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Chapter 1

Excitons as a tool for future

technology and research

Around 2.5 million years ago, the �rst use of tools by archaic humans is doc-

umented and marks one of the most important steps in human evolution [1, 2].

Over many thousands of years, the use of sticks and stones transitioned to the

bronze and iron ages by the discovery of smelting, e.g. extracting metals from

mineral ore [3, 4]. The industrial revolution based on the development of the

steam engine, drastically changing the society [5, 6], was followed by the digi-

tal revolution enabled by the sophisticated control of electron movement on the

micrometer- and later even nanometer-scale, determining modern life [7, 8].

While this advancement of technology and science is often pinpointed to cer-

tain, distinct breakthroughs, the solid foundation of all modern progress is the

necessary fundamental theoretical and experimental research accumulated over

decades or even centuries by many people of the scienti�c community. One of

these transformative, world-changing inventions surely was the transistor by J.

Bardeen, W. Shockley and W. Brattain in 1948 [9�13]. At that time however,

working computers already existed for years based on vacuum tubes and immense

theoretical programming work [14�16].

Ultimately, the transistor completely replaced vacuum tubes by the miniatur-

ization, improved fabrication techniques and the use of silicon in the following

decades, shaping the modern world as we know it today [17]. Since then, silicon-

based devices completely dominate the market from computer chips to solar cells,

with few exceptions such as light emitting diodes and more specialized sensors.

The ever-growing demand of faster computation or highly-e�cient solar cells is

currently barely satis�ed by even smaller and highly-sophisticated fabrication tech-

niques. New materials and concepts are needed for the necessary step towards a

new generation of devices, just like the silicon transistor paved the way for the life

we know today [18, 19].

Future progress is based on todays fundamental research, forming our percep-

tion of the world, in contrast to magic or divine powers explaining the world and
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mechanisms in that distant past. Thorough understanding through fundamental

research of electron motion and the role of defects in silicon and III-V semicon-

ductors for example allowed the development of state-of-the-art computer chips,

detectors, lasers and LEDs [20�25]. Recently emerging nano-materials might be

the basis of future devices and understanding of the underlying processes of these

systems is therefore essential.

In the �eld of light-harvesting for electricity generation, a crucial strategy to

reduce the use of fossil fuels and minimize the impact of climate change [26],

silicone-based solar cells currently dominate the market [27]. New materials and

concepts include organic blends or quantum dots and hold the potential to trans-

form the �eld of photovoltaics, with hybrid organic-inorganic perovskites being

one of the most promising candidates. Hybrid perovskites were explored from

1978 on [28], with an increase of attention beginning in the late eighties by the

discovery of layered hybrid perovskites. They resemble natural quantum wells, as

a semiconducting inorganic layer is sandwiched by organic barriers. Here, groups

from Japan [29�46] and Greece [47�55] investigated the structural, electronic and

optical behavior of a large group of di�erent three- and two-dimensional com-

pounds, while a group from the US already worked on technologies such as a

transistor devices [56�70]. However, the crucial step was the integration into so-

lar cells by A. Kojima and coworkers in 2009, promoting hybrid perovskites from

interesting fundamental research objects to one of the most promising materials

for light harvesting [71]. From then on, both the research interest and the solar

cell e�ciency skyrocketed, reaching values above 25% [72�75] pro�ting from all

the knowledge and fabrication recipes persistently acquired for the last 40 years.

Still, many open questions remain regarding the excitonic binding energy [35, 44,

76�81], the interaction with phonons [82�89] and the role of the relatively high

defect density [90�92]. Eventually, the fundamental research boosted and still

drives the evolution of e�cient solar cells

Despite this radical improvement and the prospects for industry due to the

low-cost solution-based fabrication, major drawbacks include the use of poisonous

lead and the low environmental stability under illumination and hydration [93�97].

The search for a more stable compound also brought layered perovskites back into

the spotlight due to the encapsulating properties of the organic barrier layers.

However, the two-dimensional nature of layered perovskites leads to the forma-

tion of stable excitons, electron-hole pairs bound by Coulomb forces, in contrast

to free carriers in silicone, with drastic implications for solar cells: the neutral ex-

citons need to di�use to one of the contacts to recombine instead of being directly
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guided by an electric �eld. The di�usion coe�cient describes the speed of the

random-walk-like transport and is governed by scattering events with phonons,

defects and other excitons [98�100]. Thorough understanding of the underlying

mechanism determining the di�usion is therefore undeniably important for e�-

cient devices[101�104]. Yet, at the start of this project, di�usion of excitons in

2D perovskites was neither experimentally nor theoretically investigated. Addi-

tionally, the tightly bound excitons in combination with the mechanically soft

perovskite lattice and subsequently strong exciton-phonon interaction represent a

major challenge for existing transport models [88]. The organic structures with

a high number of atoms per unit cell further complicate theoretical computation

[105�108]. Understanding the underlying vibronic-, electronic- and excitonic in-

teractions [37, 109�117], let alone demonstrating mobile excitons, is therefore key

for layered perovskites to hold their promise for future opto-electronic applications

[118�120].

Excitons could also play a role in the future of computing, where currently sev-

eral di�erent approaches and ideas are investigated. Here, the research diversity

guarantees to �nd the next generation of technology, since most other designs will

probably never progress beyond fundamental research projects. Beside the highly

promising �eld of quantum computing [121�123], concepts include the additional

use of the spin of a carrier [124�126] or optical computers [127�130], where photons

are the carrier of information and employed for computing. Here, the triumph of

optical �bers in replacing electric wires for information transport across large dis-

tances is a promising example [131, 132]. However, instead of electrons, excitons

could transport information, bene�ting from the strong light-matter interaction,

providing an excellent interface between electronics and optics [133, 134]. Here,

the crucial parameters facilitating the applicability are the exciton binding en-

ergy, e.g. the stability, and the mobility. While inorganic materials such as GaAs

possess e�cient transport, the exciton binding energy is only a few meV and

excludes the use at room temperature. Organic crystals on the other side con-

tain strongly bound but localized excitons. Material systems combining su�cient

mobility and tightly bound excitons are two-dimensional semiconductors such as

transition metal dichalcogenides (TMDCs).

The successful demonstration of stable monolayer graphene directly put the

class of layered van der Waals materials in the spotlight of solid state physics

and started this vibrant research �eld of atomically thin layers [135�137]. Until

today, di�erent layered materials with properties ranging from semiconducting to

magnetic are discovered, while the van der Waals nature enables the combination
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independently of lattice constants allowing sheer endless combinations [138�140].

Here, the ease of fabrication enabled the participation of groups all around the

world, as inexpensive bulk crystal are commercially available and the exfoliation

can be done using regular sticky tape [141�144].

The layered nature allows us to stack independently of the alignment angle due

to van der Waals interactions between the layers. This opened the �eld of moiré

physics, where two twisted layers exhibit excotic new properties depending on the

alignment angle [145�151]. Here, the rapid development of complex and clean

heterostructures in combination with extensive knowlegde of the material system

led to the discovery of fascinating e�ects such as Wigner-Seitz crystals [152�155].

