.6
µm−1, contrasting with a decrease observed for the upper polariton (AUP ),
as illustrated further in Fig. 4.1(b). The absorption intensity and the spec-
tral linewidth for polariton resonances are predominantly influenced by the
interplay between cavity decay and non-radiative decay via phonon scattering.
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Figure 4.2: Critical coupling conditions depicted for both the lower (red, LP)
and upper (blue, UP) polariton branches at 77 K, featuring a Rabi splitting of
ℏΩR = 50 meV and a cavity quality factor of approximately 160. Panel (a) shows
the maximal absorption at the resonant energy as a function of momentum. Panel
(b) illustrates the polariton-phonon scattering rate Γn

k (solid lines) and cavity decay
rate γnk (dashed lines) as functions of momentum for both branches, with the critical
coupling condition marked by a vertical black line. The grey lines indicate scenarios
where only bright KK excitons are considered, excluding dark states. Panel (c)
details the lower polariton dispersion (red line) alongside phonon energies (plus
the energy of the dark KΛ exciton), showcasing the activation of emission channels
into dark exciton states at momenta of approximately 0.3, 0.8, 2.4, and µm−1.

4.2 Critical Coupling Condition

Exploring the varying behaviours in the absorption spectra for upper and
lower polariton branches, we plot the maximal absorption, An

k, for both
branches at a temperature of 77 K (Fig. 4.2(a)). Generally, the absorption
intensity for the upper polariton branch decreases with increasing momentum,
except for a notable increment around k = 1 µm−1 (indicated by the blue
line). In contrast, the lower polariton branch exhibits enhanced absorption up
to approximately k = 1.6 µm−1, achieving a peak absorption value of A = 0.5
(highlighted by the red line). This peak is accompanied by several pronounced,
step-like enhancements as the maximum absorption is approached.
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Figure 4.3: Critical coupling momentum kc as a function of temperature for both
the upper (blue) and lower polariton (red) branches. The shaded areas denote the
range 0.5 ≥ An ≥ 0.495, accounting for experimental uncertainties in measuring
the maximal absorption.

To elucidate the absorption changes as a function of in-plane momentum
and the divergent behaviours of the upper and lower polariton branches,
we examine the momentum-dependent cavity decay rate, γnk , alongside the
polariton-phonon scattering rate, Γn

k, as outlined in Equations (2.86) and
(2.87) and depicted in Fig. 4.2(b). The critical coupling condition, where
Γn
k = 2γnk , is attained at k = 1.6 µm−1 for the lower polariton branch, marked

by the vertical black line in the figure, aligning precisely with the momentum
that maximizes absorption at ALP = 0.5. Figure 4.2(c) plots the lower
polariton dispersion relative to the bright exciton energy together with the
phonon dispersion for LA, TA, and TO modes responsible for scattering into
dark KΛ excitons. A more detailed analysis of the step-like behaviour of the
lower polariton is provided in Chapter 3. It is noteworthy that the cavity
decay rate, γnk , varies smoothly with k for both the upper and lower polariton
branches, as shown by the dashed lines in Fig. 4.2(b). This variation is
influenced by the photonic Hopfield coefficient, which increases for the upper
polariton while decreasing for the lower polariton.

To highlight the significance of dark excitons, we also present polariton
absorption and polariton-phonon scattering rates excluding dark exciton
states, considering only bright KK excitons (represented by grey lines in
Figs. 4.2(a,b)). For the lower polariton, resonant absorption is drastically
reduced at small momenta, with the critical coupling condition shifting to
higher momenta. Additionally, the notable step-like increases observed for
these polaritons are absent (comparing the red and lower grey lines), as they
originate from scattering into dark excitons. Although our analysis initially
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focuses on polariton absorption at 77 K, where the critical coupling condition
is achievable only for the lower polariton branch, we extend our investigation
to varying temperatures as illustrated in Fig. 4.3. Here, we depict the critical
coupling momentum, kc, as a function of temperature for both the upper (blue
line) and lower polariton (red line) branches. The blue- and red-shaded areas
correspond to regions where 0.5 ≥ An ≥ 0.495, accommodating uncertainties
in the experimental measurement of maximal absorption. As temperature
increases, the critical coupling occurs at smaller momenta for the LP branch
due to heightened scattering with phonons. Given that the cavity decay rates,
γik, are temperature-independent within our model, the overall increase in Γn

