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Abstract

Atomically thin transition metal dichalcogenides (TMDs) are in the focus of cur-
rent research due to their efficient light-matter interaction and the remarkably
strong Coulomb interaction that leads to tightly bound excitons. Due to their
unique band structure, TMDs show a variety of bright and optically inaccessi-
ble dark excitonic states. Moreover, the optimal surface-to-volume ratio makes
these materials very sensitive to changes in their surroundings, which opens up
the possibility of tailoring their optical properties via adsorption of molecules,
application of strain, and deposition of defects.

The aim of this thesis is to use a microscopic many-particle theory to predict
different strategies to externally control the optical fingerprint of TMDs.

We show that specific molecules can activate dark excitons leading to new pro-
nounced resonances in optical spectra. We also find that these dark states are
very sensitive to strain, leading to significant energy shifts and intensity changes.
This renders 2D materials suitable for optical sensing of molecules and strain.
Moreover, we investigate how local defects due to single molecules or local
strain can trap excitons. We show direct signatures of localized bright excitonic
states as well as indirect phonon-assisted side bands of localized momentum-
dark excitons. We find that the visibility of these localized states is determined
by the interplay between defect-induced exciton capture and intervalley exci-
ton–phonon scattering. Finally, we investigate the formation dynamics and op-
tical signatures of spatially separated interlayer excitons at interfaces of acene-
based molecular crystals and 2D materials, which play a crucial role for conver-
sion of light to electricity in photodetecting devices.

Overall, the work contributes to a better microscopic understanding of exciton
optics and its control via strain, molecules, magnetic fields and impurities in
atomically thin semiconductors.

Keywords: transition metal dichalcogenides, density matrix formalism, Bloch equa-
tions, dark excitons, strain, localized states, magnetic field, organic/inorganic hetero-
structures
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1
Introduction

A material consisting of atoms arranged in a hexagonal lattice and only one
atom thick was long considered a purely theoretical construction. Hence the
first experimental evidence of graphene, a single layer of carbon atoms, in 2004
by A. Geim and K. Novoselov was a breakthrough, which was rewarded with
the Nobel Prize in physics in 2010 [1].

Besides demonstrating incredible strength, thermal and electrical conductance
and transparency, graphene paved the way for a new class of materials, the so
called 2D materials. Consisting of only a few layers of atoms, these materi-
als show unique properties compared to their 3D counterparts, which brought
them into the focus of research. Depending on the involved atoms, a variety of
different materials is just waiting to be discovered.

Transition metal dichalcogenides (TMDs) are a promising example, in which
a layer of a transition metal (W, Mo, Te) is sandwiched between two layers of
chalcogenides (S, Se), see Figure 1.1(a,b). These materials exhibit, in contrast
to graphene, a rich band structure with direct and indirect band gaps, and a
strong optical response. Moreover, due to their low dimensionality, 2D materi-
als exhibit interesting phenomena such as strongly bound electron-hole pairs,
so called excitons, caused by Coulomb interaction [4–9] and sensitivity to their
environment due to their optimal surface-to-volume ratio [10–14]. It has been
shown that the optical response in TMDs is dominated by excitons [15–17], and
hence it is crucial to understand their formation, relaxation and interaction on a
microscopic level.

Besides bright (optically accessible) excitons, TMDs also exhibit a variety of
dark (optically forbidden) excitons [5, 10, 18–28], which are either spin- or mo-
mentum - forbidden, and localized excitons [29–31] due to trapping potentials,
see Figure 1.1(c). Moreover, in presence of a second semiconducting layer,
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1.1. OUTLINE

Figure 1.1: Schematic view of a TMD monolayer and the variety of exccitons. (a) Top and (b)
side view of a transition metal dichalcogenide monolayer, with blue representing M=(Mo,W)
atoms and yellow representing X=(S,Se) atoms. Both M and X layers exhibit a honeycomb-
like structure, similar to graphene. Figure taken from [2]. (c) Electronic dispersion around the
high symmetry K/Λ points in the Brillouin zone. Beside bright excitons (yellow), where both
electron and hole have the same spin and momentum, there also exist dark (not optically active)
excitons. Dark states can be either spin (blue) or momentum (purple) forbidden. Besides, due
to local changes in the band structure, states can appear within the band gap which give rise to
the formation of localized excitons (brown). Figure taken from [3].

TMDs can exhibit spatially separated interlayer excitons. Hence, the optical
response of TMDs is crucially influenced by the landscape of excitons.

The aim of this thesis is to investigate the interplay of bright, dark, localized and
interlayer excitons in TMDs by developing a microscopic framework. More-
over, we show that due to their low dimensionality, TMDs are extremely sen-
sitive to their environment, such as attached molecules, strain and impurities.
Within our framework we are able to calculate optical absorption and photolu-
minescence spectra and the changes associated with it.

The obtained insights shed light on processes on a microscopic level and might
inspire future experiments towards technical applications, such as molecule and
strain sensing through activation of dark states, single photon emission from
localized states, or photosensitive devices based on TMD-organic heterostruc-
tures.

1.1 Outline

The aim of this thesis is to investigate the role of excitons on the optical re-
sponse of TMDs on a microscopic footing by exploiting the intriguing exciton
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CHAPTER 1. INTRODUCTION

landscape with bright, momentum-dark, spin-dark, localized and even spa-
tially separated interlayer excitons. We introduce the theoretical framework
describing TMDs on a microscopic level in Chapter 2 and the excitonic picture
with bright and dark excitons in Chapter 3. While bright excitons are easily
accessible in experiments, dark excitons are more challenging to access due to
their indirect nature.

We propose different mechanisms which can enable the brightening of dark ex-
citonic states in Chapter 4, in particular high-dipole molecules, phonons and
magnetic fields. Moreover, in Chapter 5 we discuss strain as an external pa-
rameter which allows the tuning of the energetic positions of excitons, and
also offers a opportunity to prove indirectly the existence of dark excitons via
linewidth changes.

In Chapter 6, we then investigate how bright and dark states behave under a
local impurity potential which might stem from local molecules or strain. We
apply different trapping potentials and investigate the behaviour of localized
excitons and their optical response.

Finally, we explore the interaction of TMDs with a layer of organic molecules
in Chapter 7, giving rise to spatially-separated interlayer excitons. We find the
appearance of both bright and dark interlayer excitons in the optical response
of these heterostructures and look into possibilities to control them by temper-
ature.

1.2 Key Outcomes

PAPER I - III
In these papers, we modelled the interaction between TMDs and molecules
with large dipole moments on a microscopic level. We found that the molecules
provide an additional center of mass momentum which enables the brightening
of dark states. While PAPER I focused on interactions within the K valley and
presented a detailed study on molecular characteristics, PAPER II focussed on
brightening of the Λ valley. We found an activation of dark states by molecules,
which leads to an additional, lower lying peak in optical absorption spectra
and opens up the possibility for TMDs as molecular sensors. To account for in-
coherent processes, we changed from absorption to photoluminescence spectra
in PAPER III and found an increased visibility of the dark exciton peak at room
temperature. The theoretical approach and central results are summarized in
Chapter 4.1.

Motivated by our findings of molecule-activated dark states, we explored the
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1.2. KEY OUTCOMES

possibility to further tune the relative positions of dark states by external pa-
rameters. Strain has been shown to be an effective experimental method to tune
the optical signal of TMDs. However, it is not clear to what extend the shift
in the optical spectra stems from electronic and excitonic effects. Therefore,
we included strain in our theoretical model to see the impact on both excitonic
structure and optical response.

PAPER IV-V
In PAPER IV, we found a rather small impact of strain on the excitonic energies
and wavefunctions, and hence we can say that the main effect of optical shifts
stems from the electronic band gap changes. Motivated by this, we included
the valley-dependent electronic band gap shifts, and found that dark and bright
valleys respond differently to strain. While bright excitons shift towards higher
energies when compressive strain is applied, dark excitons shift to lower ener-
gies and thus the absolute difference increases. This opens up great potential
for strain sensors as discussed in detail in PAPER V. Our theoretical approach is
summarized in Chapter 5.

PAPER VI
In this paper, we looked at the impact of a local impurity potential which can
have its origin in local strain or deposited molecules. We find that both bright
and dark excitons can be trapped in local potentials leading to a further quanti-
zation of the center-of-mass momentum. Moreover, we shed light on the relax-
ation and trapping dynamics as an interplay of phonon scattering and capture
processes. The results are summarized in Chapter 6.

PAPER VII
In this paper, we included spin-dark excitons (electron and hole with different
spins) and show that they can be brightened by external magnetic fields. We
find that while spin-dark states are dominant in tungsten-based materials, spin-
and momentum-dark states (electron and hole with different spin and momen-
tum) are dominant in MoS2. Our findings explained recent experiments and
contribute to a better understanding of the exciton landscape in TMDs. The
main results and the theoretical approach are summarized in Chapter 4.3.

PAPER VIII
In our final project, we investigated the possibility of TMD/tetracene as an or-
ganic/inorganic heterostructure. Similar to TMD/TMD interactions, we find
the appearance of spatially separated interlayer excitons where the electron re-
mains in the TMD and the hole is transferred to the molecular layer. Depending
on the location of the electron, we find traces in the optical spectra of both bright
and dark interlayer excitons. Our work can contribute to the understanding of
organic/inorganic heterostructures and their possible use as photo active de-
vices. We summarize our approach in Chapter 7.
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2
Theoretical Framework

The aim of this thesis is to understand the optical properties of TMDs on a mi-
croscopic level, in particular the response of the system to an optical excitation.
To reach this goal, we use the density matrix formalism to account for the many-
particle interactions [6, 32, 33] within the framework of the second quantization.
By exploiting the Heisenberg equation of motion we get access to equations of
motion for microscopic polarizations and occupations which describe the dy-
namics of our system.
In the Hamilton operator we include free-particle interactions, Coulomb con-
tributions, interaction with phonons and interaction with external parameters,
such as molecules, strain, disorder or magnetic fields [5, 26, 34].
By exploiting the cluster expansion and tight-binding approach we find the
TMD Bloch equations which describe the carrier dynamics of the TMD and give
access to the optical response. To be able to solve Heisenberg’s equation of mo-
tion, i.e. i~Ȯ = [O,H], we need to know the Hamiltonian H of the system and
the microscopic quantity of interest O. We will start by introducing the differ-
ent parts of the Hamiltonian, include TMDs on a microscopic level and then
introduce the microscopic quantities of interest.

2.1 Hamilton Operator

Our system can be described by the many-particle Hamiltonian operator H =
H0 +Hc−l +Hc−c +Hc−phon +Hc−ext which includes:
(i) the non-interacting carrier contribution

H0 =
∑

l

εla
†
lal +

∑

qσ

~ωqc
σ†
q c

σ
q +

∑

qα

~Ωαqb
†
αqbαq (2.1)
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2.1. HAMILTON OPERATOR

with the electronic band structure εl [35, 36], electron annihilation (creation)
operator a(†)

l with momentum kl, band λl and spin sl; photon annihilation (cre-
ation) operator c(†)

q with mode σ; and phonon annihilation (creation operators)
b

(†)
αq with phonon energy Ωαq and phonon mode α;

(ii) the carrier-light interaction

Hc−l =
i}e0

m0

∑

l1l2

Ml1l2
A(t)a†l1al2 (2.2)

=
i}e0

m0

∑

l1l2qσ

(
Mσ

qa
†
l1
al2c

σ
q + h.c.

)
(2.3)

with the electron mass m0, elementary charge e0 and the optical matrix element
Ml1l2

. Note that the first line is in the coherent limit where we use A(r,t) ≈
A(t) (semi-classical approach) and is used to calculate absorption spectra. The
second line includes carrier-photon interaction and therefore represents the full
quantum mechanical expression for the interaction with light. The full quantum
mechanical expression is needed to calculate the photoluminescence spectra.
We used Mσ

q =
√

~
2ε0L3ωq

eσqMl1l2
. For details on the optical matrix elements see

[5] or the theory part in PAPER III or PAPER IV; .
(iii) the carrier-carrier interaction

Hc−c =
1

2

∑

l1l2l3l4

V l1l2
l3l4

a†l1a
†
l2
al4al3 (2.4)

with Coulomb matrix element V l1l2
l3l4

which we treat with a TMD specific screen-
ing function to account for the low dimensionality of the TMD [5, 37]. We will
further discuss it in section 3.1;
(iv) the carrier-phonon interaction

Hc−phon =
∑

αl1l2

Gα
l1l2q

a†l1al2(bαq + bα†−q) (2.5)

which describes the interaction of carriers and phonons with electron-phonon
coupling element Gα

l1l2q
. It will be discussed in detail in section 4.2.1; and

(v) the carrier-external impurity interaction

Hc−ext =
∑

l1l2

Dl1l2
a†l1al2 (2.6)

with impurity coupling element Dl1l2
where the exact form of the coupling el-

ement depends on the form of impurities, and can be due to molecules (sec.
4.1.1), magnetic fields (sec. 4.3.1) or trapping potentials (sec. 6.1). Note that
the impurity coupling element is written here in a very general form and can
include both momentum and spin transfer, i.e. k1 6= k2 and s1 6= s2.
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CHAPTER 2. THEORETICAL FRAMEWORK

Figure 2.1: Schematic view to the MoS2 layer. In (a) we see the honeycomb-like structure
in real space in the xy plane with Molybdenum atoms in orange and sulfide atoms in yellow.
Furthermore one can see the primitive cell in gray which is a rhombus as typically for hexagonal
lattice structure and primitive vectors a1 and a2. Moreover we see the fundamental vectors bj

connecting Mo-and S-atoms. The structure is quasi 2D meaning that the height in z direction, cf.
(b), is negligibly small compared to the bulk, here ≈ 0.3 nm. In (c) one can see the momentum
space representation with reciprocal lattice and lattice vectors k1 and k2 and the high symmetry
points K, K’, Γ and Λ.

All coupling elements, i.e. the optical coupling element Ml1l2 = 〈ψl1(r)|p|ψl2(r)〉,
the Coulomb coupling element V l1l2

l3l4
= 〈ψl1(r)ψl2(r′)|V (r′ − r′)|ψl3(r′)ψl4(r)〉,

the phonon coupling element Gα
l1l2q

= 〈ψl1(r)|φαpho(r)|ψl2(r)〉 and the impurity
coupling element Dl1l2 = 〈ψl1(r)|φext(r)|ψl2(r)〉 are calculated by exploiting the
nearest-neighbor tight binding approach [6, 32, 38] which we will discuss in the
next section and classical potential, which we will discuss in detail in chapter
3 and 4. Now, we want to briefly introduce the TMDs lattice structure and the
used tight-binding approach.

2.2 TMD Band Structure

Transition metal dichalcogenides (TMDs) consist of a layer of transition metal
atoms (Mo, W) sandwiched between two layers of dichalcogenides (S, Se, T).
Even though they have some dimension in z-direction (around 0.3 nm) and are
not truly one-layer thick, they are quasi two-dimensional and widely referred
to as 2D materials. The investigated TMDs are all semiconductors with band
gaps in the range of 1.5 - 2.5 eV [17, 39, 40].

In comparison to graphene, TMD monolayer consist of two sub-lattices, cf. Fig.
2.1(a), one from the transition metal and one from the dichalcogenide. They
both exhibit a hexagonal lattice and hence the S-lattice can be described simply
by a translation of the Mo-lattice. The lattice in real space is described by prim-

7



2.2. TMD BAND STRUCTURE

itive vectors a1 = −a0

2

(√
3

1

)
and a2 = −a0

(
0
1

)
. with lattice constant a0.