However, while van der Waals heterostructures even serve as an alternative tool

to ultra cold atoms to study correlated many body physics[156�167], the develop-

ment of advanced excitonic devices still poses a major challenge. The di�culty in

spatially controlling excitons stems from their electrically neutral nature, making

them insensitive to electric �elds. However, the atomically thin nature of TMDCs

enables other tuning mechanisms, such as strain engineering, e.g. local stretching

or compressing of the layer, or by changing the dielectric environment. Due to

the size of the electron-hole-pair, the exciton is signi�cantly sensitive to its sur-

rounding dielectric environment, which then can be used to change fundamental

properties [168�174] . This sensitivity is strong enough to use excitons as a new

investigation tool. Employed as dielectric sensor for correlated states in nearby

materials, excitons in TMDCs for example allow optical readout of the quantum

hall e�ect in bilayer graphene [175] or study Hubbard-model physics in a moiré

lattice [158, 176]. Other current approaches to gain control of excitons take ad-

vantage of the dipole moment of interlayer excitons, electron-hole pairs separated

to di�erent layers of a heterostructure. The direct and extrinsic control of exciton

movement allows not only the development of future devices such as excitonic

transistors [177�180], but also the investigation of more exotic exciton physics

such as the excitonic valley-hall e�ect [181�186].

In this thesis, we investigate the spatial propagation of excitonic quasi-particles

in monolayer WSe2 and layered perovskites and explore ways of controlling ex-

citons. In the �rst part, we utilize gallium-arsenide nanowires to locally strain a

single layer WSe2 encapsulated in insulating hexagonal boron nitride (hBN). As

stretching the lattice leads to a decrease of the band gap, this geometry allows

to create one dimensional potential channels in the two dimensional layer. The

impact of strain on the energetic landscape is directly determined by photolumi-

nescence measurements, where also underlying changes of the �nestructure can
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be resolved, due the encapsulation in the atomically �at hBN ensuring narrow

spectral linewidths. Then, we employ time-and spatially resolved PL to directly

monitor the e�ect of strain on the exciton di�usion and successfully demonstrate

the guiding along a 1D-channel both at cryogenic temperatures and ambient con-

ditions.

Exciton propagation will also be the main theme of the second part, focusing

on layered organic-inorganic perovskites. Here, we investigate the nature of ex-

citon di�usion of such a hybrid material, as organic and inorganic systems are

often characterized by contrasting, underlying transport mechanisms. On the one

side, the so-called hopping transport model is used to describe the slow movement

between localized states in most organic crystals, while band-like transport is ob-

served for many inorganic crystals. Here, we adopt the encapsulation in hBN for

thin sheets of the layered perovskite PEA2PbI4 in order to drastically increase the

environmental stability. The temperature dependence of the di�usion coe�cient

is one of the key parameters to distinguish di�erent transport mechanism and is

directly determined by spatially- and temporally-resolved microscopy in the tem-

perature range of 5K to 300K. Additionally, for a second perovskite system with

a slightly di�erent organic spacer molecule, namely BA2PbI4, the phase transi-

tion with a predicted change of the e�ective mass allows to assess current exciton

models.

Finally, we achieve electrical control of the optical response of layered per-

ovskites by fabricating gate-tunable �eld e�ect devices. The observation of highly

stable trions, excitons with an additional Coulomb-bound charge carrier, serves as

future approach to control the spatial propagation. The electrical control of the

charge carrier density also allows to extend the investigation of correlated many-

body physics to layered perovskites, while the adjustable optical response might

lead to future nanoscale opto-electronic devices.

Before discussing these experimental results in chapter 4 and 5, we give a brief

overview of the two material systems and important concepts of excitons and their

transport properties in chapter 2. Subsequently, chapter 3 describes in detail the

sample fabrication based on two di�erent techniques and should also serve as

guideline to easily reproduce the employed methods and samples. Additionally,

the experimental techniques used to investigate key exciton properties, such as re-

�ectance contrast spectroscopy and two-photon excitation photoluminescence are

presented in chapter 3, including the corresponding analysis of the data. Lastly,

the results are summarized in chapter 6 with a �nal remarks on future research

directions and applications.
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Chapter 2

2D van der Waals semiconductors

The discovery of stable, atomically thin layers opens the way for intriguing me-

chanical and opto-electronic properties as well as displays an ideal playground

for exploring excitonic properties. Here, the weak van der Waals interaction be-

tween strongly in-plane bound layers allows this exfoliation down to the single

layer and also gives those materials the name van der Waals crystals. This second

chapter serves as introduction into the �eld of two-dimensional semiconductors

and lays the basic foundation of the investigated 2D materials. First, the crys-

tal structure and resulting electronic properties of the two investigated material

systems, namely transition metal dichalcogenides (TMDCs) and layered hybrid

perovskites, are described. Both, the demonstrated di�erences but also similari-

ties of these seemingly contrasting materials will follow us throughout this thesis.

The next two chapters deal with their most important parallel: Excitons, strongly

bound electron-hole pairs which dominate the optical properties. After focusing

on their basic properties and discussing the restrictions introduced by the two-

dimensional electronic structure, the real space movement of these quasi-particles

through the crystal is outlined on the basis of di�erent transport models.

2.1 Transition metal dichalcogenides

Crystal structure

Transition metal dichalcogenides are a subclass of the general material class of

the chalcogenides and consist of one transition metal atom M and two chalcogen

atoms X [187, 188]. This results in the stochiometric formula MX2, where the focus

of this thesis will be on the semiconducting compound WSe2, which is very closely

related to other prominent TMDCs consisting of either tungsten or molybdenum

as metal and sulfur or selenium as chalcogenide. Probably the most famous one

is MoS2 or "moly", which was described as early as 1923 [189] and has found its

way into everyday life as engine oil. TMDCs are so-called van der Waals crystals,

which are strongly bound layers stacked together by van der Waals forces. These
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2H

(a) (b)

W, Mo
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S, Se
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Figure 2.1: (a) Crystal structure of a single layer transition metal dichalcogenides
in the top view with chalcogenides in yellow and the transition metal atoms in
blue. (b) Trigonal prismatic unit cell, highlighting the two chalcogen atoms on
top of each other. (c) Naturally ocurring 2H phase, where alternating layers are
rotated by 180◦. (d) First Brillouin zone of the hexagonal lattice of a TMDC
monolayer including the symmetry points K, Λ , Γ and M. Adapted from with
permission from [190].

layers can easily slide in respect to each other, creating the low-friction used in

lubricants and, for the case of graphite, in pencils [135, 136].

The top view in Fig. 2.1(a) shows the hexagonal lattice of a single layer with a

two-atomic base, resulting in the reduced D6h point group with an in-plane lattice

constant of 3.3Å for WSe2 [188]. A single monolayer consists of three layers of

atoms, where the transition metal atoms are sandwiched between two layers of

chalcogen atoms, as further illustrated by 2.1(b), creating a trigonal prismatic

unit cell. Multiple layers can form in di�erent phases and stacking orders, with

the most common and naturally occuring 2H phase shown in 2.1(c) [190, 191].