k

at elevated temperatures results in smaller kc values that meet the critical
coupling conditions. Notably, for the upper polariton branch, critical coupling
is absent below approximately 125 K. As shown in Fig. 4.2(b), at k = 0,
the cavity decay rate γnk exceeds Γn

k. However, while γLPk diminishes with
increasing momenta, approaching the lower values of Γn

k, the reverse occurs
for γUP

k . Thus, for upper polaritons, critical coupling is achievable only at
higher temperatures, where Γn

k is substantially enhanced. Intriguingly, around
200 K, two distinct momenta fulfil the critical coupling condition for UP (as
indicated by the blue lines in Fig. 4.3). At these temperatures, the cavity
decay rate intersects the polariton-phonon scattering rate in the region of the
opening of the optical emission (noted by a step-like increase), allowing for
identical scattering and cavity-decay rates at two (or more) momenta.

We have shown that polariton absorption depends on two key factors: the
polariton-phonon scattering rate Γn

k and the cavity decay rate γnk . Our goal
now is to tune the absorption by manipulating these variables. While Γn

k is
highly sensitive to temperature changes, γnk is primarily determined by the
cavity’s quality factor, specifically the reflectance of the cavity’s end mirrors.

In Figs. 4.4(a) and (b), we present the temperature-dependent polariton-
phonon scattering rates at zero momentum for both the upper and lower
polariton branches, respectively. Note that this corresponds to half the
linewidth of the respective polariton resonance in absorption spectra. We
include various scattering channels such as intravalley scattering within the
K valley (KK) as well as intervalley scattering into momentum-dark exciton
states (KK′ and KΛ). For comparison, the black dashed line illustrates
the temperature-independent 2γ0, indicating the temperatures at which the
critical coupling condition is met at kC = 0. This condition is achieved for
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Figure 4.4: Temperature study of polariton-phonon scattering rates Γn
k for both the

upper (UP) and lower polariton branch (LP) at k = 0 as a function of temperature
(for Qf ≈160). Contributions from intravalley (KK) and intervalley (KK′, KΛ)
scattering channels are highlighted (shaded areas), with 2Γi

0 representing the
spectral linewidth of the respective polariton. The crossing point with the cavity
decay rate 2γi0 (dashed line) marks the critical coupling condition.

the UP branch at approximately 125 K, in alignment with observations from
Fig. 4.2(c).

In contrast, for the LP branch, reaching the critical coupling at kC = 0 is
only possible at temperatures significantly above room temperature. For
both polariton branches, the major contributions to the linewidth arise from
intervalley scattering into dark KΛ excitons, reflecting efficient scattering plus
the three-fold degeneracy of the Λ valley, akin to the excitonic scenario [128].
Furthermore, at room temperature, intervalley scattering within the K valley
also plays a significant role. At 20 K, the LP linewidth is predominantly
determined by scattering into the dark KK′ excitons. We emphasize that
our focus here is on scattering from the k = 0 polariton state, although
additional scattering channels at larger momenta are possible, as illustrated
in Fig. 4.2(b).

Increasing the temperature to 300 K leads to a substantial broadening of
the lower polariton (LP) linewidth, increasing by approximately an order
of magnitude as intervalley phonon absorption channels become thermally
activated. At 77 K, the intravalley contribution to the phonon-scattering rates
remains weak, consistent with the behaviour observed in Fig. 4.2. The upper
polariton (UP) linewidth is already comparatively large at 20 K, as emission
into dark exciton states is energetically allowed even at k = 0 due to the
higher polariton energy (see Fig. 4.1(b)). Consequently, the relative increase
in UP linewidth between 20 K and 300 K is less pronounced than for the LP
branch. Overall, Figs. 4.4(a,b) highlight the significant role of dark exciton
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Figure 4.5: Polariton absorption of an hBN-encapsulated MoSe2 monolayer, showing
momentum and energy-resolved absorption at 77 K, assuming a Rabi splitting of
ℏΩR = 50 meV and a cavity quality factor of approximately 160. Panel (b) presents
absorption profiles at various energies for selected momenta.

channels in enhancing polariton–phonon scattering and thereby increasing
the polariton linewidth.