For the primitive vectors in the momentum representation, cf. Fig. 2.1(c), one
finds

k1 = − π
a0

( 4√
3

0

)
, k2 =

π

a0

( 2√
3

−2

)
. (2.7)

Moreover, Fig.2.1(c) shows the most important symmetry points, namely K, K’,
Γ and Λ. Due to the two sub-lattices, the inversion symmetry is broken and a di-
rect band gap appears at the high symmetry K point. The electronic dispersion
around the high symmetry points can be approximated by a parabolic band.

Electronic dispersion

To obtain the parabolic dispersion of the TMD structure one needs to solve
Schrödinger’s equation

HΨl = εlΨl (2.8)

for the 2N particle system. We can make use of the tight-binding approach [5]
which reads in the nearest-neighbor approximation:

Ψl(k,r) =
1√
N

∑

j=Mo,S

C l
j

∑

Rj

eik·Rjφl
j(r−Rj) (2.9)

with N number of atoms, C l
j the so called tight-binding coefficients, atomic or-

bitals φl
j(r−Rj) and vector Rj denoting the position of the atom within the sub-

lattice j. Remember that we have a broken symmetry for K/K’ points which
means we have to solve Eq. (2.8) separately for both points, including also the
two sub-lattices for Mo and S this leads us to four linear equations one has to
solve. Close to the high-symmetry points one finds within a Taylor approxima-
tion for the electronic dispersion

εlν ≈ ±
(

∆Eλs
ν

2
+

3|νtλs|2
4Eλs

ν

k2

)
(2.10)

with valley index ν, bandgap energy Eλs
ν = Egap + νEλs

soc where Eν
gap is the

bandgap energy and Eλsν
soc the spin depending band splitting. The + corre-

sponds to the K and − to the K’ point, respectively. The hopping integrals

tλsν = 〈φλsνj (r−Rj)|H|φλsνi (r−Ri)〉 (2.11)

which stem from the tight-binding approach determine the curvature of the cor-
responding band. The hopping integral will be important in Section 5.1 where

8



CHAPTER 2. THEORETICAL FRAMEWORK

we investigate the changes of this parameter due to strain. We cannot solve
those integrals within our theory but we can fix their values to the effective
masses (taken from DFT/experiment [41]) such that

3|tλsν |2
4∆Eλs

ν

=
~2

2mν
eff
. (2.12)

with effective mass mν
eff. Note that the effective masses are different for the va-

lence and conduction bands in the different valleys and are taken consistently
from Ref. [41]. Moreover, the spin-orbit splitting and energy differences be-
tween the valleys are taken from this reference.

Figure 2.2: Electronic band structure of TMDs. The electronic band structure for the most
prominent TMDs (a) MoS2, (b) MoSe2, (c) WS2 and (d) WSe2 showing the lowest conduction
and highest valence band, including the spin-orbit splitting. Shown are the most prominent A
transition (spin-up transition, turquoise) and B transition (spin-down transition, orange). Taken
and adapted from Ref. [42].

Figure 2.2 shows a typical band structure from DFT where we can see the di-
rect band gap at the K point. The spin-up transition is usually referred to as A
transition in reference and the spin-down transition as B. Note that the energy
difference of the two transitions is given by the spin-orbit splitting in both con-
duction and valence band. We can also see the other high-symmetry Λ and Γ
points here which can be approximated within an effective mass approach.
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2.3. TMD BLOCH EQUATIONS

2.3 TMD Bloch Equations

Once we have determined the full Hamiltonian we can now exploit Heisen-
berg’s equation of motion i~Ȯ = [O,H] where O are our microscopic quantities
of interest. Depending on the problem we want to investigate, in particular
interesting are:

1. Electron/photon/phonon occupation
fλsk = 〈aλs†k aλsk 〉 nσq = 〈cσ†q cσq〉 nαq = 〈bα†q bαq〉

2. Polarization pλ1s1λ2s2
k1k2

= 〈aλ1s1†
k1

aλ2s2
k2
〉

3. Photon-assisted polarization Sλ1s1λ2s2σ
k1k2q

= 〈cσ†q aλ1s1†
k1

aλ2s2
k2
〉

4. Exciton occupation Nλ1s1λ2s2λ3s3λ4s4
k1k2k3k4

= 〈aλ1s1†
k1

aλ2s2
k2

aλ3s3†
k3

aλ4s4
k4
〉

Depending on the complexity of the system, we can look at different limits.

Coherent Limit

In the coherent limit, we want to get access to the absorption spectra. The ab-
sorption coefficient α(ω) is proportional to the optical susceptibility χ(ω) as the
linear response to an optical perturbation induced by an external vector poten-
tial A(ω), and hence α(ω) ∝ ωIm [χ(ω)] ∝ Im

[
j(ω)
ωA(ω)

]
which can be calculated

with the macroscopic current density j(ω). We further quantize the field, i.e.
express the current density within the second quantization [32], and use the
dipole approximation, i.e. A(r,t) ≈ A(t). With this, we find for the absorption
coefficient

α(ω) ∝ Im

[∑
l1l2

M∗
l1l2
pl1l2(ω) + c.c.

ωA(ω)

]
(2.13)

with the Fourier transformed microscopic polarization pl1l2(ω) = 〈a†l1al2〉 and
the carrier-light matrix element Ml1l2 = 〈Ψl1|p|Ψl2〉. Here, the compound index
l includes momentum kl, band λl and spin sl.
We now have access to the absorption spectra on a microscopic level via the
temporal evolution of pij which is obtained by the Heisenberg equation of mo-
tion i~ṗij(t) = [pij,H] [32, 43].

As we consider the driving field to be small in the coherent limit, it is sufficient
to take the coherent part of our quantities, i.e. we consider the photon density
to be constant and the electron and exciton density changes to be negligible.

10



CHAPTER 2. THEORETICAL FRAMEWORK

Moreover, we treat the Coulomb interaction on the Hartree-Fock level. With
this, our key quantity for absorption is the microscopic polarization pλ1s1λ2s2

k1k2

which is a measure for optical transitions from states in the valence band with
momentum k1 to the conduction band with momentum k2. Taking into account
only spin allowed terms, i.e. s1 = s2 =↑, we find for the dynamical evolution

i}
d

dt
pv↑c↑k1k2

=

[
εc↑k2
− εv↑k1

+
∑

k′

V ren
k1,k2,k′ − iγ

]
pv↑c↑k1k2

(2.14)

−
∑

k′

V exc
k′,k1,k2

pv↑c↑k1−k′,k2−k′ (2.15)

+
i.e.0}
m

Mc↑v↑
k1k2
·A(t)δk1k2 (2.16)

+
∑

k

Dcc
k2k

pv↑c↑k1k
−Dvv

kk1
pv↑c↑kk2

(2.17)

where Eq. (2.14) is the electronic dispersion and Coulomb induced renormaliza-
tion due to attractive electron-hole interaction, Eq. (2.15) the excitonic contribu-
tion stemming from the repulsive part of electron-hole interaction and leading
to bound electron-hole pairs, Eq. (2.16) the light-matter interaction and Eq. (2.17)
the interaction via disorder (molecules, phonons,impurities). Interestingly, due
to the disorder a momentum transfer between different polarizations is possi-
ble. The dephasing γ includes both exciton-phonon interaction and radiative
decay.

Note that we include the electron-phonon interaction on this level only indi-
rectly via dephasing processes, for a detailed study on linewidth and scattering
processes in TMDs see [25, 34].

This coupled set of equation is now solved numerically via a Runge - Kutta
method and finally gives us access to p(t) which can be transformed by sim-
ple Fourier transformation to p(ω) and then, by exploiting the Elliott formula
Eq. (2.13), we have access to the absorption spectra.

However, most experiments actually investigate the photoluminescence spectra
of these materials. In order to theoretically calculate that, we have to go one step
further and take into account the incoherent limit as well in our theory.

Incoherent Limit

If the system is excited with a stronger field, such as a laser pulse, the electron-
photon interaction is not negligible and we have to treat it within second quan-
tization, i.e. Eq. (2.3). Hence, the photon density nσq is now our key quantity as it
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2.3. TMD BLOCH EQUATIONS

determines the steady-state photoluminescence by the rate of emitted photons
via

PL(ωq) ∝ ωq
∂

∂t
〈c†qcq〉 ∝ Im

[ ∑

k1k2µ

Mqk1k2S
vcµ
k1k2

(ωq)

]
(2.18)

The photon-assisted polarization S
vcµ
k1k2

(ωq) [44] is a measure of emitted pho-
tons with energy ~ωq due to relaxation from the state (cµ,k2) in the conduction
band of valley µ with the electronic momentum k2 to the state (v,k1) in the va-
lence band with the momentum k1. To get access to the Svcµk1k2

(ωq) we exploit
Heisenberg’s equation of motion and now take into account Coulomb interac-
tion beyond the Hartree-Fock level which gives rise to correlated quantities of
the form Nλ1s1λ2s2λ3s3λ4s4

k1k2k3k4
= 〈aλ1s1†

k1
aλ2s2
k2

aλ3s3†
k3

aλ4s4
k4
〉. With this, we find

i}
d

dt
S
vcµ
k1k2q

=

[
εc↑k2
− εv↑k1

− ~ωq +
∑

k

V ren
k1,k2,k

− iγ
]
S
vcµ
k1k2q

(2.19)

−
∑

k

V exc
k,k1,k2

S
vcµ
k1−k,k2−k,q (2.20)

+
i.e.0}
m

∑

k

Mµ
qk

(
pcvk+q,kp

vc
k1k2

+Nk+q,k,k1,k2

)
(2.21)

+
∑

k

Dcc
k2k

S
vcµ
k1kq
−Dvv

kk1
S
vcµ
kk2q

(2.22)

which looks similar to the coherent limit, i.e. Eq. (2.14)-Eq. (2.17) but has an
additional terms accounting for the formation of incoherent excitons densities
Nk+q,k,k1,k2 .

In fact, we see that the photon-assisted polarization is driven both by coherent
excitons ∝ |p2| and incoherent exciton occupations ∝ N .

In theory, we now have all ingredients to calculate the PL by solving the set of
equations numerically and plugging it into (2.18). However, since excitons play
a crucial role in the optical response of TMDs [7, 15, 45] we can change from
the electron-hole picture to an excitonic picture, i.e. pv↑c↑k1k2

→ pµqQ (and all other
quantities) by coordinate-transformation. This will enable us to get a better
understanding of excitons and direct access to the excitonic optical response
both for absorption and photoluminescence.

12



3
Excitons

Due to the strong Coulomb interaction in TMDs, excitons play a crucial role in
the optical response of these materials [7, 15, 45]. Therefore it is convenient to
change from the electron-hole picture to an excitonic picture. We will see that
we can decouple the relative and center of mass motion of the excitons and find
a simple expression for the excitonic optical response.
Moreover, TMDs show a unique band structure with direct and indirect band
gaps. We will introduce here the excitonic landscape, including spin- and mo-
mentum - forbidden (dark) excitons and also impurity trapped (localized) exci-
tons, see also Figure 1.1.

3.1 Excitonic Basis

Our goal is to project the microscopic polarization into an excitonic basis, i.e.
pv↑c↑k1k2

→ pµqQ. For this purpose, we first transform our electron and hole co-
ordinates k1,k2 into center of mass Q and relative q coordinates. These new
quantities are defined as

Q = k2 − k1 and q = αk1 + βk2 (3.1)

with masses αµ =
mµh

mµh+mµe
, βµ = mµe

mµh+mµe
where mµ

e is the electron and mµ
h the hole

mass. Note that electron and hole can stem from different valleys and µ is an
exciton index, including electron and hole valleys. For the re-transformation we
find k1 = q − βµQ and k2 = q + αµQ and for the dispersion one can show
that k1

2

2mµh
+ k2

2

2mµe
= q2

2mµ
+ Q2

2Mµ with reduced mass mµ = 1
mµe

+ 1
mµh

and total mass
Mµ = mµ

e + mµ
h. We now project the microscopic polarization into the excitonic
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3.2. EXCITONIC ENERGY LANDSCAPE

basis which enables us to decouple relative and center of mass motion

pv↑c↑k1k2
→ pv↑c↑qQ =

∑

µ

ϕµqp
µ
Q. (3.2)

where µ indicates the excitonic state, e.g. bright KK, dark KΛ states or other
spin- and/or momentum forbidden states. The relative motion is quantized
according to the Wannier equation [6, 32]

~2q2

2mµ
ϕµq −

∑

k

V (k− q)ϕµk = εµϕ
µ
q (3.3)

that yields the eigenenergies εµ and eigenfunctions ϕµq. Note that we are focus-
ing here on the low excitation/low density limit where we can neglect electron
and hole densities. For higher densities, these terms have to be included and
more details can be found in Ref. [46].

The Coulomb potential is given by V (k) =
e20

2ε0A|k|εs(|k|) with the screening func-
tion εs(k

′) accounting for dielectric properties of the thin TMD layer and the
effect of the surrounding media. The potential can be approximated by the
Rytova-Keldysh potential for small momenta [47, 48]. With this, we can now
write for the excitonic dispersion

Eµ(Q) = εµ +
~2Q2

2Mµ
, (3.4)

which enables us to put all the information of the exciton into the quantum
number µ.
We find binding energies in the range of hundreds of meV and depending on
the Coulomb coupling strength, and more specifically the surrounding sub-
strate, the eigenenergies can be tuned.

Depending on the band structure of the material, the excitonic landscape differs.
We will discuss this in detail in the next section.

3.2 Excitonic Energy Landscape

Due to the complex electronic band structure of TMDs, a variety of excitons can
be found which depend on the spin and momentum of the involved electrons
and holes.

We mainly focus on

14



CHAPTER 3. EXCITONS

Figure 3.1: Exciton landscape. Illustration of spin or momentum forbidden excitons. Since we
consider only one photon excitation processes, we assume the electron to be mobile and the
hole to stay located either in the K-valley (left panel) or the Γ valley (right panel). Depending
on the TMD material, the energetic order of dark and bright excitons varies. Figure taken from
[23].

• BRIGHT EXCITONS: electron and hole with same spin and momentum, i.e.
both electron and hole are located around the K-point in the Brillouin zone
and we will call them KK↑↑ excitons. These excitons are called bright be-
cause they can be directly accessed with light.

• DARK EXCITONS: electron and hole with different spins and/or momenta,
i.e. the electron and hole are located in different valleys and/or have dif-
ferent spins. We take into account here the high symmetry points K, K’,
Λ,Γ. For example, if the hole is located at the K and the electron at the
Λ point with the same spin we will call it KΛ↑↑. These excitons are called
dark since they are not directly accessible by light but need an additional
momentum and/or spin to become bright. By become bright or brighten-
ing we mean become visible in optical spectra either by coupling to the
excited excitons or by decaying via photon emission.

Depending on the involved valleys, each exciton has a different effective mass
and hence a different binding energy and wave function, see Eq. (3.3).

The energetic landscape of excitons is discusses in detail in PAPER XI with an
analysis of the variety of dark and bright excitons, see also Figure 3.1. Especially
interesting are dark states which lie energetically close to the bright state or even
below. Even if they are intrinsically not accessible by light, they offer scattering
channels for the decay of coherent excitons and hence crucially influence the
dynamics, in particular the lifetime, of the bright state which traces back to the
linewidth in the optical spectra. A detailed analysis of scattering channels and
linewidths of TMDs can be found in [25, 27, 34, 49, 50].

Interestingly, the energetic order of dark states is TMD specific, see Figure 3.1.
We find that the nature of the exciton depends on the location of the hole (K- or
Γ valley) as well as on the particular TMD. If the hole is in the K-valley, we find
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3.3. EXCITONIC SPECTRUM

that for tungsten (W) based materials both spin-and momentum-dark states are
energetically below the bright ones. If, however, the hole is in the Γ-valley, we
find that only for MoS2 spin-and momentum-dark states lie below the bright
ones.