Here, neighboring layers are rotated by 180◦ and stacked in ABAB order, where

the metal atoms are on top of the chalcogen atoms of an adjacent layer and

vice versa. Other phases are the also semiconducting 3R and the metallic 1T

phase. The strong in-plane covalent bonds and only weak out-of-plane van der

Waals interaction allows the separation of layers by mechanical exfoliation down

to a single layer [135, 136]. In contrast to the bulk material and even-numbered

layers, thin uneven-numbered layers lack an inversion center, most prominently in

the monolayer limit [192, 193]. In addition to quantum con�nement e�ects, this

strongly a�ects the opto-electronic properties such as second harmonic generation

further and is detailed later on. From the hexagonal lattice in real space directly
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2.1 Transition metal dichalcogenides

follows a hexagonal lattice in k-space, with the �rst Brillouin zone presented in

2.1(d). The center is the high symmetry point Γ surrounded by the other high

symmetry points K and M, whereas the low symmetry point Λ is located at 0.55

between Γ and K [194�196]. For the monolayer or thin, uneven numbered layers,

opposing K- and Λ-points are not equal. This is a direct consequence of time-

reversal symmetry requiring opposing spins at opposing positions in k-space. The

inequality of opposing K-valleys due to the broken inversion symmetry is resembled

by introducing the valley index τ = ±1. This is generally directly associated with

the symmetry points K+ and K- (or Λ+ and Λ-). The impact on optical properties

will be discussed after brie�y introducing the general electronic structure.

Electronic structure

Initially, TMDCs were only known in their bulk form and therefore categorized

as indirect band gap semiconductors [188, 194, 195, 197, 198]. The discovery of

a sudden transition into a direct band gap semiconductor in the monolayer limit

alongside the fascinating spin-valley dynamics lead to an increasing interest in

atomically thin materials, tremendously facilitated by the low-cost and straight-

forward fabrication [199�201]. The evolution towards the direct gap is proto-

typically shown for MoS2 in Fig. 2.2(a), which is qualitatively similar for other

TMDCs. For layers down to the bilayer, the valence band maximum is located

at the Γ-point while the conduction band minimum is at the Λ-point, making the

transition momentum indirect. In order to understand the change to a direct gap

in the monolayer limit, the atomic orbitals contributing to the relevant points in

k-space need to be considered [199, 200].

At the extrema of high symmetry points the contributions from di�erent orbitals

are well de�ned, the valence band edge at the Γ-point is formed by a combination of

molybdenum dz and sulfur pz orbitals [202, 203]. Both the interlayer orientation

and the location at the sulfur atoms, e.g. on the exterior of the layer, leads

to a high sensitivity on the surrounding and interlayer coupling. Similarly, the

conduction band minimum at the Λ-point is mainly made up by px and py orbitals

of the corresponding chalcogen. Contrarily, mainly the molybdenum d orbitals,

�rmly localized in the middle of a single layer, form both the conduction and

valence band edges at the K point. Hence, when decreasing the layer number

the wave function overlap at the Λ- and Γ-point also decreases and leads to an

energy shift, while the K-point remains nearly unchanged [204, 205]. In total, this

leads to the scenario depicted in Fig. 2.2(a), where the indirect transition from

9
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Figure 2.2: (a) DFT-calculation of the MoS2 band structure for a bilayer and
monolayer, transitioning from an indirect to a direct band gap. Adapted with per-
mission from [200]. (b) Schematic electronic band structure for WSe2 including
spin orbit coupling. ∆V /C denotes the spin orbit splitting in the respective bands
and di�erent spin orientations of the bands are indicated by blue and red colours.
Only a σ+ transition is allowed at the K+ point, while at the K- point only a σ−

transition is possible.

Γ to Λ increases substantially in the monolayer limit, making the una�ected K-K

transition the direct transition.

In addition to the peculiar evolution of the band gap, the orbitals of the heavy

metal atoms also lead to strong spin-orbit interactions [204�207]. This leads to

a signi�cant splitting of both the valence and conduction bands at the K-points.

For WSe2 the calculated values are on the order of ∆V = 470 meV and ∆C = -40

meV, whereas the values for Mo-based TMDCs are generally lower due to the

lighter metal atoms [205]. In combination with the previously discussed inversion

symmetry breaking, this leads to the opposite signs of the splitting in oppsite

valleys, as shown in 2.2(b) [208�210]. This spin-valley locking allows to selectively

address either the K+ or K- valley by σ+ or σ− polarized light, respectively [192,

206, 211, 212]. Combining these selection rules with spin conservation and the

negative spin-orbit splitting in the conduction band, this makes the lowest lying

transition a forbidden one, as depicted in 2.2(b) [208, 209]. Before considering the

implications on the electro-optical properties, the discussion of the crystal and

electronic structure is extended to a second class of low-dimensional materials,

the layered hybrid perovskites.
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2.2 Layered organic-inorganic hybrid perovskites

2.2 Layered organic-inorganic hybrid perovskites

Historically, calcium titanate with the chemical formula CaTiO3 was found by

the german geologist Gustav Rose in the Ural mountains and named perovskite

after the russian Lev Perovski [213]. Later, the name was extended to all struc-

tures with the chemical formula of ABX3, which is one of the most abundant

crystal classes today and contains many di�erent materials with highly diverse

properties[213, 214].

replacing

with

or

3D 2D

Figure 2.3: Cubic structure of the prototypical 3D organic-inorganic hybrid per-
ovskite methylammonium lead iodide. The layered 2D Ruddlesden-Popper phase
perovskites are created by increasing the size of the organic spacers, isolating sin-
gle layers. Two widely used spacers, namely phenylethylammonium (PEA) and
butylammonium (BA) are shown in the middle. Crystallographic data obtained
from [215] and [216].

Today, the term perovskite often means hybrid organic-inorganic metal halide

perovskites, which gained immense attraction for their rapid increase of photo-

voltaic e�ciency up to more than 25% for an all-perovskite solar cell over the

course of a few years [71, 74, 217]. Figure 2.3(a) shows the prototypical cubic

methylammonium lead iodide CH3NH3PbI3, where the cation A is the organic

methylammonium (MA) together with the inorganic B cation being lead Pb and

the anion X being a halogen atom, such as iodine I, bromide Br or chlorine Cl [28,

215]. In contrast to the sophisticated fabrication of silicon at high temperatures,

hybrid metal halide perovskite are manufactured by low-cost wet chemistry [60,

83, 218]. Crystals can be grown from solution or thin-�lms directly deposited by

spin coating. Current challenges include the low environmental stability under

11
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Figure 2.4: (a) Dion-Jacobson phase of 2D layered perovskites, where neighbour-
ing layers share a diammonium spacer. (b) In the Ruddlesden-Popper phase each
layer consists of an inorganic layer, sandwiched between two organic spacers. The
layers are then weakly bound by van der Waals interactions.(c) Energy diagram
of the layered perovskite structure with type-I band aligment, where the bandgap
of the inorganic layer lies inbetween the HOMO-LUMO gap of the organic spacer.
The quantum well structure can be chemically tuned by both the length L of the
organic spacer molecule and the quantum well thickness d.

illumination and moisture as well as substituting the long-term poisonous lead

[219, 220].

The rush for more e�cient and stable perovskite structures also brought renewed

interest to layered hybrid organic-inorganic structures, after being �rst synthesized

and investigated more than twenty years ago [29, 31, 42, 49, 56]. As depicted in

2.3, layered perovskites form by increasing the size of the organic spacers, which

need to be small enough to for the 3D perovskite lattice to crystallize. The limiting

factor for the size is often estimated by the Goldschmidt's Tolerance Factor, which

treats the ions as hard spheres and allows mainly two organic ions for 3D hybrid

perovskites: methylammonium CH3NH3 and formamidinium CH5N2 [221, 222].