4.3 Polariton Absorption of MoSe2

While our studies thus far have focused on WSe2 monolayers, where dark exci-
tons influence the absorption, we now turn our attention to MoSe2 monolayers,
which exhibit a different energetic alignment of dark and bright states. With
bright states being energetically lower in MoSe2 [17, 19, 142], we anticipate a
negligible contribution from dark excitons. Similarly to our observations with
WSe2, we examine the absorption of polaritons as a function of momentum
and energy for the zero-detuning case at 77 K in MoSe2. We observe a signif-
icant reduction in both absorption and the linewidth of the LP absorption
compared to WSe2, as depicted in Fig. 4.5(b). Although the intensity of
resonant absorption increases for larger momenta, similar to WSe2, the rate
of increase is markedly slower, peaking at approximately 0.1 at k = 1.5 µm−1,
in contrast to the near-0.5 peak observed for WSe2. Additionally, for larger
momenta, we note an increase in the absorption for the UP branch in MoSe2,
opposite to the trend observed in WSe2 (Fig. 4.1(b)). Furthermore, we
witness a substantial expansion in the spectral width of polariton resonances
at increased in-plane momenta, k.

To microscopically comprehend the qualitative and quantitative differences in
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Figure 4.6: Absorption of MoSe2. (a) Absorption intensity as a function of
momentum for the lower (LP) and the upper (UP) polariton branch. (b) Decay
rates Γn

k and 2γnk as a function of momentum for the LP and UP branches. The thin
grey lines in (a) and (b) correspond to the case without dark excitons (considering
only the bright KK excitons).

the momentum-resolved absorption between MoSe2 and WSe2, we analyze the
intensity of the resonant polariton absorption and the underlying polariton-
phonon and cavity decay rates. Assuming the same reflectivity value, rm =
0.99, as used in our WSe2 studies, we achieve similar cavity decay rates, γnk , for
both materials. We also present both absorption and decay rates for scenarios
excluding dark excitons (grey lines in Figs. 4.6(a,b)). As anticipated, in
MoSe2, dark states contribute minimally (as previously observed in scattering
rates, see Chapter 3).

Nonetheless, the decrease in the cavity decay rate, γnk , with increasing mo-
menta facilitates the attainment of the critical coupling condition at excep-
tionally high momenta of kc = 3.25 µm−1 (cf. Fig. 4.5(b)), where the LP
absorption reaches its maximal value of An = 0.5 (Fig. 4.6(a)). Interestingly,
despite the minor contribution from dark excitons, their presence shifts the
critical coupling condition to a lower momentum (compare the grey and red
lines in Fig. 4.6(a)).

For the upper polariton, the intravalley scattering contribution is predominant
(with only slight deviations between the grey and blue lines). Unlike WSe2,
we observe a significant increase in phonon-scattering rates for the UP branch
in MoSe2, indicative of more efficient intravalley scattering with optical modes
in this material [122]. This phenomenon leads to the broader spectral width
of the resonances observed in Fig. 4.5(b). Although the contribution from
dark excitons is minor, we still detect an opening of an emission channel into
dark states, as reflected by the step-like increase in ΓUP

k at approximately
k = 0.4 µm−1.
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This opening is the basis for comprehending the increase in resonant absorption
from k = 0 to k = 0.75 µm−1, as observed in Fig. 4.5(b) and in contrast to
predictions for WSe2 in Fig. 4.1(a). Without dark states, there would be a
decrease in absorption up to about 0.9 µm−1 (cf. the grey line in Fig. 4.6(a)).
In MoSe2, the upper polariton meets the critical coupling condition at four
different momenta: kc ≈ 1, 1.2, 1.3, and 1.6 µm−1. The lowest two are a
result of polariton scattering into dark exciton states.