These different behaviors stem from the electronic structure where effective
masses, spin-orbit splittings and energetic distances vary between the materials
due to different composition of atomic orbitals which form the bands [51, 52].
The electronic structure values are taken from density functional theory calcu-
lations (DFT) [41] as input parameters for our theory.

Dark excitons play an indirect but crucial role in the optical response of these
materials since they provide scattering channels that significantly contribute to
the linewidth of the bright exciton [20, 21, 34, 53]. Their exact energies are still
unclear and under debate in literature, and hence strategies to activate those
dark states are needed to fully understand them. Thus a direct observation of
the dark states in the optical spectra in form of additional peaks would be an
even clearer indication of their existence and provide access to their energetic
position.

On the one hand, for spin forbidden excitons, recent experiments and theory
have shown their activation via a magnetic field which provides the required
spin-flip [10, 20, 54]. On the other hand, for momentum forbidden excitons a
mechanism is needed providing momentum to the system. Such mechanisms
can be for example high-dipole molecules, disorder or phonons [18, 26, 27, 55–
57] as we will discuss later.
With this, we can calculate the excitonic spectrum by exploiting the equations
of motion in excitonic basis.

3.3 Excitonic Spectrum

We can now project the equation of motion, see Eq. (2.14) -Eq. (2.17), from the
electron-hole picture to the exciton picture by exploiting an separation ansatz
and projection into excitonic wave functions, cf. Eq. (3.2), and obtain the TMD
Bloch equation in excitonic basis

i}
d

dt
pµQ =

[
εµ +

~2Q2

2Mµ
− iγµ

]
pµQ(t) + Ω(t)δQ,0

+
∑

νk

Gνµ
Qkp

µ
Q−k(t) (3.5)

where the excitonic wave functions are included in the coupling elements. Here,
the Rabi frequency Ω(t) = ie0}

m

∑
q ϕ

µ∗
q Mc↑v↑

q · A(t) originates from the external
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CHAPTER 3. EXCITONS

electromagnetic field A(t) and drives polarizations pµ0 which correspond to exci-
tons with no center of mass momentum. Moreover, we introduced a dephasing
constant γµ, describing dephasing due to phonons. This quantity determines
the linewidth of the peaks in the excitonic spectra.
The coupling to a disorder is given by

Gνµ
Qk =

∑

q

[
ϕµ∗q g

cµcν

q−αµQ,q−ανQ+kϕ
ν
q+βνk−

ϕµ∗q g
vµvν

q+βνQ−k,q+βµQϕ
ν
q−ανk

]
, (3.6)

driving the indirect polarization pµQ and therefore enabling a momentum trans-
fer. Note that this is a rather general expression for the disorder coupling el-
ement. Depending on the disorder (molecules, phonons, impurities) the exact
form of the matrix elements gλµλνq,q′ changes and we will discuss this in the next
chapters. These matrix elements describe scattering processes between conduc-
tion (gcµcνq,q′ ) or valence (gvµvνq,q′ ) bands with different momenta and/or valleys. The
disorder-TMD coupling can be split into intravalley processes, i.e. ν = µ which
corresponds to momentum transfer within the same valley, and also intervalley
processes, i.e. ν 6= µ which corresponds to momentum transfer to other valleys.
Depending on the wave function overlap of the corresponding valleys, those
terms can become very strong.

Finally, by solving the TMD Bloch equation, Eq. (3.5), and plugging it into
Eq. (2.13), we obtain the excitonic spectrum which exhibits a pronounced bright
peak at the energy εKK. If the coupling element Gνµ

Qk is strong enough, dark
excitons will brighten up and result in additional peaks in the spectra.

The next chapters will discuss the activation of dark states in detail and shed
light to what extend the optical fingerprint of the material can be tuned by ex-
ternal characteristics.
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4
Activation of Dark Excitons

In this chapter, we want to investigate different possibilities to brighten dark ex-
citonic states. Dark states in TMDs have been literally in the dark for some years
as they do not appear directly in the optical spectra. If they lie energetically be-
low the bright states, they can offer additional scattering channels for excitons
and hence crucially influence the dynamics of the system, reflected in decay
times and linewidths of bright excitons. Moreover, if their occupation is strong
enough, they can even appear in the optical spectra in form of new peaks. In
the following, we will present different approaches to activate dark states. We
will discuss the activation of momentum-forbidden states by high dipole mo-
lecules in 4.1 and phonons in 4.2, followed by a discussion of the activation of
spin-forbidden states by external magnetic fields in 4.3.

4.1 Coupling to High-Dipole Molecules

The high sensitivity of 2D materials to their surroundings can be utilized to de-
tect changes in the TMDs environment, such as the presence of molecules on
the TMDs surface. These adsorbates can provide the required center of mass
momentum to access dark states in a controlled way. While phonons could in
principle be used for the activation processes as well, molecules offer the unique
possibility to be externally controlled. In difference to phonons, molecules are
not intrinsically in the TMD but could be added and removed and thereby give
clear on/off signals of dark excitons which offers great potential for sensor ap-
plications.

In detail, we assume a non-covalent functionalization via molecules with a
dipole moment, cf. Figure 4.1(a). Non-covalent means that the interaction be-
tween TMDs and molecules is based on weak interaction, not changing the elec-
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tronic properties of the TMDs [58]. The molecules we investigate here are me-
rocyanine/spiropyanine, which can be switched between a dipole moment of
13 Debye and 5.5 Debye. The choice is motivated by previous joint experiment-
theory studies functionalizing carbon nanotubes and graphene with these mo-
lecules [11, 38, 59, 60]. Our studies are not limited to these molecules but can be
used for any molecule with a permanent dipole moment and, to some extent, an
ordered lattice. In the optimal case, the molecules build so called self-assembled
monolayers (SAM) by themselves as this is their energetically most stable struc-
ture in a high packing case.

Figure 4.1: Molecule configuration (a) Randomly oriented molecule attached to the surface of
the TMD in distance Rz (≈ van der Waals radius). The molecules are characterized by a dipole
vector d consisting of dipole moment d and orientation along z-axis α whereas the orientation
within the xy plane is set to zero. (b) The molecules are ordered periodically with lattice constant
∆Rx and ∆Ry in x and y direction, respectively. Figure taken from PAPER I.

The molecules are characterized by a dipole vector d inducing interaction with
excitons in the TMD material in a distance Rz. The dipole vector is represented
by dipole moment d, orientation αd with respect to xy plane of the TMD and
orientation φd in xy direction, i.e. d = d(cos(φd) cos(αd), sin(φd) cos(αd), sin(αd)).

Interestingly, these molecules tend to self-assemble into a periodic lattice struc-
ture under certain circumstances [61]. Motivated by this, we treat the molecules
periodically with the lattice constant ∆Rx in x direction and ∆Ry in y direction,
see Figure 4.1(b), giving rise to a molecular density nx(y). As the molecules show
a rectangular lattice, the density can be different in x and y direction. To be able
to describe how molecules interact with 2D materials, we include a molecule-
TMD interaction into our many-particle Hamiltonian.
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CHAPTER 4. ACTIVATION OF DARK EXCITONS

4.1.1 Molecule-TMD Interaction

The interaction between the attached molecules and the TMD can be described
in the second quantization via the carrier-molecule interaction

Hc−m =
∑

l1l2

gl1l2a
†
l1
al2 (4.1)

with molecule-TMD coupling (MTC) element gl1l2 = 〈ψl1(r)|∑l φ
d
l (r)|ψl2(r)〉

[59, 60] and compound indices l including momentum k, band λ and spin s.
Here, the static field induced by the molecular dipole d is φdp(r) = e0

4πε0

d·(r−Rp)

|r−Rp|3
where Rp denotes the position of molecule p with respect to the substrate [59].
Exploiting the tight-binding approach, focusing on the energetically lowest 1s
transitions and allowing only interactions with the same spin, we find for the
molecule- TMD coupling (MTC) element:

gλ1λ2
k1k2

=
ie0

2πε0

∑

NM

nxnyδ|k1x−k2x|, 2πN
∆Rx

δ|k1y−k2y |, 2πM∆Ry
×

∑

j

Cλ1∗
j (k1)Cλ2

j (k2)δk1−k2,q

∫
dq

d · q
|q|2 e

−Rzqz , (4.2)

including tight-binding coefficients Cλi
j of the corresponding high-symmetry

points in the Brillouin zone (K or Λ). Note that
∑

NM includes the next, nearest
next, ..., N-th molecules in x and y direction and hence N,M ∈ N. The most
important feature in Eq. (4.2) are the appearing Kronecker deltas: the periodic
molecular lattice allows for well defined momentum transfers determined by the
molecular lattice constant, e.g. ∆Rx(y). Hence the MTC element is discrete
for periodic distributions. Note that, for randomly distributed molecules, MTC
allows continuous momentum transfer which will be discussed later, see p. 30
and PAPER III.

We see from (4.2) that, depending on the molecular characteristics, the strength
of the coupling varies. Before we discuss this in detail, we change to excitonic
basis and define the exciton-TMD coupling as:

Gµν
Qk =

∑

q

[
ϕµ∗q g

cµcν

q−αµQ,q−ανQ+kϕ
ν
q+βνk − ϕµ∗q gv

µvν

q+βµQ−k,q+βνQϕ
ν
q−ανk

]
(4.3)

with excitonic wave functions ϕµq of the corresponding states.

To get a better understanding, we want to start with the coherent limit, i.e.
the excitonic microscopic polarization pµQ is our key quantity, with the index
µ =(KK, KΛ) denoting the bright KK and dark KΛ exciton, and hence we find
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for the corresponding Bloch equations:

ṗKK
Q = ∆εKK

Q pKK
Q + Ω δQ,0 +

∑

µ,k

GKKµ
Qk p

µ
Q−k , (4.4)

˙pKΛ
Q = ∆εKΛ

Q pKΛ
Q +

∑

µ,k

GKΛµ
Qk p

µ
Q−k , (4.5)

with the abbreviation ∆εµQ = 1
i~(εµ + ~2Q2

2Mµ
− iγµ), including excitonic energy εµ

and dephasing γµ. We see that the molecules enable a coupling between the two
polarizations.

Figure 4.2: Intravalley and Intervalley coupling. Excitonic dispersion of K and Λ valley. The
external electromagnetic field drives the excitonic resonances pKK

Q=0 which can couple via the
molecules either with polarizations pKK

Q 6=0 within the same valley (orange) or with polarization
pKΛ
Q6=0 in the Λ (purple) valley, intra and intervalley coupling respectively.

This coupled set of equations is illustrated in Figure 4.2 and looks similar to a
coupled oscillator system where the optically driven polarization pKK

Q=0 can now
couple to pKΛ

Q 6=0 via the coupling element GKΛ.
We can differentiate intravalley and intervalley coupling processes:

1. the intravalley coupling, i.e. µ=KK, enables a coupling between polariza-
tions in the same valley but with different center of mass momentum, see
the orange and purple arrows in Figure 4.2. We find that this process is
dominant for small molecular densities. As the states we can couple to are
energetically higher, we expect new optical features on the higher energy
side of the bright transition. → PAPER I

2. the intervalley coupling , i.e. µ = KΛ, couples polarization in different val-
leys, illustrated in magenta in Figure 4.2. This process dominates for large
molecular densities. For some TMDs there exist energetically lower lying
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valleys which result in new peaks below the bright exciton resonance.
→ PAPER II and PAPER III

Note that we focus here on intervalley processes to the Λ valley and do not
include the K’ valley as it is too far away in momentum space to be reached
by molecules. The possible momentum transfer is determined by the molecu-
lar density in real space which is made apparent by evaluating the Kronecker
delta δ|k|, 2πm

∆R
appearing in the exciton-molecule coupling element. We see that

for large distances between the molecules ∆R, and hence small densities, small
momenta are transferred. The tighter the molecules are packed (smaller ∆R,
larger n), the larger is the transferred momentum to the system. However, the
molecules do have a certain size and hence the density is limited to some extent,
see Figure 4.1(b). The size of the molecules is given by their geometry and can
be estimated to be 1.5 nm on the long and 0.6 nm on the short axis. However,
there might be additional van der Waals radii from the atoms involved in the
molecule or other interactions which might enhance the occupied area of each
molecule and therefore we limit our calculation to ≈ 1 molecule per nm2 which
seems realistic. To reach the Λ (K’) valley, a density of 1.1 (2.2) nm−2 is needed.
We will focus in our study to the Λ valley as it seems more achievable in experi-
ments. We now want to discuss the main outcomes of the intra- and intervalley
coupling, or low and high-molecular density regime respectively.

Low molecular density : Intravalley processes

Figure 4.3: Intravalley coupling. Excitonic absorption spectrum of pristine (black) and func-
tionalized (blue) MoS2. In presence of the molecules, we observe a redshift of the bright peak
∆Ered and a new peak at the high energy side with distance ∆E from the bright resonance.
Figure taken from PAPER I.

We begin with intravalley processes within the optical excited K valley. The
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4.1. COUPLING TO HIGH-DIPOLE MOLECULES

pristine spectrum (without molecules) shows one pronounced peak at the en-
ergy of the energetically lowest transition (1.91 eV for MoS2), see the black line
in Figure 4.3. To reach higher states within the dispersion, only a small center
of mass momentum is needed which is now provided by the molecules. In their
presence, the spectra shows significant changes, see the blue line in Figure 4.3.
We observe an upcoming peak at higher energies corresponding to the activa-
tion of the dark states along the dispersion separated by ∆E from the bright
resonance. At the same time, the bright peak shows a redshift ∆Ered due to
back coupling from the dark to the bright state.
We can use a simple “coupled oscillator” approach to find an analytic formula
for the peak position, yielding to

ε1,2 = εµ +
~2Q2

xy

4M
∓
√(~2Q2

xy

4M

)2

+ G̃(Qx(y)) (4.6)

Here, we have introduced the notation G̃(Qx(y)) = G0, 2π
∆Rx

G 2π
∆Rx

, 2π
∆Rx

. Note that

Qxy =
√
Q2
x +Q2

y and using the Kronecker deltas from Eq. (4.2) we have defined
Qx(y) = 2π

∆Rx(y)
.

The solutions ε1,2 correspond to the position of the main peak (ε1) and the
appearing side peak (ε2) in the functionalized absorption spectra. Moreover,
Eq. (4.6) reveals that the position of the resonances crucially depends on both
the molecular characteristics, such as molecular coverage n, dipole moment d
and dipole orientation α entering G̃, and on the electronic properties of the TMD
entering through the total mass M .
It turns out that this formula works very well in a first approximation, for a
direct comparison with the exact numerical our results in PAPER I.

We want to point out that the analytic formula gives us the opportunity to un-
derstand the optical fingerprint of our system, i.e. the redshift and the peak
splitting, on a fundamental level and allows us to investigate the dependence
on molecular parameters.
The redshift Ered = ε1−εbright can be used for sensing applications as it depends
on the molecular characteristics. The results are discussed in detail in PAPER I
and we find as main outcomes:

1. The strongest red shift is obtained for a molecular coverage of 0.1 nm−2

which corresponds to a distance of molecules of 3 nm. This maximum can
be understood by keeping in mind that the molecules transfer a center of
mass momentum and hence control which excitons will couple to each
other. We find for the coupling strength G ∝ n2 · e−2

√
nRz which explains

the existence of a maximum. On the one hand, the larger momentum
difference between the excitons, the smaller the overlap of the wave func-
tions and hence the smaller the coupling, explaining the exponential tail
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for higher densities. On the other hand, we find that for small densities
the increase with n2 is dominant. The exact position of the maxima (0.1
nm−2 for MoS2) depends on the TMD material , which enters via the mass
M in Eq. (4.6)

2. The stronger the dipole moment the stronger the redshift. Since we de-
scribe the interaction via a dipole interaction, this behavior is the same
as for classical dipole fields which has as stronger impact the stronger the
dipole induced field. For the exemplary mero/spiropyanine molecules we
find a red shift of 10/5 meV respectively. However, chemists can synthe-
size molecules with even higher dipole moments in the lab, which might
be used for functionalizing the TMDs with a stronger impact.