In contrast to that, the layered perovskites can crystallize with many many dif-

ferent organic spacers, as the space between layers can be is separate from the layer

itself. Layered perovskites can adopt diverse structures, where the most popular

one can be grouped into two di�erent phases: Dion-Jacobsen and Ruddlesden-

Popper (RP)[223]. While the inorganic layers share the organic barrier molecule

in the Dion-Jacobsen phase as depicted in Fig. 2.4(a) resulting in the general

formula of ABX4, each inorganic layer has two organic spacers on each side in the

RP phase [29, 48, 224, 225]. In the latter, the layers are then weakly bound by

12
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(a) (b) (c) (d)
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Figure 2.5: Bandstructure of Ruddlesden-Popper phase layered perovskites ob-
tained from DFT-calculations by replacing the organic by a Cs-atom. With in-
creasing number of inorganic layers per spacers the bandgap decreases from one
layer (a) to four layers (d) per sheet. The calculated bandstructure in (b) shows
a comparison between the approximation by replacing the organic with a single
Cs-atom and the calculation with the organic structure. Adapted with permission
from [226]

van der Waals interactions, similar to TMDCs. This leads to the chemical formula

of A2BX4 and is shown in Fig. 2.4(b).

The main focus of this thesis is on two prototypical members of the RP phase,

namely phenylethylammonium lead iodide (C6H5CH2CH2NH3 PbI4, from now on

PEA) and butylammonium lead iodide (C4H9NH3 PbI4, now called BA), where

the two spacer molecules are shown in detail in Fig. 2.4. For BA, shown in Fig.

2.4(b), the resulting crystal structure at room temperature has an orthorhombic

space group with the parameters a = 8.428Å, b = 8.986Å and c = 26.233Å[227].

In contrast to PEA, the closely related BA undergoes a phase transition around

270K, where the lattice constants and angles change [114, 227]. While the general

crystal symmetry not necessarily changes across this phase transition, important

parameters such as lattice constant and tilt angle change and directly impact the

electronic properties discussed later.

13



Chapter 2 2D van der Waals semiconductors

The layered structure creates ideally ordered natural quantum wells, as the

stoichiometrically �xed crystalline structure strongly reduces interfacial disorder

and roughness [110]. As depicted in Fig. 2.4, most layered hybrid perovskites

show type-I band aligment with the inorganic bandgap lying between the HOMO-

LUMO gap of the organic spacer [66, 228, 229]. The chemical �exibility allows to

tune the quantum well parameters, the spacer thickness L can be varied by using

longer or shorter spacer molecules, for example di�erent alkylammonium chains

CnH2n+1NH3 from n=4-18 [30, 155, 227, 230]. Additionally, the lateral size of

the spacer impacts the crystal structure by steric e�ects and can for example be

precisely modi�ed by functionalization, e.g. replacing a single hydrogen atom by

another larger atoms such as �uoride [70, 231].

The chemical �exibility and progress in synthesis also allows tuning of the quan-

tum well thickness d by increasing the thickness of the inorganic layer [57, 232�

234]. As shown in the top row of Fig. 2.5, the quantum well thickness increases

by incorporating additional inorganic layers per spacer. As the number of inor-

ganic layers increases, quantum con�nement and dielectric e�ects decrease and

the crystal approaches the properties of the 3D crystal [226, 235].

Similar to the case of TMDCs, detailed knowledge of the electronic structure

is crucial for understanding the complex properties. Enormous theoretical e�orts

have made substantial advances regarding understanding the electronic structure,

despite the complex nature of complex hybrid organic-inorganic systems. One rea-

son is the complex hybridization of both valence and conduction band between the

metal s- and p-orbitals and the halide p-orbitals [228, 236]. Another complication

lies in the large unit cells with a high number of atoms due to the organic parts.

An e�ective approximation is replacing the organic part by a single cesium atom,

which yields results surprisingly similar to the full structure [108]. The calculated

band structure for the di�erent thicknesses shown in the bottom panel of Fig. 2.5

was calculated using Cs instead of the full organic spacer, the comparison is shown

for n=2. Fig 2.5(b) also demonstrates the systematic decrease of the band gap

with increasing number of inorganic layers for a single sheet due to the changing

quantum con�nement, along with the formation of additional subbands [226].

Besides the expected changes of the band gap by tuning the quantum well pa-

rameters, the electronic properties severly depend on the exact lattice parameters.

Hybrid perovskites are often characterized with a soft lattice, which means the

crystal has low bulk moduli and can be easily mechanically compressed [237�240].

This is ascribed to the relatively weak interaction inside the lattice caused by the
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Figure 2.6: (a) Top view of the lattice where β resembles the in-plane tilt angle.
Bottom panel shows the side view with the out-of-plane δ tilt angles of neighboring
inorganic octahedra. (b) Impact of the tilt angles on the calculated band gap of
Cs2PbI4, tilt angles of the two di�erent alkylammonium spacers, where Cn refers
to the number of carbon atoms in the alkyl-chain. Adapted with permission from
[229].

low total charge forming the ionic lattice. Importantly, this leads to low energy

phonons and large, anharmonic lattice distortions [87, 88, 241, 242]. This softness

also causes a small change of the organic spacer molecule to severly impact the

band gap by small changes of the octahedral tilt [114, 229]. The latter describes

the distortion of the inorganic octahedras, de�ned as the in-plane tilt angle β

(Fig. 2.6(a) top) and out-of-plane tilt δ (Fig. 2.6(a) bottom). The impact of

the tilting is illustrated in Fig. 2.6(b), calculated for the exemplary structure

of Cs2PbI4. A drastic change of about 200 meV occurs by increasing the length

of the alkylammonium chain from 10 to 12 Carbon or C atoms ( from decyl- to

dodecylammonium)[229]. Similar changes occur at the phase transition, where a

small change of the tilt angle already drastically changes important parameters

such as the band gap and e�ective mass of the charge carriers [114, 227]. The

changes at the phase transition are also particularly relevant in the context of the

excitonic properties studied in this thesis.

15
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2.3 Exciton complexes in two dimensions

The previous sections outline the crystal structure and the resulting electronic

properties, where we brie�y discuss photo-excited electrons of the single-particle

band structure. However, one of the fundamental interactions in solid state

physics, the Coulomb interaction, holding crystals or molecules together, also

exists between charges inside the crystal. This leads to the formation of strongly

bound electron-hole pairs from excited charge carries, known as excitons.

2.3.1 Coulomb-bound electron hole pairs

The concept of excitons as Coulomb-bound electron-hole pairs is the solid-state

analogy to the hydrogen atom [243�245]. The Coulomb-interaction not only en-

ables bound states, but also impacts the band structure via the electron-electron

interaction [171�173, 246, 247]. This leads to a renormalization of the band gap

Egap to higher energies compared to the single particle band gap, which is espe-

cially important when comparing experimentally determined values with theoret-

ical calculations of a single particle structure.