4.4 The Effect of the Environment

In this section, we briefly explore how changes in the dielectric medium
impact polariton absorption. We compare the free-standing case with the
hBN-encapsulated scenario discussed previously. One notable difference
when considering various substrates is the altered dielectric screening of the
Coulomb interaction. The dielectric constant, ε, is larger for hBN compared
to other substrates like SiO2 or air (in the free-standing scenario). A lower ε
increases the energy separation EKK −EKΛ between bright and dark excitons,
due to conduction band electrons possessing a higher effective mass at the Λ
valley compared to the K valley. This results in a higher binding energy for
KΛ excitons (relative to KK excitons) and thus a more pronounced change
due to substrate-induced screening.

To delve deeper into the substrate impact, we perform new calculations
for a free-standing WSe2 monolayer. Figure 4.7(a) presents the polariton
scattering rates as a function of momentum for both hBN-encapsulated and
free-standing WSe2. Changes in the dielectric medium exhibit no significant
impact on the upper polariton, as illustrated by the solid and dashed blue
lines in Fig. 4.7(a). However, the LP scattering rates (red lines) are noticeably
affected, displaying a substantial increase at k = 0 µm−1 for free-standing
WSe2 monolayers. Moreover, the typical step-like increase in scattering rates,
characteristic of hBN-encapsulated samples, is absent in the free-standing
scenario. The heightened scattering at vanishing momenta is attributed
to the screening-induced augmentation of the energy separation between
polaritons and dark excitons, facilitating efficient scattering into KΛ excitons
via the emission of acoustic phonons. Conversely, the activation of these
channels at larger momenta accounts for the step-like behaviour observed
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Figure 4.7: (a) Comparison of polariton-phonon scattering rates for hBN-
encapsulated and free-standing (air) WSe2 monolayers for the upper and lower
polariton branch (UP/LP). The corresponding polariton absorption for (b) hBN-
encapsulated and (c) free-standing WSe2.

at approximately k = 0.3, 0.8 µm−1 in the hBN-encapsulated case (dashed
red line in Fig.4.7(a)). This results in a more pronounced lower polariton
absorption (with an expanded spectral width) at smaller momenta, as shown
in Fig.4.7(c).

It is important to note that besides substrate-induced screening, hBN -
encapsulation also significantly narrows exciton resonances compared to other
substrates [61, 172, 173]. For TMD monolayers in a cavity, the phenomenon
known as motional narrowing could compensate for the increase in disorder-
related loss in the absence of hBN encapsulation [56, 87, 174]. Motional
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narrowing arises from the dynamical averaging of spatial disorder as polari-
tons propagate across the sample. Due to their hybrid light–matter nature,
polaritons can exhibit large group velocities, enabling them to sample multiple
disorder configurations on timescales shorter than the dephasing time. This
rapid motion effectively reduces disorder-induced broadening compared to
localized excitonic states [56, 174]. Importantly, this effect can yield spectra
with a reduced impact of disorder while preserving the phonon-induced effects
even without hBN encapsulation. In general, the influence of disorder on
polaritons is a complex topic, with varying contributions from exciton and
photon components [175], potentially adding to the linewidth in addition to
cavity decay and scattering with phonons [176]. A more detailed examination
of this effect is beyond the scope of our current work but should be considered
in future studies.

4.5 Effects of Changing Cavity Length

Adjusting the cavity length in TMD-based devices has proven to be a param-
eter in controlling the interaction dynamics between lower polariton branches
and dark exciton states, particularly in tungsten-based TMDs. By modulating
the cavity detuning, which alters the relative energy levels between polaritons
and excitons, we can selectively enable or disable phonon-driven scattering
channels. This adjustment directly influences the scattering rate Γ, impacting
the polariton absorption intensity and linewidth. Optimal absorption occurs
under the critical coupling condition, where Γ matches twice the cavity decay
rate γ [164].