3. Perpendicular orientation of the molecules shows the highest red shift.
This can be understood in analogy to classical dipole field where the im-
pact is the strongest for this orientation as well.

Our studies show that the spectrum can be controlled easily by the configura-
tion of the attached molecules.

So far, we have only taken into account the intravalley processes within the op-
tically excited K valley. As we discussed earlier, TMDs exhibit other valleys in
their band structure which are energetically close to the K valley but separated
in momentum (indirect band gaps). In tungsten-based TMDs, momentum dark
states lie energetically below the bright states which motivated us to include
these states in our theory with the aim of activating them via the center of mass
momentum provided by the molecules.

High molecular density : Intervalley processes

The valley we want to discuss now is the Λ valley which is located at Q ≈
6 nm−1. To reach this point, we assume now very densely packed molecules
with inter-molecular distances of 1 nm which translates into a molecular density
of 1 nm−2. Interestingly, the mero/spiropyran molecules packed this dense tend
to self-aligned in a very ordered structure perpendicular to the surface as was
shown experimentally by Tsuboi et al [61].

So naturally we have the strong dipole moment molecules ordered in the highest-
impact perpendicular directions and packed dense enough. The open question
now was what happens to the overlap of the excitonic wave functions since
they are located in different valleys? Hypothetically - in a perfect parabolic dis-
persion - being in the same valley with such a high center of mass momentum
would lead to a vanishing coupling element due to vanishing overlap of wave
functions and very off-resonant energetic states.
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Figure 4.4: Activation of dark excitons. Excitonic absorption spectrum of pristine and
molecule-functionalized WS2 at 77K. Due to the efficient exciton-molecule coupling, an addi-
tional peak appears energetically below the bright exciton which can be ascribed to the dark KΛ
exciton. Figure taken from PAPER II.

Since excitons in the Λ valley are much heavier due to lower curvatures of the
band (mc

K = 0.36 and mc
Λ = 0.64 [41]) in tungsten-based TMDs, their wave

functions are different and, more importantly, their energies lie energetically
below the K valley.

Hence the Λ valley seems very promising and indeed we find that it can be
reached with the molecules efficiently. The findings are discussed in detail in
PAPER II. The most important outcome is that molecules can indeed activate
this dark states leading to an additional peak on the lower energy side of the
bright exciton resonance, see Figure 4.4.

This dark peak can be used as a clear on/off trace of the attached molecules and
with this the activation of dark excitons presents a new mechanism of detecting
molecules.

4.1.2 Molecule Sensing

Inspired by the activation of dark states via molecules, we started to study the
sensitivity and dependency of the dark peak towards external parameters such
as temperature and dielectric environment (determined by the substrate the
TMD layer is deposited on).
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Figure 4.5: Substrate and temperature dependence. (a) Absorption spectra for different sub-
strates including fused silica (ε = 2.13), silicon dioxide (ε = 3.9) and diamond (ε = 8.0) at 77 K.
For better comparison, the spectra are shifted to the main peak of silicon dioxide. The energetic
position of the dark peak can be controlled by the choice of substrate since the substrate-induced
screening has different impact on bright and dark excitons. (b) Absorption spectra for differ-
ent temperatures. While at lower temperatures a clearly visible additional peak due to dark
excitons can be observed in the absorption spectra, at room temperature only a shoulder can be
seen due to increases exciton-phonon scattering and hence broader lines. Taken from PAPER II.

Dielectric Environment As it is challenging to work with a freestanding mono-
layer of TMDs, the material is mostly deposited on a substrate. Common sub-
strate are silicon dioxide, diamond, sapphire or hBN. The dielectric constant
enters the Wannier equation, cf. Eq. (3.3), via the Rytova-Keldysh potential
[47, 48]. We see that the dielectric constant of the surrounding material influ-
ences the excitonic binding energy and hence the position in the spectra. More-
over, the effect on dark and bright exciton is different due to their different ex-
citonic masses. This means that we can tune the position of the dark and bright
exciton relative to each other via the substrate, see Figure 4.5(a). The purple
line corresponds to our standard substrate ε = 3.9. If the screening of the sub-
strate is weaker (yellow line), the dark peak shifts towards lower energy and
decreases in intensity, whereas for higher screening (red curve) the peak shifts
towards higher energies and can even shift to the energetic higher side of the
bright resonance.
We also took into account changes in the broadening of the peaks due to the
changed relative positions of the excitons. As the linewidth is inversely propor-
tional to the lifetime, it is a measure of how effective the scattering of excitons
towards other valleys takes place. Therefore, when the dark exciton is shifted
towards lower energies due to weak screening, scattering from the bright to
the dark states becomes more efficient, the lifetime shorter and the linewidth
broader. For higher screening, the dark states shifts towards higher energies,
which means that the bright state looses scattering efficiency and the peak gets
narrower. For details on scattering mechanisms and decay rates in TMDs see
Selig et al. [25, 34] Since high-dielectric materials tend to narrow the peaks [62–
64] they might be favorable for experimental setups.
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Temperature Dependence The temperature behavior of the bright peak is first
determined by the radiative part and then increases super-linear [34]. For the
dark peak, the linewidth is narrower as it has less scattering channels then the
bright one. We find a pronounced dark peak up to 150 K, see orange line in
Figure 4.5(b). For room temperature (yellow curve) the dark peak is only visible
as an low energy shoulder since the lines, both dark and bright, are too broad.
With this, we propose the best working condition for measuring the dark peak
at 77 K.

Perfect vs Realistic Conditions We have shown that by adding a layer of
dipole molecules to the TMD surface we can activate both inter- and intravalley
dark states. Especially the intervalley states with the Λ valley are of fundamen-
tal interest as they could be used for a novel sensing mechanism for molecules.
Our calculation reveal the best conditions for sensing for:

1. dipole moments d >10 Debye

2. dipole orientation perpendicular to the TMD surface

3. high molecular density n ≈ 1 nm−2 (set by the distance between K and Λ
valley in k-space)

4. temperature of 150 K or below (set by phonon-induced line broadening)

As these conditions restrict the application, we were looking for ideas to achieve
more realistic conditions. The studies so far investigate the optical absorption
spectra, i.e. the coherent limit. The idea is now to go one step beyond and also
take into account the incoherent limit, i.e. include exciton occupation of dark
and bright states to calculate photoluminescence spectra as we have discussed in
section 2.3.

4.1.3 Photoluminescence Spectra

Since the dark peak is energetically lower then the bright one, the idea of going
to the incoherent limit and including exciton densities is that the dark state is
strongly occupied by excitons. Due to its lower position in energy, we expect
the dark state to be favorable for the excitons to occupy.

The efficient transfer from polarizations to populations via phonons leads to
the formation of incoherent excitons on a sub-picosecond time scale [65]. The
following exciton thermalization driven by emission and absorption of acoustic
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Figure 4.6: Molecule induced photoluminescence. (a) Optical excitation induces a microscopic
polarization PK in the K valley. Due to exciton phonon interaction the polarization can decay
either within K or Λ valley. Incoherent excitons NKK and NKΛ are formed and thermalize until
a Bose distribution is reached. (b) Whereas bright excitons NKK decay radiatively by emitting
a photon (PL) the dark excitons at the Λ valley require a center of mass momentum to decay
back to the light cone and emit light. Molecules can provide this momentum and induce a
photoluminescence signal from the dark Λ valley. Figure taken from PAPER III.

and optical phonons results in a thermalized exciton distribution. Recent stud-
ies on exciton dynamics have shown that after thermalization the lower lying Λ
state is indeed the one with the highest occupation [25].

This can now be exploited by the molecules which enable a molecule-induced
photoluminescence (M-PL) from the dark state, see Figure 4.6. To implement
the occupation of states in our theory, in a first step we assume Bose distributed
excitons with

Nµ
Q =

[
exp

(
Eµ
Q − µchem

kBT

)
− 1

]−1

(4.7)

with Eµ
Q = εµ + ~2Q2

2Mµ , the Boltzmann constant kB and the chemical potential [32]

µchem = kBT ln
[
1− exp(− nex~22π

kBT3Mµ )
]
, where nex is the excitation density. Previous

studies have shown that this is a good approximation in steady-state PL [34].

We find that the dark state is much more pronounced in photoluminescence
then in absorption spectra, which was the main motivation for PAPER III, see
also Figure 4.7. Moreover, the intensity of the dark state can be further con-
trolled by the excitation density, the stronger it is the stronger is the signal from
the dark state. For the molecule characteristics (dipole moment, orientation,
density) we find the same behavior as in absorption. With this, we can exploit
the TMD-Bloch equations in the incoherent limit, cf. Eq. (2.14)-Eq. (2.17), and
calculate the PL response.

As the main goal of PAPER III was to get closer to realistic applications, we
carried out calculation on randomized molecular distributions as well. We find
that the peaks get broader but are still clearly visible. Moreover our studies
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Figure 4.7: Room-temperature conditions. (a) Room-temperature PL in logarithmic plot and
(b) first derivative of the PL in functionalized and pristine WS2 for different dipole moments.
The PL is normalized to the bright peak. We find that the visibility of the dark peak is in the
range of 3-9 % compared to the bright peak. The main limiting factor is the broad excitonic
linewidth at room temperature. Hence, we also show the derivative of the PL which shows
clear traces of the dark exciton at room temperature even for 13 D. Note that the spectra are
shifted along the y axes for better visibility. Figure taken from PAPER III.

suggest that densities in range from 0.25-1 nm−2 could activate the dark state.
The biggest accomplishment of the photoluminescence study was, however, the
much more pronounced signal of the dark peak even at higher temperatures.
With this, room temperature measurement seem more realistic, as can be seen
in Figure 4.7. Further optimization could be reached by achieving narrower
linewidths with cleaner samples and encapsulation with hBN.

Outlook: Functionalizing Nanomaterials Inspired by their low dimensional-
ity and sensitivity to their environment, we studied to what extent the optical
response of TMDs changes when adding external molecules to the surface. The
review article PAPER X summarizes approaches of functionalizing carbon nan-
otubes, graphene and TMDs with dipole molecules. They all show peak shifts
of the main resonances due to the coupling with molecules. However, TMDs
are unique in a sense of dark excitons which offer an additional peak activated
by molecules.

There are still many open questions and ideas to explore in order to bring TMDs
towards sensing of environmentally relevant molecules. In order to be more se-
lective to these molecules, anchor molecules for molecules of interest could be
used. Another possibility is to further investigate other molecule-TMD cou-
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pling mechanisms in combination with DFT calculations.

However, using molecules to activate dark states is a two-sided medal. On
the one side, it offers a great opportunity to externally tune the TMD and the
dark peak response. On the other side, however, the interaction with molecules
might be more difficult to achieve in experiments. Molecules might be coupled
covalently, change band structures, induce charge transfer or doping which all
would lead to additional peaks/shifts in the spectra and hence makes it difficult
to clearly trace back the origin of a new peak to the molecule activated dark
states.

Phonons offer a unique way of investigating dark peaks without adding any ex-
tra external unknown, as they are intrinsic to TMDs. Depending on the electron-
phonon coupling strengths, they might offer another possibility to activate dark
states which we will discuss in the next section.

4.2 Phonon-Assisted Relaxation

The elementary electron-phonon coupling gives rise to scattering within and be-
tween the valleys, dephasing processes and thereby it determines the linewidths
of peaks in the optical response. Depending on the excitonic landscape, TMDs
can exhibit different valley configurations and different scattering channels,
which will be reflected in the linewidth and hence it can be seen as an indi-
rect proof of dark states [34, 65].
In addition, if the electron-phonon coupling element between the different val-
leys is strong enough, it can lead to higher order optical recombination pro-
cesses, where an exciton decays into photon under simultaneous emission/
absorption of a phonon, and hence leads to phonon-assisted signals in the PL
spectra, see Fig. 4.8(b). This processes are especially pronounced at low tem-
peratures and for the energetically low dark states as excitons tend to occupy
these after thermalization. Previous studies [57] have shown that phonon as-
sisted low energy PL peaks of dark states appear at low temperatures, and
hence phonons offer an intrinsic way of activating dark states.
Due to their unique appearance, phonon assisted peaks, also known as phonon
sidebands, offer a possibility to distinguish them from other exciton/trion res-
onances, and especially at low temperatures it is important to include them in
our theory. We follow the approach developed by Brem et al. [57] to include the
phonon interaction and get access to phonon assisted PL.
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4.2.1 Phonon-TMD Interaction

To include the interactions with phonons, we extend the Hamiltonian with the
carrier-phonon interaction

Hc−phon =
∑

αk1k2λ1λ2s1s2

gαλ1λ2s1s2
k1k2

aλ1s1†
k1

aλ2s2
k2

(
bαk1−k2

+ bα†k2−k1

)
(4.8)

which has a very similar form to the molecule coupling from Eq. (4.1), but ad-
ditionally includes phonon operators bα. The phonon mode α includes both
transverse and longitudinal optical and acoustic phonons (TO,LO,TA,LA). For
the phonon dispersion in the free Hamiltonian, cf. Eq. (2.1), we include Γ,M, K
and Λ phonons and approximate their dispersion by a zeroth/first order Taylor
expansion around those high symmetry points. We follow the Debye model for
acoustic modes (first order) around the Γ point and the Einstein approximation
(zeroth order) for all other points and modes.
For the carrier-phonon coupling elements gαk , we use a deformation potential
approximation, suggested in Ref. [66] which reads

gαk ≈
√

~
2ρAΩαk

{
D
λ(1)
α k if α = ΓTA,ΓLA

D
λ(0)
α else

(4.9)

with ρ surface mass density of the TMD and D
λ(i)
α the zeroth or first order de-

formation potential taken from DFT calculations [66] as well as phonon disper-
sions. Now we can include this part in the total Hamiltonian and find both
scattering and dephasing processes. Due to scattering of the excitons within
the valley and between the valley, exciton lifetimes and linewidths change, for
a detailed study see Selig et al [34] and Brem et al. [65]. However, if we in-
clude the phonon interaction on a higher correlated level, we can even activate
momentum dark excitons via phonons.

4.2.2 Phonon-Assisted Photoluminescence

To get access to phonon-assisted PL, we included the carrier-phonon and the
free phonon Hamilton, and rewrite the equations of motions. While our key
quantity so far was the photon-assisted polarization 〈c†a†a〉, now we have to
also include the phonon-assisted polarization, i.e. 〈c†b(†)a†a〉.

So our new microscopic quantities are:

1. phonon-assisted polarization Uλ1s1λ2s2σα
k1k2qk

= 〈cσ†q bαkaλ1s1†
k1

aλ2s2
k2
〉
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Figure 4.8: Phonon-assisted Photoluminescence. (a) Low temperature PL spectra of WSe2 with
phonon-assisted PL peaks at energies between 1.65 and 1.70 eV. We can trace back these peaks
to phonon - assisted processes from the dark KK exciton (red vertical line) while the KΛ state
(vertical purple line) has only small impact on the PL. (b) Illustration of the exciton dispersion,
phonon scattering processes and the corresponding indirect PL.