Excitons are traditionally separated into Frenkel- and Wannier-Mott excitons,

where the latter description is closely related to the hydrogen model and suc-

cessfully applied for TMDCs and perovskites [245, 248]. In general, Frenkel-type

excitons are characterized by a high binding energy in the eV-range and localized

to a single atomic site, while Wannier-Mott excitons exhibit smaller binding en-

ergies and a wave function spreading over many lattice sites. The exciton binding

energy is obtained from the 2D hydrogen model where the e�ective masses me

and mh of electron and hole, respectively, take the place of electron and proton

masses. Here, the e�ective masses approximate the movement of the carriers in

the periodic potential of the crystal. Additionally, the dielectric surrounding of the

crystal needs to be taken into account, while the reduced dimensionality directly

enhances the interaction of the con�ned carriers, resulting in following solution of

the 2D hydrogen model [244, 245]:

EX = Egap −
1

2

µe4

(4πϵ0ϵext)2ℏ2
1

(n− 1
2
)2

+
ℏ2K2

2M
, with µ =

me ·mh

me +mh

(2.1)

with µ being the reduced mass and M = me +mh the total or translational mass

and K = ke + kh the combined electron and hole momentum or total exciton

momentum. In analogy to the hydrogen model, n = 1, 2, 3, ... denotes the prin-
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Figure 2.7: (a) Exciton band structure with the band gap Egap, the exciton bind-
ing energy EB and the resulting energy needed to excite an exciton EX . Similar
to the hydrogen atom, higher excited states are labeled by 2s and 2p until the
continuum ∞ is reached above the binding energy. The momentum conservation
restricts transitions to ∆K · c ≤ Ephoton, where K denotes the combined exciton
momentum, and is indicated by the yellow light cone. (b)Momentum distribution
of excitons in the six K-valleys in WSe2 obtained from the excitonic contribution
to the conduction band. (c) Real-space representation of excitons represented by
the electron density distribution of the exciton wave function obtained by Fourier
transforming the momentum resolved data. Here, the underlying hexagonal lat-
tice is directly visible. Adapted with permission from [249]

cipal quantum number. While the binding energy of the excited states decreases

quadratically with n, the Bohr radius increases linearly with n [244, 245].

The resulting exciton dispersion is schematically shown in Fig. 2.7(a). The

recombination of the ground state n=1 exciton then occurs at the energy EX and

is also called optical band gap, as it is the lowest dipole-allowed optical transition

[250]. Upon recombination, the momentum needs to be conserved, creating the

so-called light cone for excitons, where the exciton momentum K can be matched

by the light dispersion, i.e. equal to the in-plane momentum of the photon, qphoton
[250]. The energy of the emitted photon is the electronic band gap Egap reduced

by the exciton binding energy EB, the second term in equation 2.1. The excitonic
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Figure 2.8: (a) Illustration of the dielectric screening of excitons restricted to
the two-dimensional layer but a three-dimensional Coulomb interaction. Electric
�eld lines extend outside the two-layer and cause substantial sensitivity on the
environment. Adapted with permission from [254]. (b) Screening of excitons in
layered perovskites, where the dielectric constant periodically changes between
the organic ϵorg and inorganic ϵin dielectric.

dispersion for TMDCs is shown in Fig. 2.7(b), where the six di�erent K-valleys are

directly measured by time-resolved angular-resolved photo emission spectroscopy

from Ref. [249]. Additionally, the real-space distribution can be obtained by

Fourier transformation of the momentum-resolved data, where the extension of

the exciton across multiple lattice constants can be seen in Fig. 2.7(c) [249, 251].

The size of the exciton can then be described by the Bohr radius, which can be

estimated to be around 1.7 nm for WSe2 [249, 252, 253].

An important consideration for monolayer TMDCs and layered perovskites in

this context is non-uniform screening of the layers and their surrounding [246][226].

The electric �eld lines between electron and hole lie not only inside the layer, but

also extend outside the material, where the dielectric constant can di�er strongly

from the high dielectric constant of TMDCs, as depicted in Fig. 2.8(a). A more

realistic scenario is the asymmetric example where the vacuum dielectric constant,

or a thin layer of adsorbed water, exists on top of the layer and the dielectric con-

stant of the substrate from below. For layered perovskites, the dielectric constant

periodically changes between the organic and the higher dielectric constant of the

inorganic layer. For both materials, this not only changes the excitonic binding

energy as can be seen from the dependence on the dielectric constant in equation

2.1, but also renormalizes the fundamental band gap due to the repulsive electron-

electron interaction. In terms of theoretical modeling, this is often accounted by

replacing the Coulombic 1
r
- dependence, where r = re−rh, by a modi�ed e�ective
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2.3 Exciton complexes in two dimensions

potential:

V (r) = − πe2

(1 + ϵext)

[
H0

(
r

r0

)
− Y0

(
r

r0

)]
(2.2)

with the Struve and Neumann functions H0 and Y0 depending on the e�ective

screening length r0. This potential scales for short ranges as log(r) for r << r0

and results for large distances r >> r0 in the regular 1
r
dependence. This leads

to a deviation from the standard hydrogen model, in agreement with experimen-

tal observations [246, 253, 255], while more accurate models based on the GW

approximation, Bethe-Salpeter equation and including the �nite thickness of the

monolayer exist [256, 257]. The general scaling of Coulomb interactions and there-

fore binding energy then strongly depends on the dielectric constant of both the

material itself and the surrounding, as well as the thickness of the material [170�

173, 258].

Also, the strong dependence on the dielectric environment allows deterministic

tuning of the binding energy via the surrounding. In layered perovskites, changing

the organic spacers to strongly-screening, polar spacers allows to modify the ex-

citon binding energy by more than one order of magnitude [259, 260]. In TMDCs

on the other side, using proximate graphene or periodically-structured substrates

with di�erent dielectric constants allows to tune key excitonic properties [171, 172,

174]. Recently, using the even more pronounced dependence of excited states on

the dielectric environment, WSe2 monolayers are employed as sensors for strongly-

correlated phases in twisted heterostructures and graphene[158, 175].

In the same way, the environmental sensitivity can also be a source of disorder.

Although the excitonic transitions are de�ned at certain, discrete energy levels,

the resonance is not a delta-function like peak, but is broadened. In addition to

strain �uctuations, dielectric disorder, where a �uctuating dielectric constant of

the environment directly impacts the exciton energy, is one source of disorder,

depicted in Fig. 2.9(a) [173]. As the exact energy of the transition strongly

depends on the randomly changing potential, the broadening is of inhomogeneous

nature and commonly described by a gaussian function, as illustrated in Fig.2.9(b).

For TMDCs, this can be greatly reduced by introducing a constant dielectric

surrounding by fully encapsulating the monolayer between two ultra-�at sheets of

hBN [173, 261�263].