With appropriate detuning, the lower polariton branch can be manipulated to
fall below the dark exciton state, effectively becoming the new ground state.
This shift closes the scattering channel between these states, significantly
enhancing the material’s photoluminescence properties (Fig. 1(d)). This
technique has also been employed to brighten materials typically considered
optically inactive, showcasing the versatile application of cavity detuning in
material science [97].

Our investigations highlight the emergence of distinct, step-like increases
in polariton linewidth as detuning is adjusted. These variations correlate
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Figure 4.8: Detailed polariton absorption as a function of detuning and energy
for WSe2 and MoSe2, highlighting the differing responses in absorption due to
variations in the scattering rate and cavity detuning.

with the activation or suppression of specific dark exciton scattering channels,
providing a method to map the exciton energy landscape across different
TMD materials. These findings are substantiated by a detailed spectral
analysis at 77 K, employing numerical methods to evaluate Equation (2.85)
for hBN-encapsulated WSe2 and MoSe2 within symmetrically configured
cavities.

This analysis reveals striking differences in polariton absorption behaviours
between tungsten- and molybdenum-based TMDs, as depicted in Fig. 4.8.
Despite similar cavity decay rates, the marked contrast in absorption profiles
primarily arises from variations in the polariton-phonon scattering rates Γ.
MoSe2 exhibits minimal lower polariton branch absorption, especially when
far from the critical coupling condition, attributed to the weaker phonon
absorption pathways at cryogenic temperatures. Conversely, WSe2 displays
significant absorption enhancements for detunings just below ∆ = −38 meV,
with sharp increases observed around ∆ = −10 and 0 meV. These detunings
align with energies that facilitate efficient scattering into dark KK’ and KΛ
excitons through intervalley phonons, significantly affecting both polariton
linewidth and absorption properties.

The upper polariton branches in both WSe2 and MoSe2 exhibit more uniform
absorption profiles across all detuning levels, facilitated by continuous intraval-
ley scattering. However, additional intervalley scattering channels in WSe2
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Figure 4.9: Detailed depiction of polariton absorption as a function of detuning
and temperature for WSe2 and MoSe2 monolayers in a cavity, highlighting the
influence of temperature and phonon-driven scattering processes.

modestly enhance the absorption, contrasting with the broader linewidth and
higher absorption peaks in MoSe2 when intravalley scattering from optical
emissions is prevalent.

4.5.1 Temperature-Dependent Polariton Dynamics

Temperature influences polariton absorption by dictating the efficiency of
phonon-driven scattering processes, which play a role for the energy transfer
between polaritons and dark excitons in TMD monolayers [128]. To elucidate
this, we have conducted a comprehensive study on the effects of detuning
and temperature on polariton absorption in WSe2 and MoSe2, as shown in
Figure 4.9. Our investigation reveals intriguing behaviours in the absorption
spectra of these materials, as depicted in Figure 4.9(a) and (b). We observe
distinct regions where polariton absorption is nearly absent, indicated by
the white areas in the figure. Notably, WSe2 demonstrates specific detuning
thresholds where the absorption significantly increases. These increments
occur at ∆ = −10 and 0 meV, correlating with the activation of scattering
channels into the dark KK’ and KΛ excitons, facilitated by the emission of
LA and TA phonons, respectively.

The temperature dependency of these features is relatively modest, remaining
visible up to room temperature. However, a more pronounced temperature-
dependent absorption increase is noted around ∆ = −40 meV. This increase
becomes more prominent at temperatures exceeding 100 K, aligning with the
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conditions necessary for phonon absorption processes to enable scattering
into the higher-energy KΛ states. This behaviour underscores the dynamic
interplay between phonon activity and polariton behaviour under varying
thermal conditions.

Comparatively, MoSe2 exhibits weaker absorption features across similar
detuning ranges. This disparity stems primarily from its band alignment,
which restricts phonon-emission-mediated scattering processes essential for
enhancing polariton absorption. The phonon absorption channels that are
available do not compensate for this deficit, leading to less pronounced
absorption increases even under increased temperature conditions.