2. exciton-phonon correlation Cλ1s1λ2s2λ3s3λ4s4α
k1k2k3k4q

= 〈aλ1s1†
k1

aλ2s2
k2

aλ3s3†
k3

aλ4s4
k4

bαq〉

The equations of motions for these quantities can be factorized within the clus-
ter expansion, however it is important here to include the higher order terms.
For details on the derivation, see the supplementary material in [57].
Finally, we can write for the phonon-assisted photoluminescence [57] for per-
pendicular emission

IPL(ω) ∝
∑

µ

|Mµ|2
(εµ0 − ω)2 + (γµ0 + Γµ0)2

(
γµ0N

µ
0 +

∑

νQα±

|Dµν
Qα|2ΓνQN

ν
Qη
±
α

(ενQ ± Ωα
Q − ω)2 + (ΓνQ)2

)
.

(4.10)
The first part corresponds to bright excitons µ =KK and resembles the well-
known Elliott formula [67] with peak position εµ and width given by radiative
(γµ) and non-radiative dephasing (Γµ) due to phonons. The oscillator strength
is determined by the optical matrix element, which reads |Mµ|2 =

∑
q |ϕµq|2Mq

with exciton wave functions ϕµq, and the original momentum-dependent optical
matrix element Mq [5].
The second part of (4.10) reflects the phonon-assisted activation of dark states.
The position of excitonic resonances in the PL spectrum is now determined
by the energy of the exciton ενQ and the energy of the involved phonon ±Ωα

Q,
see also Fig. 4.8(b). The sign corresponds to absorption (+) or emission (-) of
phonons. Since dark states can not decay radiatively, the peak width is only
determined by non-radiative dephasing processes Γν . The oscillator strength
of phonon-assisted peaks scales with the exciton-phonon scattering element
Dµν

Qα =
∑

qλ ϕ
µ∗
q g

λ
qQϕ

ν
q+αλQ

, for more details on the phonon-coupling elements
see previous work by Selig and Brem [25, 57].

Figure 4.8 shows the PL spectra of WSe2 at 35 K and in (b) illustrates the phonon-
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induced PL from the dark KK’(red) and KΛ (purple) states. We find that beside
the bright KK excitons direct PL signal at 1.743 eV, there are low energy emis-
sions which do not correspond to the location of KK’ and KΛ excitons (vertical
red and purple line). The energetic position of these peaks instead corresponds
to the excitonic energy± phonon energies of TA/LA and TO/LO modes, cf. the
peaks between 1.65 and 1.70 eV in the spectra.
A detailed derivation of phonon-assisted PL in our framework, discussion on
different TMDs, temperature behavior and experimental results can be found
in Ref. [57].
Phonons hence offer another possibility to activate dark states, however the
visibility is limited to low temperatures (< 100 K). Their understanding on a mi-
croscopic footing is crucial as the low temperature PL usually shows a variety
of peaks and this approach offers explanations to some of this peaks, and can
thereby bring some light into the darkness.

4.3 External Magnetic Fields

So far, we have only discussed momentum forbidden dark excitons. However,
spin-forbidden dark states lie energetically close or below the bright states in
some TMDs and can be tuned externally by magnetic fields. Our goal for the
next chapter is therefore to investigate the impact of an in-plane magnetic field
as another external knob to tune the exciton landscape.

Figure 4.9: Exciton dispersion and influence of a magnetic field. (a) Electronic band struc-
ture around the high-symmetry K,Λ,Γ points including spin-orbit coupling (solid/dashed lines
represent spin-up/down configurations). (b) Corresponding exciton picture with bright KK↑↑,
spin-dark KK↑↓ and momentum-dark KΛ↑↑, ΓK↑↑ as well as spin- and momentum-dark ΓK↑↓

excitons. Note that this is a schematic figure and the exact position of the corresponding valleys
depend on the TMD material. Taken from PAPER VII.

The spin–orbit coupling in TMDs gives rise to pronounced spin-splitting in both
conduction and valence bands which leads to spin-allowed (same spin for va-
lence and conduction band) and spin-dark (different spin) states. So far, we
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have only looked at spin-allowed excitons, where we considered both momen-
tum bright and dark. Now, we want to also include the spin-dark state and
discuss activation of those states via external magnetic fields.
Our studies are motivated by recent experiments [20], where signatures of spin-
dark excitons have been observed. For tungsten-based TMDs, a lower lying
peak arises in the presence of the magnetic field which can be well understood
by brightening of spin-forbidden KK↑↓, see Fig. 4.9. In MoS2, experiments show
an uprising, lower energy band in the presence of the magnetic field which is
not well understood yet. As the KK↑↓ in this material lies energetically very
close to the bright exciton, it can not be a possible candidate. We show that
spin-and momentum forbidden ΓK excitons might be the origin of these low
energy bands.
Our work sheds light on the interaction of the TMD with external magnetic
fields and shows brightening mechanisms for spin-forbidden and spin-and mo-
mentum forbidden states.

4.3.1 Magnetic Field - TMD Interaction

To include a magnetic field in our approach, we have to extend the Hamilton
with the carrier-magnetic field interaction

Hc−magn =
∑

s1,s2,λ1,λ2,k

gλ

2
µBBa

λ1s1†
k aλ2s2

k (4.11)

with in-plane magnetic field B, Bohr magneton µB = e~
2m

and g factors gλ. Since
we are interested in activation of dark states, we focus on an in-plane magnetic
field in one direction, i.e. B = (B,0,0). The impact of out-of-plane magnetic
fields has been discussed in literature [68–70], and the main effect is the well-
known Zeeman effect which leads to a splitting of the bands and hence energy
shifts in the spectra. Here we want to focus on in-plane magnetic fields as they
enable brightening of dark states by spin-mixing processes. Transforming the
Hamiltonian into the excitonic basis, it reads Hx-magn =

∑
Q,i,j G

ij µB
2
BX†iQX

j
Q,

with exciton operators Xj
Q and matrix element Gij .

The matrix elementGij =
(
gcijδshi ,shj − g

v
jiδsei ,sej

)∑
q ϕ

i
qϕ

j∗
q includes electrons (holes)

keeping their spins, while mixing of spins in the valence (conduction) band of
one valley takes place, i.e. gc(v)

ij = g
c(v)
ηi δηi,ηj(1− δse(h)

i ,s
e(h)
j

).
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4.3.2 Photoluminescence in Presence of a Magnetic Field

Including the carrier-magnetic field part in the Hamiltonian enables us to find
the equation of motions for the photon-assisted polarization 〈c†qXb

q〉which gives
access to the PL. Note that we have introduced exciton operatorsXq, see [71] for
more details. We can further simplify by performing a unitary transformation to
include the magnetic field into H0 and subsequently apply a cluster expansion
approach to account for phonon-assisted radiative recombinations, for details
see PAPER VII.

For a better understanding of the influence of the magnetic field, we disregard
first the impact of momentum-dark excitons and consider only the bright state
η = KK, i = ↑↑ and the spin-dark state η = KK, i = ↑↓ (denoted by D). Fur-
thermore, we consider the situation µBB � ∆η, where the energy difference
between spin-allowed and spin-dark states, ∆η, is large compared to the Zee-
man splitting.
With this, we can find an intuitive expression for the PL:

I ∝ ~ωIm

[
M2NB

εB − ~ω − iγB

+
M2
(

gµBB
2∆KK

)2
ND

εD − ~ω − iγD

]
(4.12)

The first term describes the direct PL contribution stemming from the bright
KK↑↑ exciton and resulting in a resonance at the energy εB. In addition, the
magnetic field appearing in the second term gives rise to a new resonance at
the position εD due to the activation of spin-dark excitons. Assuming that exci-
tons quickly thermalize, exciton densities can be approximated by equilibrium
Boltzmann distributions [25, 57].

We find a quadratic B-field dependence for the PL intensity ratio between the
dark and the bright state - in good agreement with experimental observations
[20, 72]. This reflects the prefactor (gµBB

2∆
)2 in (4.12). Here, TMD specific pa-

rameters, such as the energetic difference between the dark and bright state ∆
and the g factor, play an important role and can explain differences between the
TMDs.

So far, we have shown that in-plane magnetic fields can indeed activate spin-
forbidden dark states which agrees very well with experiments in tungsten-
based materials. Note that we focus on the energetically lowest 1s states and
neglect any orbital effects a magnetic field could have. Since magnetic bright-
ening occurs mainly at very low temperatures and therefore it is crucial to in-
clude phonons as well. Moreover, we want to investigate whether spin-and
momentum forbidden ΓK excitons might be the origin of the observed peaks in
MoS2.
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4.3.3 Appearance of Spin- and Momentum-Forbidden Excitons

Figure 4.10: Influence of a magnetic field on the PL spectra. Low temperature PL spectra from
experiment (upper, taken from Ref. [20]) and from our theoretical calculations (lower panel,
taken from PAPER VII). For better comparison, we show the difference PL spectra ∆PL, as in
the lower panel from the experiment. We find good agreement and clear differences between
the two materials which can be traced back to activation of different spin-forbidden states.

We combine now our findings from section 4.2 with the magnetic field, by in-
cluding both the magnetic field and phonons in the Hamiltonian. The trans-
formation into the magnetic field basis enables us to exploit the TMD Bloch
equations for phonon-assisted photoluminescence derived in Ref. [57] with the
modified optical matrix element M̃η

i → M̃µ and exciton energies ε̃ηi + ~2Q2

2mηi
→ ε̃µQ

with the compound index µ = η,i. We obtain a new expression for the photolu-
minescence

I(ω) ∝
∑

µ

|M̃µ|2
(ε̃µ0 − ω)2 + (γµ0 + Γµ0)2

[
γµ0N

µ
0 +

∑

νQ,ζ±

|D̃µν
ζQ|2N ν

Qη
±
ζQΓνQ

(ε̃νQ ± Ωζ
Q − ω)2 + (ΓνQ)2

]

(4.13)
which is analogue to Eq. (4.10).

The position of the new phonon-induced signatures in the PL is determined
by the energy of the exciton ε̃νQ and the energy of the involved phonon ±Ωζ

Q.
The exciton-phonon matrix element in the magnetic field basis reads Dη1lη2jζ

Q′ =
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∑
k,λ,n,i U

η1

nl

(
ϕη1∗
k gλQ′ζϕ

η2

k+ξλQ′

)
Uη2∗
ij with transformation matricesUη1(η2)∗

nl(ij) , see PA-
PER VII for the definition.

Figure 4.10 shows the PL spectra from experiments [20] in the upper panel and
our theoretically calculated in the lower panel. We show the difference spectra
∆PL to get better access to the impact of the magnetic field. For WSe2, we find
a new peak at the location of the KK↑↓ exciton, which is in good agreement with
experiments. The peak splitting observed in the experiment might stem from
exchange interaction [73] which we did not include in our study.
For MoS2 on the other side, we find (i) a peak at the location of the KK↑↓ which
is energetically very close to the spin-allowed KK↑↑ exciton, and (ii) broad peaks
50-100 meV the bright exciton which we can trace back to phonon-assisted PL
from ΓK excitons. Note that, since they are phonon-assisted, they do not ap-
pear at the location of the ΓK excitons (vertical turquoise lines) but shifted by
phonon energies. Our results can explain the experiment well and shed light on
brightening mechanisms of spin-dark excitons. Moreover, we find activation of
spin-momentum dark excitons in MoS2 and offer thereby an explanation for the
experimentally observed broad, low energy tails in this material.

Summary In this chapter, we have introduced several mechanisms to activate
dark states: (i) while momentum forbidden excitons can be activated by mo-
lecules or phonons, (ii) spin-forbidden excitons can be activated by external
magnetic fields. In the PL, new peaks arise energetically below the bright ex-
citons. While the spectra are clear and the new peaks easy traceable in theory,
in experiments it might be more difficult to clearly identify new peaks as dark
excitons. The low temperature low energy range might show traces of other
peaks such as trions, biexcitons, impurities, or localized excitons. Therefore, in
the next chapter, we will investigate strain as a possibility to further tune the
position of dark states, with the goal of unambiguously track them in PL.
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5
Excitons under Strain

The previous chapter of this thesis was focused on the activation of dark states
via molecules/phonons/magnetic fields as a direct proof of dark states in the
optical spectra in form of new peaks. However, dark states leave also indirect
signatures in the optical spectra by influencing the lifetime of the bright exci-
tons by providing additional scattering channels.
If we could tune the relative position of dark states, the scattering processes
would change leading to changes in the lifetime. Recent experiments have
shown that strain can be used as such a tool, i.e. TMDs show significant changes
in the linewidth and shifts of the optical resonance under strain [74]. In this part
of the thesis, we try to shed light on the underlying microscopic processes when
straining the TMD, i.e. we try to answer the following questions:

1. What is the origin of the shift in the optical spectra?

2. Why is the linewidth changing differently for different TMDs?

3. Do all valleys shift in the same way?

To answer these questions, we start with an analytic approach to strain defor-
mations in the lattice structure and identify which parts excitons play in the
strained case. After, we will include also DFT calculations to get access to quan-
titative band gap changes in the whole Brillouin zone and study the influence
on the optical response in form of linewidth changes and spectral shifts.
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5.1. INFLUENCE OF STRAIN ON ELECTRONIC AND EXCITONIC
PROPERTIES

Figure 5.1: Effects of strain. Upper panel: geometric changes in real space lattice and lower
panel: changes in the orbital functions. (a) The upper panel shows the hexagonal lattice in
real space and the corresponding Brillouin zone in momentum space in the unstrained case.
The lower represents corresponding orbital functions and their overlap. (b) In the presence of
tensile bi-axial strain, atoms are uniformly moved apart. Hence, the hexagonal lattice structure
remains symmetric. In momentum space, the BZ decreases. Due to larger distances between
the atoms, the orbital overlap is reduced.(c) Tensile uni-axial strain, i.e. strain only along one
direction (here x), and hence the hexagonal structure becomes anti-symmetric both in real and
momentum space. Besides the reduced orbital overlap, the orbital functions become elliptic.
Figure taken from PAPER IV.

5.1 Influence of Strain on Electronic and Excitonic
Properties

To understand the effect of strain on the optical response, we start from an in-
tuitive point of view: when stretching the system, the atoms will move further
away from each other. This can happen either in a uniformly way (same in x and
y directions), which is known as bi-axial strain, see also middle panel in Figure
5.1, or the strain can be applied only in one directions, i.e. uni-axial strain cor-
responding to the right panel in Figure 5.1. Besides this pure geometric effect,
i.e. a change in the lattice constant

astrain = a0 · (1±
strain[%]

100%
) (5.1)

where + is for tensile and - compressive strain, the orbitals of the atoms and their
overlap change. This implies changes in the hopping integrals which influence
the band gap and effective mass, see Eq. (2.11).

The electronic band gap Egap = 1
2

∑
λ

(
Hλ
ii −Hλ

jj

)
is determined by the on-site
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CHAPTER 5. EXCITONS UNDER STRAIN

energies Hλ
ii. Furthermore, the nearest-neighbor hopping integral reads Hλ

ij =
tλe(k) = tλ

∑
α e
−ikbα with tλ = 〈φλi (r−Ri)|H|φλj (r−Rj)〉 and the nearest-

neighbor connecting vectors bα. To obtain this expression, we have exploited
the symmetry of the lattice and neglected the overlap of orbital functions of
neighboring sites, i.e. Sij = 〈φλi |φλj 〉 = δij . To take changes due to strain
into account, we model the orbitals with hydrogen like atomic orbitals φj(r) ∝
Nj exp

− r−SRj
σj with width σj . Since we are not interested in the exact form of the

orbitals but rather the changes due to strain, this approach is a good first ap-
proximation. We allow the width to change with strain and find a self-consistent
solution by benchmarking the theory to experimentally observed strain-induced
shifts in optical spectra. Note that the reported shifts ∆E include both electronic
(Egap) and excitonic (Eb

exc) effects, and our framework can now be used to dif-
ferentiate those two effects. Therefore, we have self-consistently calculated both
electronic and excitonic effects, and have used the reported values above as a
boundary condition for the total shift.