Looking back at the solution of the 2D hydrogen model in Eq. 2.1 and the

exciton band structure presented in Fig. 2.7, the resulting emission or absorption

spectrum is presented in Fig. 2.9(c). Here, the ground state appears as sharp
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Figure 2.9: (a) Disorder in the potential landscape of the exciton leading to
inhomogeneous broadening, where a constant dielectric environment suppresses
dielectric disorder. (b) Resulting inhomogeneous broadening as result of an en-
semble of peaks. (c) Symbolic exciton spectrum with ground (n=1), excited
states (n=2,3) and the continuum above the band gap. (d) Illustration of dif-
ferent interactions an exciton is subject to leading to homogeneous broadening.
(e) Exemplary broadening of the emission spectra of the ground state exciton
resonance in WSe2 at cryogenic and room temperature.

line with the excited states at higher energy approaching the band gap with the

continuum. These states are also subject to fundamental broadening mechanism

depicted in Fig. 2.9(d),which can not be avoided such as the radiative broadening

[244][264]. Here, the uncertainty principle already gives a broadening depending

on the radiative lifetime τrad of the exciton according to ∆Erad = ℏ/τrad. The

high oscillator strength of TMDCs leads to a short radiative lifetime and conse-

quently high radiative broadening. This is especially important when other forms

of broadening, such as scattering with phonons, charge carriers or other exci-

tons, are negligible, e.g. at low temperatures and low excitation densities. For

both, encapsulated TMDCs and layered perovskites, the linewidth broadening is

increasingly dominated by scattering with phonons [110, 264]. This strongly de-

pends on the phonon population and therefore the temperature, but also on the

available �nal state for the scattered exciton. Figure 2.9(e) directly visualizes

the broadened emission of the ground state exciton in WSe2, where the radia-
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2.3 Exciton complexes in two dimensions

tive recombination governs the spectrum at low temperatures, while at elevated

temperatures additional broadening from phonon-scattering dominates. Here, the

quasi-elastic scattering with low energy phonons of the accoustic phonon branch

leads to a linear increase of the broadening with temperature due to the linearly

increasing number of available phonons [265, 266]. At higher temperatures, more

and higher energy acoustic and also optical phonon modes become available and

lead to a super-linear increase of the linewidth. In general, phonons not only

scatter with excitons, but also with other excitonic quasi-particles introduced in

the next section.

These scattering events of the exciton take place during the lifetime τ , e.g. the

average time between excitation and recombination, of an exciton, which consists

radiative- and non-radiative contributions τnon−rad, . Therefore, an overall lifetime

is given by a combination of all these e�ects via the following equation:

1

τ
=

1

τeff−rad

+
1

τnon−rad

(2.3)

Here, the radiative part is given as e�ective lifetime, as also the relaxation of

excitons inside the light cone needs to be taken into account, in contrast to the

purely radiative lifetime τrad [250, 267]. For bright excitons the lifetime is domi-

nated by the short e�ective radiative lifetime, especially at low temperatures. The

non-radiative contributions, for example given by defect recombination, plays a

crucial role for dark states discussed in the next section.

2.3.2 Dark, charged and other exciton complexes

In the previous sections we already mentioned that some optical transitions are

dipole forbidden due to spin selection rules or missing momentum conservation.

However, excitons formed by electron and holes from these states normally do not

emit light or can be directly optically excited and are therefore called dark excitons

[268�272]. It is instructive to return to the single-particle band structure, as the

di�erent valleys of electron and hole can be better visualized in this manner.. As

for monolayer WSe2 the lowest lying transition is forbidden, di�erent dark exciton

states emerge as depicted in Fig. 2.10. These include the spin-forbidden K-K

transition and the two momentum-forbidden excitons forming with the conduction

band electron sitting in the Λ and K− valley, respectively.

Yet, dark excitons can still emit light and conserve spin or momentum. The

strong spin-orbit interaction induces an additional spin-mixing of the topmost
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Figure 2.10: Dark excitons in WSe2. Momentum-indirect excitons formed from
a hole in one K-valley and the electron either in the other K-valley or the Λ-
valley are generally allowed by the selection rules, but forbidden by momentum
conservation. Spin-dark excitons are the lowest lying exciton in tungsten-based
TMDCs, but forbidden by spin conservation in the in-plane polarization. The
lowest bright excitons are formed by electron and hole from the same K-valley and
the same spin-orientation of the band. Additionally, both spin- and momentum
forbidden excitons with the hole residing in one K-valley and the electron in the
upper conduction band of the other valley exist (not shown).

valence band, which results in two excitonic states. While the transition of one

is completely forbidden, the other one is allowed in z-polarization, e.g. emitting

in the in-plane direction. This allows to directly access the spin-dark state D0

using in-plane detection or using a high NA objective, which partially collects the

in-plane light [273�275].

Additional processes can contribute to the radiative recombination of dark ex-

citons, similar to the absorption of light in indirect semiconductors. Momentum-

dark states, forming between holes in the K valley and electrons in the K- valley

or Λ valley, can emit light through phonon scattering processes. Here, an ad-

ditional phonon ensures momentum-conservation, leading to a transition energy

shifted by the phonon energy. This energy shift is discrete, as only phonons with

the right momentum and therefore distinct energy scatter the exciton into the

light cone, creating the phonon-sidebands observed below the purely-excitonic

transition [276�278]. The binding energy energy of the momentum-indirect state

between K and K-, in literature often labeled as I0, is slightly lower compared to

the D0, due to the repulsive short-range exchange interaction of the electron- and

hole spin [277, 279].
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Figure 2.11: (a) Schematic representation of di�erent composite excitonic parti-
cles. Bright negatively charged trions (X−

S and X−
T ), the dark trion (D−) and one

con�guration of the neutral biexciton (XD) are shown from top to bottom and
left to right. (b) Schematic energy diagram of di�erent bright and dark excitonic
states in WSe2, including positively- (red) and negatively (blue) charged excitons
as well as the recombination assisted by an additional phonon (PSB)

However, as equation 2.1 shows, the excitonic transition energy is determined

by the binding energy and therefore crucially depends on the e�ective mass of the

respective valley. This increases the binding energy of the K − Λ exciton enough

to lower the transition energy below the bright exciton state [271, 280]. The direct

transition is dark due to momentum conservation, but there are observation of a

transient phonon sideband before scattering further down to the dark K-K state

[281]. The energy di�erence between the dark and bright exciton is therefore

determined by both the conduction band splitting ∆c and the di�erence in binding

energy of the two states. The

Considering coexisting dark and bright states brings us back to the topic of

the hydrogen, which forms the diatomic molecule H2 under normal conditions.

Similarly, two excitons can form a biexciton [282�285]. One possible biexciton

XD, formed by the spin-dark and bright state, is shown in 2.11(a). Also, if we

consider additional free charges, excitons can form trions by binding an electron

or hole, in analogy to hydrogen ions. In TMDCs, the two K valleys lead to two

di�erent bright negative states, the singlet X−
S and the triplet X−

T , as depicted in

2.11(a) [282, 286�289]. The two states are split by the exchange interaction, as

23
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both spin and valley impact the short-range Coulomb interaction [290]. On the

other hand, there is only one positive trion. The additional hole sits in the other

K valley due to Pauli blocking. The same argument holds for the dark trions,

where the additional electron or hole sits in the opposite valley [279, 291, 292].

The di�erent states and schematic energy diagram for WSe2 are presented in Fig.

2.11, where also the charged biexciton XD−, a �ve-body state consisting of 2

holes and 3 electrons, is shown [279, 293]. Recently, even so-called hexcitons and

oxcitons have been proposed at very high electron densities, consisting of one hole

and 5 or 7 electrons, respectively [294].

Exchange
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Figure 2.12: Exciton �nestructure in 2D perovskites (a) Schematic energy
diagram of 2D perovskites without interaction and symmetry considerations con-
sisting of 4 degenerate transitions. (b) Dark singlet and bright triplets are split
due to exchange interaction. (e) Taking the 2-dimensional symmetry into account,
the exchange interaction and the crystal �eld further split the bright triplets into
two states with in-plane and one with out-of-plane dipole moment. (d) Reducing
the symmetry further additionally lifts the degeneracy of the in-plane polarized
states along the x-and y-direction.