Interestingly, at higher temperatures, we occasionally observe modest step-like
increases in the absorption for MoSe2, linked to thermally activated intravalley
optical modes or intervalley phonons targeting the dark KK’ valley. These
subtle features, marked by purple and red in the spectral data, emphasize the
nuanced role of temperature in facilitating or hindering specific phonon-driven
scattering processes.

4.5.2 Influence of Scattering Channels on Linewidth

Our investigations have primarily focused on the polariton absorption at zero
momentum. To further elucidate the dynamic interplay between momentum,
detuning, and polariton absorption, we turn our attention to the behaviours at
higher momenta. Figure 4.10(a) illustrates the lower polariton (LP) absorption
in WSe2 at a fixed temperature of 77 K, across various detunings and momenta.
It is notable that for negative cavity detuning values and below k = 2 µm−1,
the absorption is nearly negligible. This minimal absorption is attributed
to the requisite polariton access energy necessary to scatter into the dark
exciton states. Moreover, the steep dispersion characteristic of the lower
polariton enables a clear visualization of how these scattering channels open
up as a function of momentum. Crucially, the smaller the negative detuning,
the lower the required momentum for such scattering events, with critical
detuning values for different channels manifesting at zero in-plane momentum,
as detailed in Figure 4.10.

Additionally, our analysis reveals that not only the absorption magnitude
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Figure 4.10: Lower polariton absorption of WSe2 at 77 K as a function of detuning
and momentum, highlighting the transition points where scattering channels into
dark exciton states become energetically feasible.

but also the spectral linewidth of the lower polariton is highly sensitive to
the initiation of detuning-driven polariton-phonon scattering channels, as
shown in Figure 4.10(b). For MoSe2, the lower polariton linewidth is largely
governed by the cavity decay rate, denoted as 4γ, which correlates with the
photonic Hopfield coefficient that decreases as detuning increases. This results
in a notably reduced linewidth as detuning increases, depicted by the red line
in Figure 4.10(b). A similar trend is observed for WSe2; however, the onset of
specific polariton-phonon scattering channels at certain detuning thresholds
precipitates sharp escalations in the LP linewidth, thereby underscoring
the intricate relationship between detuning, phonon activity, and polariton
properties in these two-dimensional materials.

4.5.3 Polariton Linewidth: Experimental and Theoret-
ical Insights

Polariton linewidth plays a role in understanding the dynamics of polaritons
in semiconducting devices, particularly in the context of TMD-based cavities.
This section complements the theoretical predictions with cryogenic reflectance
measurements of WSe2 and MoSe2 monolayers in a cavity done by Christian
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Scnheider group in Oldenburg University. Utilizing the full spectral tunability
of the open cavity, the group mapped the coupling conditions of the two
considered samples based on integrated MoSe2 and WSe2 monolayers. Both
experiments reveal a clear anti-crossing behaviour of the upper- and lower
polariton branches in the reflection contrast study, featuring a Rabi-splitting
of 20 meV for WSe2 and a slightly reduced Rabi-splitting of 16 meV for
MoSe2.

To assess the role of dark excitons in the experiment, the linewidth of the
lower polariton resonance was extracted by fitting it with a Fano-type of
lineshape and plot the result as a function of detuning. We observe in WSe2
a series of step-like increases in the polariton linewidth at specific detuning
values, notably at approximately -40, 29, and 26 meV. These increments are
traced back to the opening of scattering channels toward the dark KΛ exciton
via the emission of TA and LA phonons.

To better align with the experimental data, we apply a small downward shift
of 6 meV to the theoretically calculated energy of the KΛ excitons. Such
adjustments are commonly considered due to the ongoing discussion in the
literature regarding the precise energetic ordering of dark excitonic states
in TMD monolayers, which depends sensitively on dielectric environment,
strain, and many-body effects [3, 173]. Within this context, the applied shift
allows the spin-dark exciton energy, indicated by vertical lines in the figure,
to coincide with the onset of additional features observed in the polariton
linewidth.