We find that the shift in the optical spectra is mainly determined by electronic
changes, see Figure 5.2. Taking only the electronic changes into account, we
see that the pristine peak (black solid line) is shifted towards lower energies
(gray dashed line). If we now include the excitonic effects as well, the peak
shifts a little towards higher energies (orange curve). However, the back shift of
the excitons is rather small which can be explained by the small changes in the
effective masses due to strain.

PAPER IV discusses in detail the changes of excitonic binding energies and wave
functions due to strain. It is worth noting that we found a softening of optical
selection rules in case of uni-axial strain since the symmetry is broken when
straining only in one direction. The main message to take home from this paper
is that the excitonic binding energies are rather stable under strain and change
only by 5-10 meV per percent of strain which is, compared to the shift of 100
meV of the electronic structure, comparatively small.

So far, we only included the bright K valley for our investigations. However,
having in mind the dark excitons and their importance for the lifetime, we in-
clude now the effect of strain on dark excitons.

5.2 Dark and Bright States under Strain

The approach we used so far to describe the electronic structure, namely assum-
ing hydrogen-like orbitals, is insufficient when including the dark states. The
reason for that is that K and Λ valley are formed by different orbital functions
and DFT studies have revealed different behavior for different valleys when
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5.2. DARK AND BRIGHT STATES UNDER STRAIN

Figure 5.2: Effects of strain on optical and electronic properties. (a) Excitonic absorption spec-
tra of unstrained (black) and uni-axially strained tungsten diselenide (WSe2) as exemplary TMD
material at 3 % strain. The observed red-shift stems from (i) a decrease in the orbital overlap
giving rise to a reduced band gap (Egap) and hence a red-shift (dashed gray line) and (ii) the
geometric effect leading to a decrease in the effective masses, which results in weaker bound
excitons (Ebexc) and hence a blue-shift of the unstrained peak. The inset shows the resulting en-
ergy shift ∆E as a function of strain both with (orange) and without (gray dashed) taking into
account excitonic effects. Figure taken from PAPER IV.

strained [52, 62]. This is why we worked with DFT to include strain in the full
band structure. The results are discussed in detail in PAPER XIII, especially with
regard to linewidth changes. Surprisingly, we find that the K and Λ valley shift
in opposite directions when applying strain, see Figure 5.3. We find changes in
the relative dark-bright separation of 150-200 meV per percent of applied strain.

This crucially influences the linewidth of the TMD due to changes in possible
scattering channels. In Figure 5.3 we see that in WSe2 the linewidth decreases
by 20 meV when applying 1% of tensile strain. Since the linewidth in WSe2 is
predominantly defined by scattering to the energetically lower KΛ valley, when
applying tensile strain this dark states shifts up in energy and the KK excitons
loose a scattering partner, resulting in longer lifetimes and narrower lines.

The calculation are in good agreement with recent experimental data [74] which
investigated the linewidth changes in different TMD materials. Depending on
the relative positions of the valleys, the linewidth can increase (MoS2), decrease
(WSe2, MoSe2) or stay constant (WS2) when applying tensile strain. The details
are discussed in PAPER XIII.

The agreement with the experiment regarding both the trends and the order
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Figure 5.3: Linewidth behavior with strain. Excitonic absorption spectra with 1 % strain (blue)
and without strain (black). The position of the peaks in the absorption spectrum is fixed to
0 meV. The values shown correspond to experimental and theoretical linewidth broadening.
The broadening can be understood by looking at the excitonic dispersion, right panel. When
tensile strain is applied, the dark Λ valley shifts up in energy and hence the bright exciton loses
scattering channels, hence its lifetime gets longer and the lines narrower.

of magnitude seems to underline the validity of both the DFT results and our
microscopic approach.

5.3 Exploiting Dark Excitons for Strain Sensing

This motivated us to combine the activation of dark states (here due to mo-
lecules, cf. Chapter 4.1 of this thesis) with strain. We calculated the optical
response of WS2 with an activated dark state, see gray line in Figure 5.4 . Note
that the activation does not necessarily rely on molecules but can also be due to
phonons or disorder or in general any mechanism providing a center of mass
momentum to the system.

Once the dark peak is activated, it appears in the spectrum on the lower energy
side. If we now apply strain to the system, we observe a shift and a change
in intensity. The amount of strain implying this changes is only 0.05% which
suggests TMDs a good candidates for strain sensing devices. Our calculation
reveal a change of the dark-bright splitting by±190 meV per percent of applied
strain. Moreover, in the investigated range of small strain, our calculation reveal
that the shifts are linear with strain.

PAPER V presents studies on the visibility of dark and bright peak with strain
and we defined an optical gauge factor as measurement for the sensitivity of
the sensor. This quantity gives the changes in the optical response, i.e. ratio
between dark and bright peak, due to the mechanical deformation. We find
optical gauge factors in the range of 1000 which is huge compared to reported
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5.3. EXPLOITING DARK EXCITONS FOR STRAIN SENSING

Figure 5.4: Dark excitons for strain sensing. PL spectra for WS2 including bright resonance
at 2.0 eV and activated dark resonance at 1.95 eV in the unstrained case (gray line). Applying
0.05 % tensile (compressive) strain leads to blue (red) shift and strong decrease (increase) in PL
intensity of the dark peak. Figure taken from PAPER V.

values for TMDs in literature so far [75, 76].

Towards Real Devices

However, there are still challenges if one is aiming towards possible real-life
applications. Beside a possible usage in lab setups to measure small amounts of
strain due to pressure changes, TMDs might be used as parts of health monitor-
ing devices in form of wrist bands or similar since they are transparent and very
flexible [75]. In order to use the dark exciton in this devices, the TMDs might be
put to a substrate which transfers only a certain amount of mechanical strain to
the TMD. In this way, the response sensitivity of the TMD could be tuned with
the idea to get only a clear on/off signal from the dark peak as a response to
strain. Moreover, compressive strain might be challenging to achieve in experi-
ments without buckling the TMD.
The biggest limitation for optical devices is however given by the broadening of
the lines. Since TMDs are atomically thin, they are very sensitive to impurities
or disorder which naturally appear within the production process. Most kinds
of disorder offer additionally scattering channels and hence lead to a broaden-
ing of the lines.
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6
Exciton Localization

As we have shown in this thesis so far, the TMDs sensitivity to the environment
can be exploited by functionalizing them with molecules or by applying strain
leading to huge changes in their optical response.
However, unintended impurities such as foreign atoms or disorder can also
have a negative effect on the optical spectra, reflected in line broadening and
emergence of “random” peaks in the optical spectrum. This is why typically
a lot of effort is taken to make the samples as clean and perfect as possible.
One common way of achieving this is to encapsulate the TMD layer by hBN
which minimizes the disorder and results in very narrow lines, see Figure 6.1.
Interestingly, at low temperatures (Figure 6.1(b)) there seems to appear peaks
with very narrow lines and high intensity in the tungsten-based materials (blue
and orange lines). Their linewidth is in the range of µeV which means that
they possess an enormously long lifetime [77]. Moreover, recent experiments
reported single photon emission from these states [30, 78–81].

Our goal is to understand the origin of the localized states in order to tailor
the optical properties. This could be done either by chemical or physical ad-
sorption of defect atoms, or by building a nano-structured substrate inducing
trapping potentials to the TMD, in order to investigate the potential for novel
nanoscale device applications, e.g. single-photon emitters and quantum opto-
nanomechanics devices.

Presently, there are only speculations on the underlying many-particle mecha-
nisms and the localized states appear more or less uncontrolled in the exper-
imental setup. Hence, the goal of this project is to gain insights into the for-
mation and dynamics of these localized states in order to control and tailor the
optical properties.

A localized state means that the movement of the carriers is not free anymore.
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Figure 6.1: Effect of encapsulation. Photoluminescence spectra of different TMDs for (a) 300K
and (b) 4K. Whereas at room temperature the encapsulation with hBN leads only to a line broad-
ening in the spectra, at low temperatures encapsulation allows characterization of new, very
narrow lines in the tungsten based materials described to as localized states. Figure taken from
[77].

The localization of carriers can appear in different ways, Figure 6.2, where either
the electron, the hole or the correlated electron-hole pair is trapped by a poten-
tial. In the electronic picture, this can be understood as additional states within
the free-particle bandgap, which is also supported by different DFT studies on
TMDs with defects [82–84].

The appearance of the different localized states strongly depends on the exper-
imental setup and the induced trapping potential. Trapping can, for example
appear due to local strain, due to impurities in the TMDs or at the edges of the
TMD sample.

Different Approaches

In order to include localized excitons in our microscopic theory, we propose two
different approaches:

1. Localization due to quantization of the center of mass movement

2. Localization due to an impurity potential, i.e. potential well

The first one is more empirical by starting in the excitonic picture and assuming
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CHAPTER 6. EXCITON LOCALIZATION

Figure 6.2: Formation of localized states. While free carriers show a parabolic energy disper-
sion, localized states are represented by mid gap states without a dispersion. The localization
of carriers can appear in different ways where either (I) the electron, (II) the hole or (III) the
correlated electron-hole pair is trapped by a potential.

a restriction for the center of mass momentum, whereas the second approach
is more fundamental, by starting in the electron-hole picture and enabling a
deeper understanding of the formation of these localized states.
Both approaches can shed light on interesting properties, while the first one
gives direct access to PL and energies, the second one is useful for calculating
scattering rates.
One can find impurity dependent scattering rates which enables us to calculate
capture rates and dynamics. In particular, this will shed light on the formation
of localized excitons which are in this picture described by a combination of
free/impurity-trapped carriers. However, the second approach requires DFT
input for overlapping wave functions. Therefore we decided to follow the first
approach as we are mainly interested in understanding the optical response.

We will first introduce the approach of quantizing the center of mass motion in
more detail which gives us access to eigenenergies and wavefunctions. With
this, we can transform the photoluminescene equation to the localized exci-
ton basis and investigate temperature and disorder-dependent PL signatures
of both bright and dark localized excitons.

6.1 Quantization of Center of Mass Motion

As we discussed in chapter 3, an exciton is a correlated electron-hole pair and
can be described by a center of mass momentum Q and relative momentum q.
The relative momentum q can be projected in the excitonic eigenenergies and
wavefunctions by solving the Wannier equation, a Schrödinger-like eigenvalue
problem. Hence the movement of the free electron is now fully determined
by its center of mass momentum Q, eigenfunction ϕµ, and its kinetic energy,
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6.1. QUANTIZATION OF CENTER OF MASS MOTION

Q
0

localized
excitons

localized
excitons

KK

K

Figure 6.3: Excitonic dispersion with localized states. Illustration of excitonic dispersion, in-
cluding free excitons with a parabolic dispersion as well as quantized localized excitons. Both
KK and KΛ can be trapped, resulting in different energies of the corresponding localized states.

described simply by a parabolic Q dependency, with the curvature given by the
exciton mass

Eµ(Q) = εµ +
~2Q2

2Mµ

. (6.1)

Here, the index µ can include both bright KK and dark KΛ and KK’ excitons.
Those free excitons can now be trapped by local potentials which we model
using an additional trapping Hamiltonian, based on a Gaussian disorder po-
tential. This potential leads to a quantization of the center of mass momentum
[64] and we find a Schrödinger-like eigenvalue problem

(
εµ +

~2Q2

2Mµ

)
χµnQ −

∑

Q′

V µ
Q−Q′χ

µn
Q′ = εµnχ

µxn
Q (6.2)

with the Fourier transformed disorder potential

V µ
Q−Q′ = V0

σ2

4 ln 2
exp

(−(Q−Q′)2 σ2

16 ln 2

)
ϕµ∗Q ϕ

µ
Q−Q′ , (6.3)

including the form factor ϕµ∗Q ϕ
µ
Q−Q′ stemming from the change into free exciton

basis. Note that σ corresponds to the full width of the potential in real space,
which we haven chosen for better comparison to experimental results. This
results in a series of localized states which lie energetically below the free exci-
tons. Depending on the depth and width of the trapping potential, the series of
localized states changes. Figure 6.4 shows binding energies and wave functions
for a fixed depth, V0 = 40 meV, and varying disorder width. We find that the
broader the disorder potential the deeper the states and the narrower the wave
functions. Note that the potential needs a certain width σ larger then the exciton
radius, otherwise the potential is too narrow to trap the excitons, see the yellow
curves in Fig. 6.4 which resembles free, not trapped, states.
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CHAPTER 6. EXCITON LOCALIZATION

Figure 6.4: Characteristics of localized excitons. Disorder-width dependent (a) binding en-
ergies and (b) 1s wavefunctions of localized excitons. The broader the disorder potential, the
more localized states exist and the stronger is their binding energies. Taken from PAPER VI

As we now have access to both free and localized eigenenergies and wave func-
tions, in the next step the optical response can be calculated. Moreover, this
enables the calculation of exciton dynamics and relaxation, including bright,
dark and localized states.

6.2 Photoluminescence of Localized Excitons

By transforming the disorder potential into momentum space, we found that it
leads to a quantization of the exciton center-of-mass momentum, i.e. excitons
cannot move freely anymore. Now, we project the phonon-assisted polariza-
tion into a localized excitonic basis with SµQ(t) =

∑
n χ

µn
Q Sµn(t), with χµnQ as the

localized excitonic wavefunctions. Note that all types of free excitons includ-
ing bright KK or momentum-dark intervalley KΛ and KK’ excitons [28] can be
localized in a disorder potential, each with the localization quantum number
n = 1s, 2s, ... . The center-of-mass localization approach leading to new states
below the free excitons is consistent with the observed mid-bandgap states in
the electron-hole picture in density functional theory studies on defects [82–84].
With this, we can exploit the TMD Bloch equations for phonon-assisted pho-
toluminescence derived in the previous chapters, transfer the PL equation to
the localized exciton basis and obtain the PL intensity IbPL for localized states
belonging to the bright exciton X :

IbPL(ω) ∝
∑

n

|Mbn|2γbnNbn

(εbn − ω)2 + (γbn + Γbn)2
. (6.4)
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6.2. PHOTOLUMINESCENCE OF LOCALIZED EXCITONS

Here, we use the index b for the bright KK excitons within the light cone and n
for the quantum number of the localized state. In a similar manner, we find for
the dark states: [57]:

IdPL(ω) ∝
∑

νn
µm
Q,α±

Ωνn(ω)
|Dνnµm

Qα |2ΓµmNµmη±α
(εµm ± Ωα

Q − ω)2 + (Γµm)2
. (6.5)

Eq. (6.4) resembles the well-known Elliott formula [67] with peak position εbn
and width given by radiative (γbn) and non-radiative dephasing (Γb,n) due to
phonons. The oscillator strength is determined by the optical matrix element,
which reads in the new basis |Mbn|2 = |χnQ=0|2

∑
q |ϕq|2Mq with localized and

free exciton wave functions χ and ϕ, respectively, as well as the original mo-
mentum dependent optical matrix element Mq [5]. The condition Q = 0 assures
that only bright excitons within the light cone withQ = 0 are visible. In the limit
of no localized excitons, we find |χnQ=0|2 = 1, which results in the free-exciton
photoluminescence formula [57]. Eq. (6.5) reflects the dark localized states, and
we have introduced the abbreviation Ωνn(ω) = |Mνn|2

(ενn−ω)2+(γνn+Γνn)2 . The position
of excitonic resonances in the PL spectrum is now determined by the energy of
the exciton εµm and the energy of the involved phonon ±Ωα

Q. The sign corre-
sponds to absorption (+) or emission (-) of phonons. Since dark states can not
decay radiatively, the peak width is only determined by non-radiative dephas-
ing processes Γµn. The oscillator strength of phonon-assisted peaks scales with
the exciton-phonon scattering element |Dνnµm

Qα |2 =
∑

Q′ χ
νn∗
Q′+Qg

νµ
Q χ

µm
Q′ , where gνµQ

is the exciton-phonon coupling element including free exciton wavefunctions
[25, 57].