Turning to layered perovskites, di�erent excitonic states are less explored. The

emission is dominated by strongly bound excitons with binding energies between

0.2 and 0.5 eV, depending on the material and quantum well size [29, 43, 45,

226]. However, the origin and ordering of di�erent states is still under debate [37,

295�299]. In principle, the exchange interaction splits states with di�erent spin

con�guration, as shown in Fig. 2.12 [297, 300, 301]. This splits the degenerate

states into the dark singlet and three degenerate triplet states with total angular

momentum J = 0 and J = 1, respectively. The additional two-dimensional nature
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further lifts the degeneracy of the bright triplet into 2 states with in-plane dipole

moment Jz = ±1 and one state with out-of-plane dipole moment Jz = 0. Figure

2.12 also summarizes the resulting selection rules, where the out-of-plane state

can only be optically active with the electric light �eld in the z-direction, while

the two degenerate states are circularly polarized. Reducing the symmetry further

also separates those two states into linearly polarized states. Here, layered per-

ovskites are often described by a tetragonal symmetry [46], e.g. a = b ̸= c, while

recent results show a small splitting of the in-plane polarized states of up to 2meV

[302�304]. The lifted degeneracy and linear polarization indicates lower symmetry

without in-plane symmetry. More recently, dark excitons have been directly ob-

served for di�erent 2D hybrid perovskites by mixing bright and dark states using

an in-plane �eld [299, 303]. The dark state is found to be the lowest-lying exciton

state in all investigated materials with dark-bright splitting of 18-27meV.

Additionally, biexcitons have been observed with high binding energies of around

40meV, nearly twice the binding energy of biexcitons in TMDCs [41, 305]. Con-

trarily, trions have not yet been shown in layered perovskite, but have been ob-

served in perovskite quantum dots [306�310] and transiently in 3D perovskites

[311] at higher excitation densities. The doping of layered perovskites with free

charge carriers has proven to be a major challenge, which is mainly faced by

chemically introducing dopants to the spacer molecules [312].

Currently, there is also a debate about attributing di�erent transitions to states

coupled to one distinct phonon mode, e.g. phonon sidebands [37, 110, 114, 115,

117], or the occurence of polaronic states [109, 111�113, 116]. Both of these

scenarios are based on the strong exciton-phonon interaction and the observation

of multiple peaks in emission and absorption around the main exciton transition.

The interaction with phonons will be especially important for the exciton di�usion,

discussed in the next section.
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2.4 Exciton di�usion

Excitons as composite particles inherit some aspects from their composing par-

ticles such as mass or momentum. Unlike electrons however, excitons are charge

neutral and therefore not subject to electric �elds. Still, after the excitation ex-

citons are not stationary, but move by di�usion freely through the crystal. Here,

a vivid example helps our physical intuition: If we place a drop of ink in a glass

of water, it is quite intuitive that the ink disperses more and more, until the

whole liquid is dyed, even without stirring. Another example is when small par-

ticles dispersed in air slowly spread inside a closed room, such as the fragrance

of a perfume or small, infectious virus particles. These particles move with their

thermal velocity and randomly change direction due to collision events with other

particles or the medium itself. The dispersion of ink in water then follows from

concentration di�erences: in the beginning, the ink is concentrated in the droplet

in the middle. Subsequently, more ink particles will move from the droplet into

the surrounding water until the concentration is homogeneously spread. From an

energetic point of view, this can be described by minimizing the free energy in the

system by increasing the entropy by more available states of the dispersed system

[100].

The particle �ux J of this collective motion is determined by the di�usion

coe�cient D, which is related to the local density n(x) of particles via Fick's �rst

law [98]:

J = −D∇n (2.4)

Additionally, for describing the pure movement, the number of particles needs to

be conserved, e.g. after dropping the ink or creating a certain density of excitons,

and by using Fick's �rst law we arrive at the di�usion equation, Fick's second law:

∂n

∂t
= −∇ J = ∇ (D∇n) = Dconst ∆n (2.5)

where the last equation is only valid for constant di�usion coe�cients. The pace

of the collective dispersion is therefore directly given by the di�usion coe�cient.

Additionally, the �nite lifetime τ of excitons and non-linear e�ects such as exciton-

exciton annihilation need to be taken into account [313�316]. The latter is a

bi-molecular, non-radiative recombination process of one exciton and the simulta-

neous higher excitation of another exciton [317]. This process is governed by the

Auger rate RA and additionally contributes to the recombination. Further, higher

order processes can exist but do not play any role for the studied systems. Overall,
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Figure 2.13: Band-like semi-classical transport characteristics. (a) Exci-
ton freely propagating through the crystal until scattering events randomly change
momentum and direction, after the characteristic scattering time τs. (b) Scatter-
ing rate Γ as function of temperature for the di�erent scattering mechanisms with
acoustic Γac and optical Γop phonons as well as temperature independent scatter-
ing Γ0. (c) Characteristic temperature dependence of the di�usion coe�cient in
the semi-classical free propagation model. For low temperatures the linearly in-
creasing scattering is compensated by a similar gain in kinetic energy, whereas at
higher temperatures the non-linear increase of the scattering leads to a decreased
di�usion.

this leads to the extended di�usion equation by including the recombination term

R(n):
∂n

∂t
= Dconst ∆n−R(n) with R(n) =

n

τ
−RAn

2 (2.6)

The average distance an exciton then travels is also dependent on the lifetime

τ and given by the di�usion length LD [99, 318]

LD =
√
2D τ (2.7)

When excitons travel freely through the crystal, they frequently scatter with

phonons, other excitons or defects, as depicted in Fig. 2.13(a) leading to random

changes of their momentum. In the semi-classical model, the resulting di�usion

coe�cient can then be estimated by the frequency of scattering events from the

Einstein-Smoluchowski relation [99, 319]:

D =
kB T τs
M

(2.8)

where kB is the Boltzmann constant and M the total mass of the particle, for

excitons M = me+mh and assuming that the kinetic energy of a particle is given

by the thermal energy at temperature T . The di�usion coe�cient is therefore

governed by the time between two scattering events, the scattering time τs [320].
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Here, a crucial assumption of the di�usion model for excitons is that in be-

tween those scattering events, excitons travel ballistically. For electron transport

in semiconductors, this is labeled as semi-classical or band-like transport [320].

Therefore, the di�usion model is technically limited to the regime before the scat-

tering time reaches the lifetime of excitons, as the transport is then no longer

mediated by scattering.

Characteristic for band-like transport is the temperature dependence of the dif-

fusion coe�cient [321, 322]. In systems with dominant linear acoustic phonon

scattering, such as TMDCs and layered perovskites, the scattering at low temper-

atures increases linearly due to the increasing population of this phonon branch.

This cancels with the general linear temperature dependence from equation 2.8,

assuming constant exciton mass. The characteristic temperature dependence of

band-like di�usion with ∂D
∂T

≤ 0 is schematically depicted in Fig. 2.13(b). The

decrease of the di�usion constant at elevated temperatures is due to additional

optical and high energy linear acoustic phonon modes activated at higher temper-

atures.

Contrary to freely propagating excitons, in strongly disordered systems, excitons

can not move freely through the crystal and are localized at certain points of the

lattice. This is often the case for Frenkel excitons in organic crystals, which are

localized to a single atomic site, but also applies for systems with strong exciton-

phonon coupling [86, 318, 323�325]. Here, the exciton interacts strongly with the

crystal lattice and forms a polaron, which can be self-localized depending on the

discrete interactions and parameter [86, 326, 327]. Independent of the localization

mechanism, the excitons are then located at potential minima illustrated in Fig.