Moreover, the study indicates that inhomogeneous broadening plays a sig-
nificant role in enhancing the exciton scattering rate Γ, as evidenced by
the overall increase in polariton linewidth with detuning observed even in
the ∆ ≪ 0 regime. This broadening, potentially caused by macroscopic or
micrometric inhomogeneities such as strain in the sample, leads to enhanced
exciton scattering independent of temperature or exciton state, supplementing
the microscopically calculated polariton-phonon scattering rate.

We describe this inhomogeneous broadening as a temperature—and state-
independent exciton scattering rate added to the microscopically calculated
polariton-phonon scattering rate to account for the fact that the realistic
samples investigated in the experiment include disorder and defects. The
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Figure 4.11: Direct experiment-theory comparison. Theoretically predicted (blue
line) and experimentally measured (orange dots) lower polariton linewidth obtained
from reflection measurements at 20 K for a (a) MoSe2 and (b) WSe2 monolayer
in a cavity. The thin blue line shows the calculated linewidth without scattering
into dark exciton states, while the dashed line represents the intrinsic linewidth
without inhomogeneous broadening. The vertical black lines denote the energy
of spin-dark excitons in experiments as well as the detuning values at which the
scattering channels with TA and LA phonons are opened.

equation that describes the inhomogeneous broadening is

ΓIn
k = CIn|hnX,k|2, (4.1)

where CIn is a constant and |hnX,k|2 represents the excitonic Hopfield coefficient.
We add this to the microscopically calculated polariton-phonon scattering as
Γn
k → Γn

k + ΓIn
k . For WSe2, we use the value CIn = 6 meV, while for MoSe2

it is 13 meV.

To conclude, this chapter has delineated the intricate interplay between
polariton dynamics and material properties under varying experimental con-
ditions. Through theoretical modelling and experimental investigations, we
have explored how cavity design, environmental factors, and material-specific
characteristics influence the absorption properties of polaritons in TMDs.
The insights obtained enhance our understanding of polariton behaviour in
two-dimensional materials.
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CHAPTER 5

Conclusion and Outlook

This thesis has explored the dynamics of exciton-polaritons in transition
metal dichalcogenides (TMDs), with a focus on their optical and transport
properties, particularly in relation to dark excitons. By employing microscopic
modelling, we have gained a deeper understanding of the behaviour of these
quasiparticles, especially their diffusion, in atomically thin semiconductors.

The key findings of this work include:

• Exciton-polariton diffusion: We developed a theoretical framework
that combines the exciton density matrix formalism with the Hop-
field model to predict significantly enhanced diffusion coefficients for
polaritons compared to bare excitons.

• Role of dark excitons: We demonstrated that dark excitons play a
crucial role in shaping the optical response of TMDs, with their dynamics
influencing the polariton spectra. This highlights the importance of
incorporating dark exciton effects into the interpretation of experimental
results.
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• Experimental implications: Confirmation of our theoretical pre-
dictions in experiment in collaboration with the group of Christian
Schneider, for the influence of dark excitons in polariton systems, paving
the way for future applications in quantum computing and advanced
photonic devices.

The findings contribute significantly to the understanding of strong light-
matter interactions in two-dimensional materials and offer valuable insights
for future developments in optoelectronics and quantum technologies.

Future Work:
Future research will focus on advancing our understanding of polariton dy-
namics, particularly the relaxation times and photoluminescence properties at
room temperature. Achieving room-temperature Bose-Einstein condensation
(BEC) is a key goal, with significant implications for polariton-based devices
and quantum technologies.

A promising direction is the study of the polariton bottleneck, which limits
relaxation efficiency at high densities. Early studies, including recent work
where I was a co-author, explore the interplay between exciton-polaritons
and material limitations. These efforts lay the groundwork for overcoming
the bottleneck and achieving room-temperature BEC, improving polariton
transport and device performance.
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