Figure 6.5: Low temperature PL of Localized Excitons. PL at 4K for a fixed disorder potential
with σ = 30 nm and V0 = 40 meV. Note that the spectra are shifted in energy so that the bright
X exciton is located at 0 meV. We observe a variety of new disorder-induced peaks below the
bright exciton includingXLoc and phonon-side bands of the momentum-dark localized excitons
XD

Loc. Taken from PAPER VI
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CHAPTER 6. EXCITON LOCALIZATION

Figure 6.5 shows the PL at 4K for a fixed disorder, and we observe a variety
of peaks at low temperatures, which we can microscopically ascribe to: (i) the
bright KK exciton X , (ii) the localized KK exciton XLoc (located about 40 meV
below the X resonance), (iii) a series of peaks around 100-130 meV below the
X resonance reflecting phonon-assisted PL from dark localized states X

D1,2

Loc
(D1,2 = KΛ,KK′). In particular, we predict pronounced phonon side bands
from the energetically lowest KK’ exciton involving TO/LO phonons (around
130 meV) and TA/LA phonons (around 115 meV). Our findings support the
hypothesis of recent experimental findings, predicting photoluminescence res-
onances stemming from dark localized excitons [85, 86].

For the linewidths of the localized peaks, the radiative part is determined by
the wavefunction overlap and we find γ0 ≈ 0.5 − 1.0 meV, which is in good
agreement with the experimental obtained value of 0.9 meV [86].

A strength of our approach is now to use it as a toy model to see to what extend
the spectra will change by externally accessible knobs, such as temperature and
disorder dimensions. The crucial quantity here to the PL intensity of the differ-
ent peaks is the exciton occupation.

The occupation Nµm is determined by the capture rate of excitons into the con-
sidered disorder potential. The capture process has been treated microscop-
ically, taking into account exciton-phonon scattering processes between free
and localized excitonic states within the second-order Born-Markov approxima-
tion [87] and applying the basis of orthogonal plane waves for localized states
[88, 89]. More details can be found in the supplementary material from PAPER
VI.

6.3 Disorder Induced Control of Photoluminescence

Figure 6.6 illustrates the different relaxation and capture processes which will
crucially influence the dynamics and hence photoluminescenes of the localized
excitons and which we will investigate in the next section. The question we are
trying to answer is whether free KK excitons are trapped first in the potential
and get transformed into bright localized excitons? Or do they scatter first into
one of the dark valleys and get trapped from there to dark localized excitons?

Depending on the timescale of phonon-relaxation within the free exciton states
compared to the capture processes, the PL spectra might look very different.

We find that the capture of excitons is most likely to happen in the energetically
closest localized state. Capture in energetically lower lying states appears on
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6.3. DISORDER INDUCED CONTROL OF PHOTOLUMINESCENCE

Figure 6.6: Relaxation and capture processes. Phonon-driven relaxation and capture processes
involving both bright X and momentum-dark XD excitons as well as their localized states
XLoc and XD

Loc, respectively. We include phonon-assisted intervalley scattering, capture and
relaxation of excitons as well as direct and phonon-assisted photoluminescence. Taken from
PAPER VI

a much slower timescale and is hence negligible. Furthermore, the relaxation
dynamics within the localized states happen on a much faster timescale than
capture processes, i.e. excitons decay almost immediately from any ns state to
the lowest 1s state. Hence, it is critical that we take into account the localized 1s
states for the calculation of the optical response.

A detailed analysis of temperature and disorder control of the PL can be found
in PAPER VI, here we want to give a short summary of the main findings on:

Temperature dependence. Since both capture- and intervalley processes in-
volve phonons, we observe an interplay between those two processes. We find
that below 20 K, excitons are more likely to get captured then to scatter to other
valleys, while above 20 K they prefer to scatter first to other valleys and then get
captured. For the PL, this means that the bright XLoc peak will decrease with
temperature as it becomes unlikely to be occupied. The dark localized states are
more stable with temperature as they are the energetically lowest and in steady
state excitons will always end up there, but they show the usual linewidth
increase with temperature due to increasing phonon-scattering and hence the
peaks smear out above 100 K, in agreement with experimental findings [86, 90].

Disorder dependence. As we have seen in Figure 6.4, the binding energies
and wave functions of localized excitons change with disorder width. Keep-

52



CHAPTER 6. EXCITON LOCALIZATION

ing this in mind, we find that the PL peaks of both bright and dark XLoc shift
towards lower energies with increasing disorder width. While the dark peaks
show no big changes in oscillator strength, the bright peaks increase due to
more efficient capture processes. The width can hence be used to tune the ap-
pearance, position and relative intensity of bright and dark interlayer states.

Summary. In this chapter, we have developed a microscopic approach to de-
scribe trapping processes of excitons in atomically thin 2D materials. After cal-
culating wavefunctions and energies of localized excitons, which depend on the
characteristics of the disorder potential, we were able to determine the optical
response. We find a variety of peaks below the bright exciton, stemming from
both bright and dark localized states. The predicted signatures are strongly sen-
sitive to temperature and disorder potential. Our findings might help to design
tailored trapping potentials, for example in form of arrays, pillars, local strain
potentials or local molecular potentials, to locally induce changes in the band
structure and hence navigate excitons to certain areas.
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7
Interlayer excitons

So far, we have investigated only monolayers of TMD and to what extend ex-
citons can be tuned via strain, molecules, magnetic fields, phonons, or local
potentials. Now, we want to extend our approach to heterostructures, in par-
ticular a TMD/molecule heterostructure to answer whether or not interlayer
excitons can appear, and how we can control them.
In the last years, the vertical stacking of different two-dimensional materials
to obtain novel van der Waals heterostructures with tailored properties has be-
come a realizable achievement. Especially combining different TMDs has been
very promising as their large surface-to-volume ratio makes them perfect can-
didates for vertical stacking with other 2D materials [91–93]. As we have dis-
cussed in Chapter II, the strong Coulomb interaction [15, 16, 94] leads to a vari-
ety of bright and dark excitons in these materials [3, 23, 95, 96]. In addition, the
stacking of different kinds of TMD materials as both homo- and hetero bilay-
ers has revealed strong interlayer coupling and signatures of interlayer excitons
in the optical response [97–101]. Carriers can transfer between the two layers
and form both intra- and interlayer excitons, i.e. either both carrier in the same
layer or in different layers. The formation of interlayer excitons is especially
interesting in these materials as they can lie energetically below the intralayer
excitons due to the type II band alignment. However, the interlayer signatures
in TMD/TMD systems are only visible at very low temperatures which makes
it challenging to use them for technological relevant applications.
Recent experiments on TMD/organic molecule heterostructures have revealed
room temperature PL from interlayer excitons, see Fig. 7.1. Motivated by these
findings, the goal is to model the interaction between a monolayer of TMD and
a second layer of a molecular film, forming a van der Waals heterostructure.
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Figure 7.1: Experimentally observed Interlayer Excitons at Room temperature A new peak
arises at around 1.7 eV due to interlayer charge transfer between TMD and molecule layers.
Figure taken from Ref. [102].

7.1 Organic/Inorganic Heterostructures

To overcome the low temperature limitation of interlayer PL in conventional
TMD heterostructures, organic/inorganic heterostructures could be a solution,
i.e. stacking a thin layer of organic molecules on a layer of TMDs [102–104].
Especially tetra- and pentacene molecules have come into focus due to a similar
band gap as the TMD materials [105] and potential for solar cells or photode-
tectors due to their light-emitting and harvesting properties [106–108]. Similar
to TMD/TMD heterostructures, excitons play an important role: after optical
excitation of an electron in the TMD layer, efficient charge transfer enables the
remaining hole to tunnel from the TMD to the tetracene layer while still being
attracted to the electron in the TMD. This spatially separated electron-hole pair
is what we will call a bright interlayer exciton (also known as charge transfer or
hybrid exciton in literature). If the electron further relaxes in one of the lower
laying dark states within the TMD, this leads to the formation of dark interlayer
excitons. Figure 7.2 shows the electronic and excitonic structure, respectively.
For the TMD, we assume as in the previous chapters the momentum direct KK
excitons and momentum indirect KΛ and KK’ excitons. We do not consider any
spin-dark excitons here as we do not assume any spin transfer processes due
to the molecules. For the molecule, we assume only two states, h and l, corre-
sponding to highest occupied and lowest unoccupied states. As we showed in
the previous chapters for monolayer TMD, dark excitons in monolayers can be
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Figure 7.2: Excitonic dispersion and appearance of interlayer excitons. (a) Electronic disper-
sion of TMDs around the high symmetry K and Λ (K’) points and of molecules, consisting of
HOMO (h) and LUMO (l) states. (b) Excitonic dispersion with intra- and interlayer states. We
assume an optical pulse exciting bright KK excitons in the TMD layer. Figure adopted from
PAPER VIII.

activated via high-dipole molecules (PAPER I - PAPER III) or phonons [57, 109–
112]. However, dark interlayer excitons have not been discussed in literature yet
and our goal is hence to describe these states on a microscopic footing.

7.2 Origin of Bright and Dark Interlayer Excitons

To describe the TMD/Tetracene (Tc) heterostructure on a microscopic level, we
need to include the molecule layer into our approach. In particular, we need
to include it in the free part of the Hamiltonian to calculate the energies and
wave functions of the interlayer excitons. The dispersion of tetracene mole-
cules as a thin crystalline film shows, similar to TMDs, a parabolic structure
around symmetry points in both the valence and conduction band. Note that
the conduction band is better known in literature as the lowest unoccupied state
(LUMO) and the valence band as the highest occupied state (HOMO). The effec-
tive mass of both bands is, however, large compared to the TMDs effective mass
[103, 113, 114], and we will assume the molecular states to have a quasi-flat dis-
persion, see Figure 7.2. We will call the conduction state l and the valence state
h. Following Zhu et al. [102], we take for the energetic position of the molecule
El = −2.4 eV and Eh = −5.4 eV. For the TMD we use Ec,K = −3.4 eV and
Ev,K = −5.8 eV which results in a type II heterostructure, see also Fig. 7.2.
To calculate the excitonic binding energy, we have to solve the Wannier equa-
tion, i.e. Eq. (3.3), in the interlayer case, reading:

~2q2

2mµ

ϕµq −
∑

q′

V µ
q−q′ϕ

µ
q′ = εµϕ

µ
q . (7.1)
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Note that the index µ can include both intralayer µ=(KK,KΛ,KK’,hl) and in-
terlayer states µ=(hK,hΛ,hK’,Kl) where we use the notation (hole,electron). The
state hK for example corresponds to the hole located in the h state of the molecule
and the electron in the K valley of the TMD, see also Figure 7.2.
We use an effective 2D Coulomb potential V µ

k =
e20

kε0εµ(k)
with dielectric function

εµ(k), depending on the screening of the two layers, the screening of the sur-
rounding and thickness of and between the layers [115].

Table 7.1: Energy Landscape and screening parameters. Electronic band gap energies Egµ (in
eV, from [41, 102]), calculated exciton binding energies Ebµ (meV) and spectral position Eµ (eV)
for intra- and interlayer excitons. Screening parameters for dielectric environment ε (from [116–
118]) and thickness d (in nm, from [104, 116]) and electronic masses (in m0, from [41, 119])

energies for state µ
KK hK hK’ hΛ Kl hl

Eg
µ 2.4 2.0 1.97 2.03 3.4 3.0

Eb
µ 173 150 158 173 156 450

Eµ 2.0 1.63 1.59 1.60 2.99 2.3
screening parameters

εTMD εTc εsur dTMD dTc dTMD-Tc

13.61 3.69 2.45 0.61 1.1 0.3
electronic masses

mc
K mc

Λ mc
K′ mv

K mh ml

0.27 0.64 0.36 0.36 3.0 6.7

The screening for the TMD εTMD and the tetracene εTc, the thickness of the TMD
dTMD and tetracene dTc and the distance between TMD and tetracene dTMD-Tc are
taken from DFT and are summarized in table 7.1.
Figure 7.3 shows the binding energies and wave functions of bright interlayer
excitons for different dielectric substrates. The overall bindings energies are
in a similar range then monolayer TMD and TMD/TMD hetero structures and
show a similar screening behaviour [99, 115, 120], which reflects the excitonic
behaviour of the organic/inorganic heterostructure. We find binding energies
in the range of 150 (173, 158, 156) meV for interlayer hK (hΛ, hK’, Kl) excitons in
tetracene-WS2 heterostructures on a Si/SiO2 substrate. The binding energies are
slightly lower then the intralayer excitons in WS2 (εKK = 173, εKΛ = 206,εKK’ =
186 meV) due to the different screening in the heterostructure. In particular,
when calculating the interlayer binding energies, we observe two counteracting
effects, namely the huge effective masses of the molecules leading to a reduction
of energies, and on the other side a decreased screening in the molecule (εTc =
3.69 vs εTMD = 13.6 ) leads to increased energies.
For the wave functions, we find also a similar behaviour as for the intralayer
states, namely a narrowing in momentum space for higher dielectric constant.
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Figure 7.3: Excitonic eigenvalues and eigenfunctions of interlayer excitons for different di-
electric screening. (a) The eigenvalues (= excitonic binding energies) of interlayer excitons
show a decreasing behaviour with higher dielectric background ε due to stronger screening.
(b) The eigenfunctions (=excitonic wave functions) become narrower in momentum space with
higher screening and hence less localized in real space. Figure adopted from PAPER VIII.

In real space, this means a broadening of the wave functions and hence less
localized.

Note that the energies discussed so far, i.e. εµ, are pure binding energies of
the excitons. For their actually energetic position, we also have to take into
account the band gaps, i.e. Ec

µ − Ev
µ and hence we can write for the energetic

position Eµ = Ec
µ−Ev

µ−εµ. The band gaps are taken from DFT calculations and
experiments [102, 121] for a Si-SiO2 substrate. We find that the interlayer hK’ is
the energetically lowest with EhK’ = 1.590 eV, followed by EhΛ = 1.603 eV and
EhK = 1.631 eV while the bright intralayer exciton is located around 2.0 eV for a
Si-SiO2 substrate, see table 7.1. Note that we have shifted the spectra to match
the bright KK exciton resonance from experiment [102].
The interlayer KL exciton is located 0.9 eV above the bright KK exciton and
hence we will neglect it from now on as it will not have any influence on the
PL, cf. Figure 7.2 (a,b). Moreover, we will neglect the intralayer molecule state
hl (located around 2.3 eV) as we will focus on optical excitation of the TMD and
hence this state will not be optically active.

Note that we do not include the effect of screening on the band gap and hence
can not make any predictions for the PL behaviour with different screenings.
While previous studies have shown that the band gap in TMDs decreases with
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higher screening, little is known about screening dependent HOMO/LUMO
gaps in the molecular layer. Moreover, the molecular structure might change
depending on the substrate. Therefore, we would need further DFT input to
predict the screening dependent gaps. We will consider a fixed substrate of Si-
SiO2 as is widely used in experiments. Now, we want to understand the impact
of interlayer excitons on the optical response and therefore we need to find the
PL equations for the interlayer system.

7.3 Photoluminescence of Heterostructures

As discussed in section 2.3 , the optical response is determined by the number
of emitted photons PL(ωq) ∝ ∂

∂t
nq ∝ SµQ with the phonon assisted polarization

SµQ as the key quantity.
The Hamiltonian of the system is similar as the monolayer case, see sec.2.1, but
with an additional partHx-tunn which describes the tunneling of carriers between
the layers. We will use this tunneling approach to account for charge transfer
between the layers. It reads

Htunn =
∑

QQ′,ij

T ijQQ′X
†i
QX

j
Q−Q′ with T ijQQ′ =

∑

q

ϕiq+αQt
ij
QQ′ϕ

j
q−βQ′ (7.2)

as the excitonic tunneling matrix element T ijQQ′ . The appearing tunneling ma-
trix element is given by the overlap of Bloch waves Ψi with a tunneling potential
Vtun, i.e. tij = 〈Ψi|Vtun|Ψj〉. Similar to Ovesen et al. [115], we can separate the po-
tential into an in-plane disorder part and out-of-plane part, which is only non-
zero between the layers. With this, we can write tij = Vin(|kj − ki|)Vout〈ui|uj〉uc
with ui the lattice periodic parts of the Bloch waves integrated over a unit cell.
This integral determines the tunneling strength, and we fix it to 0.01 eV in this
work, assuming a similar strength as in DFT calculations on TMD/TMD heter-
ostructures [115]. The remaining in-plane disorder potential can be described
as Vin(|kj−ki|) =

√
πLc(1+

|kj−ki|2L2
c

2
)−

3
4 via a disorder potential with correlation

length Lc in the order of the exciton Bohr radius [115].
Our theory describes both electron and hole tunneling. Since hole tunneling is
more efficient in these materials [102, 104], and the expected electron tunneling
interlayer exciton is off-resonant, we will neglect electron tunneling from now
on. Moreover, we will neglect any twist-angle dependency [120, 122–124] since
we do not expect a big impact due to the lattice mismatch between the TMD
and tetracene.

In a last step, we project into a new basis where the tunneling part of the Hamil-
tonian is included in an effective single-particle Hamiltonian, i.e. H0 + Hx-tun =∑

Q,i ε
i
QX

†i
QX

i
Q +

∑
QQ′,ij T

ij
QQ′X

†i
QX

j
Q−Q′ =

∑
µQ EµQX̃†µQX̃µQ. Note that for the
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applied transformation Ûµ, we exploited X̃†µQ = ÛµX
i†
µQ =

∑
j U

j
µQX

j†
Q and

Û †µÛµ = I, i.e. a uniform transformation. As intra- and interlayer states are
off-resonant and we do not include hybridization effects, eigen energies are not
affected by this transformation. Now, we exploit the equation of motion for the
photon-assisted polarization to obtain the PL intensity IbPL for intra- and inter-
layer excitons resulting in the previously discussed Elliott formula (Eq. (4.10)),
[57]

IPL(ω) ∝
∑

µ= KK,hK

|Mµ|2γµNµ

(Eµ − ω)2 + (γµ + Γµ)2
, (7.3)

where the position of the resonances is given by the energy Eµ, the resonance
width by the radiative (γµ) and the non-radiative phonon-assisted (Γµ) dephas-
ing, and finally the oscillator strength by the exciton-photon matrix element
Mµ = δQ,0

∑
q ϕ

µ
qM

µ
q Ûµ. The latter is determined by the exciton wave function

ϕµq, the momentum-dependent optical matrix element [5] Mµ
q and the transfor-

mation matrix Ûµ which includes the tunneling. The Kronecker delta assures
that only bright excitons within the light cone with Q = 0 are optically active
[57]. Finally, for the occupation Nµ we assume Boltzmann like exciton distri-
butions both for intra- and interlayer states which has been shown to be good
approximation in the limit of steady state PL [25, 57].
As we have discussed in the previous chapters, dark states are important in
TMDs as they can lie energetically below the bright ones. We will include them
here via phonon-scattering, and hence the bright PL formula is extended by
phonon-assisted PL [57]

IdPL(ω) ∝
∑

νµ
Q,α±

Θν(ω)|Dνµ
Qα|2ΓµNµη±α

(Eµ ± Ωα
Q − ω)2 + (Γµ)2

(7.4)

such that the full PL signal reads IPL = IbPL +IdPL which includes now all phonon-
assisted intra- and interlayer states. Here, we have introduced the notation
Θν(ω) = |Mν |2

(Eν−ω)2+(γν+Γν)2 and we assume only phonon interactions within the
TMD layer and not within the molecular layer.
Similar to Eq. (4.10), the position of the excitonic resonances in the PL spectrum
is determined by the energy of the exciton Eµ and additionally the energy of
the involved phonon ±Ωα

Q with mode α. We will focus on processes involving
the bright KK excitons as initial states, stemming from optical excitation of the
bright band gap in the TMD.

With this, we now have all ingredients to investigate the optical signatures of
the bright intra - and interlayer peaks in the WS2/tetracene heterostructure. We
will now discuss the PL spectra from Fig. 7.4(a) for different regimes:

(i) Intralayer regime. At temperatures around room temperature, the PL
spectra is dominated by the bright intralayer exciton (around 0 eV, spec-
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Figure 7.4: Dark interlayer excitons. (a) Temperature-dependent PL of WS2/Tc- heterostructure
exhibiting signature from intra- and interlayer excitons. Note that the origin of the energy axis
has been shifted to the position of the bright KK exciton (EX0

). (b) Contributions of the phonon-
assisted PL from different states. (c) Low temperature PL for MoSe2 which shows no phonon-
assisted PL.

tra shifted to the position of the bright intralayer exciton) and the bright
hK interlayer exciton is traceable around 370 meV below but with a weak
oscillator strength of about 5 % of the bright intralayer one.

(ii) Bright interlayer regime. Going to lower temperatures, now the hK in-
terlayer excitons becomes more and more pronounced and dominates the
spectra from 250 down to around 60K.

(iii) Dark interlayer regime. For very low temperatures T< 60 K the spectra is
dominated by dark interlayer peaks between -410 and -460 meV.

Before we focus more on the interlayer regimes, we want to compare our results
with room temperature PL from experiments. With our results, we confirm a
recent experimental observation that interlayer excitons in WS2/Tc heterostruc-
tures are visible even at room temperature [102]. Our results are in a very good
agreement with these experimental findings, both for the energetic position (320
meV below) and intensity ratio (4 % of the bright exciton PL).
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Motivated by these findings, we predict even more interesting low temperature
PL which has not been done in experiments. While the increase in oscillator
strength of the bright interlayer exciton is something one would expect due
to higher occupation of those states with lower temperatures, dark interlayer
excitons have yet not been discussed in literature, which makes them especially
interesting.

Therefore, Fig. 7.4(b) shows the low temperature PL (50 K) of WS2 with contri-
butions from different excitons. We find that the main contribution stems from
the hK’ exciton (blue shaded curve) while the hΛ exciton has only little con-
tributions (purple shaded area). Note that the position of the peaks does not
correspond to the dark excitons energies (vertical lines) but is shifted by 10-30
meV which contributes to the phonon energies involved in this process. We
trace back the peak around 425 meV to acoustic K phonons and the peak at 460
meV to optical K phonons. The observed low temperature PL behaviour is due
to the unique band structure of tungsten based materials with the dark exci-
tons laying energetically below the bright ones. Therefore we expect a similar
behaviour for WSe2/Tc heterostructures. For molybdenum based heterostruc-
tures, we do not expect dark interlayer excitons to appear but only the bright hK
exciton, see Fig. 7.4(c) for MoSe2 exemplary. Here, the interlayer peak appears
340 meV below the intralayer exciton and can clearly be traced back to bright
interlayer hK excitons, cf. orange vertical line. The dark interlayer excitons hK’
and hΛ lie 20 and 150 meV higher, blue and purple lines respectively. Moreover,
we find for the room temperature PL of molybdenum based heterostructures no
signatures of interlayer excitons as their occupation is lower compared to tung-
sten based interlayer excitons.
Our findings might motivate future experiments and help to understand the
dark interlayer landscape in organic/inorganic heterostructures.
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8
Conclusion and Outlook

In this thesis, we investigated the potential to control the optical fingerprint of
transition metal dichalcogenides via external parameters, such as strain, mole-
cules, magnetic fields, and impurities.

Motivated by the optimal surface-to-volume ratio in TMDs, their strong light-
matter interaction and strongly bound excitons, we studied which effect mole-
cules have on the optical response of the nanomaterial. We propose the acti-
vation of dark excitonic states due to a dipole interaction with the molecules,
leading to additional peaks in the optical spectra. The position and intensity of
the dark peak crucially depends on the molecular characteristics and has poten-
tial for sensor applications. In addition, we found that the dark peak is much
more pronounced in the photoluminescence signal due to occupation of lower
lying dark states. Besides molecules, also phonons and magnetic fields can ac-
tivate momentum and spin-dark states, respectively.

Beside the direct activation of dark states, we also studied the indirect proof
of their existence via the linewidth of the bright exciton resonance. Here, we
focused on changes due to strain, and first investigated the strain effect on exci-
tonic binding energies and wave functions which turned out to be rather small.
With help of DFT calculations, we were able to calculate strain dependent shifts
of dark and bright states that influence the linewidth. Moreover, we were able
to explain the TMD material-specific behavior very well, in good agreement
with an experimental photoluminescence study.

We find that dark-bright splitting is a crucial quantity for the activation of dark
states and for molecule sensing. Our findings suggest that the dark peak is
much more sensitive to strain than the bright one. This sensitivity results in
clear changes in the optical fingerprint when smallest amounts of strain are ap-
plied to the system. Consequently, strain offers a unique opportunity to tune
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the dark-bright splitting and opens up a possible mechanism for strain sens-
ing. Furthermore, we shed light on the phenomena of localized excitons by
using trapping potentials, either induced by local strain gradients or by mole-
cules which locally induce a change in the band structure creating a potential
for excitons. Recent experiments have shown that, under certain conditions,
spots of the TMD exhibit ultra strong photoluminescence spectra from these so-
called localized excitons. We revealed capture dynamics of localized excitons
and found, in agreement with experiments, narrow linewidths and low-energy
peaks stemming from both bright and dark localized excitons. In the last part,
we further looked at a TMD/Tetracene heterostructure and showed the impact
of spatially separated interlayer excitons in the optical spectra. While at room
temperarure bright interlayer excitons are dominant, dark interlayer excitons
become dominant at low temperatures.

This thesis contributes by giving a fundamental understanding of the tunabil-
ity of the exciton landscape by external parameters, and by showing the TMDs
potential for novel technological concepts such as molecular sensors, strain sen-
sors, single photon emitters or organic/inorganic semiconductors for light har-
vesting applications. Especially when it comes to technical applications, there
are still some open questions for the future. For example, it would be inter-
esting to get a deeper understanding of the substrate influence on the exciton
landscape - besides the dielectric screening, there might also be lattice strain
involved which might crucially influence the band structure of the TMD and
hence its performance. Moreover, heterostructures under strain have only very
recently become focus of research, and it would be interesting to understand
the effect of both internal and external strain on the properties of these struc-
tures as well. When it comes to functionalizing the TMD, it would be interest-
ing to study a broader class of molecules. While high-dipole molecules have
been a good first attempt, they are rather unique in the chemistry world. Inter-
esting molecules could include environmental relevant molecules, such as car-
bon dioxide, methane or ozone, or molecules which are related to diseases and
where TMDs could be used a sensor. Finally, the trend towards vertical stack-
ing of 2D layers offers a whole new playground both from the experimental and
theoretical side, since they offer moire physics and twist-angle dependent opti-
cal response. Here, it would be interesting to see the effect of strain, magnetic
fields, and molecules on these structures.

66



Acknowledgements

First of all, I would like to thank my supervisor, Ermin Malic, for the support
the last four years. Thanks to your excellent guidance, I could develop myself
to become an (almost) independent researcher, and your trust made it possible
to travel to amazing conferences around the world from which I have learned a
lot.

Jari Kinaret, my examiner, thank you for your feedback during the last years,
especially for taking the time to read my thesis and giving constructive and very
helpful comments.

I would also like to thank the examination committee, Prof. Libai Huang, Dr.
Claudia Backes, Prof. Christoph Langhammer and Prof. Henrik Johannesson,
and the faculty opponent, Dr. Andres Castellanos-Gomez, for accepting to be
part of my PhD defence.

A big thanks to all current and former members of the Malic group, in especially
Samuel, Raül, Daniel, Joakim, Beatriz, Josh, Jamie, Roberto, Roland, Magdulin,
Zahra, Marne, David, August, Simon - thank you for many enjoyable lunch
breaks, fikas in the sun, and open ears whenever I was stuck or needed a little
push in the right direction. It was a pleasure working with you for the last
years and I will keep a lot of nice memories from my time in Chalmers. The
Berlin group, Malte, Dominik, Gunnar, Florian, Andreas, thank you for fruitful
discussions, fun research visits and the possibility to invite me for a seminar
talk.

My friends Walter, Sanna, Linda, Lea, Samuel, Raül, Gemma, William and Eve-
lyn, thank you for being around and making life outside work enjoyable with
many walks, Colombian breakfasts, fikas and barbecues. Lisa, Lissi, Rese, Tobi,

67



Tina, Sabrina, Anna, Madlen, Edita - you are like interlayer excitons - even
tough spatially separated, we still feel each other.

Finally, I want to thank my family, especially my parents and grandpa, for all
their support and interest in my PhD even though my thesis must seem like a
mystery for you. Last, I want to thank my own little family, Iván and Camilo,
for being there every day, waking up with a smile and getting ice cream and
chocolate for me at any time of the day.

68



Bibliography

[1] Andre K Geim. Nobel lecture: Random walk to graphene. Reviews of
Modern Physics, 83(3):851, 2011.

[2] Qianwen Wang, Ping Wu, Gengyu Cao, and Min Huang. First-principles
study of the structural and electronic properties of MoS2–WS2 and MoS2–
MoTe2 monolayer heterostructures. Journal of Physics D: Applied Physics,
46(50):505308, 2013.

[3] Thomas Mueller and Ermin Malic. Exciton physics and device application
of two-dimensional transition metal dichalcogenide semiconductors. npj
2D Materials and Applications, 2(1):1–12, 2018.

[4] Timothy C. Berkelbach, Mark S. Hybertsen, and David R. Reichman. The-
ory of neutral and charged excitons in monolayer transition metal dichal-
cogenides. Physical Review B, 88:045318, Jul 2013.

[5] Gunnar Berghäuser and Ermin Malic. Analytical approach to excitonic
properties of MoS2. Physical Review B, 89:125309, Mar 2014.

[6] M. Kira and S.W. Koch. Many-body correlations and excitonic effects in
semiconductor spectroscopy. Progress in Quantum Electronics, 30(5):155 –
296, 2006.

[7] Pierluigi Cudazzo, Ilya V. Tokatly, and Angel Rubio. Dielectric screening
in two-dimensional insulators: Implications for excitonic and impurity
states in graphane. Physical Review B, 84:085406, Aug 2011.

[8] Ermin Malic, Janina Maultzsch, Stephanie Reich, and Andreas Knorr. Ex-
citonic Rayleigh scattering spectra of metallic single-walled carbon nan-
otubes. Physical Review B, 82(11):115439, 2010.

69



[9] Matthias Hirtschulz, Frank Milde, Ermin Malić, Stefan Butscher, Chris-
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