2.14(a) and di�use via hopping processes between these localization sites [328].

At low temperatures, this only possible via tunneling processes, which require

some wave-function overlap such as Dexter energy transfer, or through the Förster

resonance energy transfer (FRET) based on dipole-dipole interaction [318, 329,

330]. These processes crucially depend on the distance between sites and FRET

additionally is highly sensitive on the overlap between emission and absorption

resonances.

Excitons gain additional kinetic energy at elevated temperatures, while the

localization energy Eloc is mostly independent of temperature for static origins.

This thermally activated transport is therefore characterized by a rising di�usion

coe�cient with increasing temperature, as shown in Fig. 2.14(b). Depending on

the exact mechanism of both the localization itself and the hopping process, the
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Figure 2.14: Localization and hopping transport. (a) Excitons stay local-
ized at a site with the average localization energy Eloc and hop from site to site
by tunneling or FRET. (b) Characteristic temperature-dependence of the hop-
ping transport by thermally-activated transport. At elevated temperatures where
the kinetic energy is much larger than the localization energy the scattering with
phonons starts to dominate again.

temperature dependence can be described by di�erent models. A simple model

to phenomenologically characterize the thermally-activated hopping transport is

given by an Arrhenius-like exponential increase [328]:

D = D0 e
− 1

2

Eloc
kB T (2.9)

The resulting temperature-dependence of the di�usion coe�cient is schematically

shown in 2.14(b). At elevated temperatures when the thermal energy is much

higher than the localization energy, again the scattering starts to dominate and

semi-classical transport can be observed. Especially in the case of layered per-

ovskites, understanding the underlying exciton transport mechanism will be cru-

cial for the discussion of the experimental results. Before, we will brie�y introduce

the sample fabrication in the next chapter and outline the experimental methods

to measure exciton di�usion.
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Chapter 3

Sample fabrication and

spectroscopy techniques

3.1 Exfoliation of layered materials and van derWaals

heterostructure fabrication

This chapter describes the delicate fabrication of van der Waals heterostruc-

tures and serve as hands-on guideline to create complex two-dimensional samples.

Therefore, the step-by-step guide contains extensive pictures to facilitate repro-

ducing the employed samples.As a substantial part of the work was the fabrication

of heterostructures for di�erent projects and the advancement of the fabrication

method itself, the following instruction also includes tips and tricks encountered

while fabricating di�erent structures.

Substrate cleaning

Crystal cleaving

Tape preparation

Polymer-assisted stamping

Exfoliaton on PDMS

Annealing

Pick up

Stamp preparation

Pick-up of all the layers

Drop-down on substrate

Exfoliation on SiO2/Si

Stamping on substrate

Figure 3.1: Guide to the di�erent types of exfoliation and stacking.
After similar cleaning and pre-processing, the two techniques are characterized by
di�erent exfoliation and the method of creating the �nal structure.
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The chapter is organized along Fig. 3.1 and �rst necessary preparations such

as thorough substrate cleaning and the cleaving of the bulk crystals are discussed.

The exfoliation guide is then structured into two di�erent methods, �rst the gen-

erally more straightforward polymer-assisted exfoliation and stamping and subse-

quently, the sophisticated pick-up method of directly exfoliated �akes.

Substrate cleaning and bulk crystal cleaving

Before starting with the exfoliation, the substrates need to be as clean as pos-

sible. A 2 inch silicon wafer with 285nm SiO2 is coated with a protective layer of

PMMA and either commercially cut to small quadratic pieces with a size 4.9mm

or cleaved using a scriber with diamond tip and cleaving pliers. The substrates

then undergo extensive cleaning depicted in Fig. 3.2. First, they are washed step-

by-step in three di�erent beakers with acetone, where the last one is sonicated

for 60 s in an ultrasonication bath. The same is repeated with three beakers of

isopropyl alcohol, again using 60 s of ultrasonication for the last beaker. The sub-

strates are then transferred to another three beakers with de-ionized water and a

last time undergo ultrasonication for 60s. Several beakers are used at each step

as the residues are washed o� by the solvent, but remain in the beaker. Trans-

ferring the substrates to a new beaker before ultrasonication drastically reduces

the amount of debris left on the substrates. After the last bath, the substrates

are �nally blown dry by nitrogen and cleaned in an O2 plasma oven for 5min at

200W in order to get rid of any remaining organic residues.

N2

acetone iso-propanol

DI

(a) (b)

Figure 3.2: (a) Cleaning cascade in several baths of acetone, iso-propanol and
deionized water (DI) with ultrasonic bath for the last beaker of each solvent. (b)
Oxygen plasma cleaning of cleaved SiO2/Si at high power.

The exfoliation process always starts with cleaving of the high quality bulk

crystals and the quality of the cleaved crystals on the tape determines both the

size and overall yield of exfoliated �akes. Some TMDCs such as as MoS2 exist
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(a) (b) (c)

(d) (e) (f)

1 cm

1 cm 1 cm

1 cm 1 cm

1 cm

Figure 3.3: (a) WSe2 bulk crystals from hq-graphene. (b) Scotch tape glued
inside a petri dish for cleaving. (c) Bulk crystal on scotch tape, the �ake is
indicated in green in (a). (d) Cleaving of bulk crystal using tweezers. (e) Second
cleaving for exfoliation using blue tape. (f) Blue tape with homogeneously cleaved
bulk crystals used for further exfoliation.

as natural crystals, but nearly all produced samples are made from arti�cial bulk

crystals fabricated by chemical vapor transport. Here, both commercially available

bulk crystals (HQ-graphene and 2D semiconductors) and, more recently, bulk

crystals with very low defect-densitites [331] from the group of James Hone from

the Columbia university are used.

The process is depicted in Fig. 3.3. For TMDCs, inverted Scotch-tape (Scotch

MagicTM tape) is tightly glued by additional tapes, where each stripe pulls on the

inverted tape away from the others in order to be as �rm as possible. Then, a

piece of bulk crystal is directly placed on the tape and �rmly pressed down. Using

tweezers, the bulk crystal is carefully removed, chipping the bulk at an interface

between layers and leaving a fresh and completely �at surface of the crystal on the

tape. Here, it is crucial for the bulk crystal to be placed and removed completely

parallel with the layered structure of the crystal. In a next step, a piece of blue

tape (polyvinyl chloride backgrinding tape 224PR from Nitto) is lightly pressed

on the newly cleaved bulk crystal on the tape and carefully removed. A nearly

parallel tape lift-o� helps to get a smoother surface. The blue tape is then ready

for the next steps of exfoliation. Bulk graphite is exfoliated very similarly, except

for the use of another scotch tape instead of blue tape to cleave the crystal for

viscoelastic stamping.
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The high-quality hexagonal boron nitride (hBN) crystals from Takashi Taniguchi

from the National Institute for Material Science (Tsukuba, Japan) are cleaved us-

ing a slightly di�erent method, outlined in Fig. 3.4. A small, single crystal hBN

is selected by a shiny and smooth surface, which guarantees the right alignment

of the stacking direction and cleaving axis parallel to the tape. The crystal is

carefully picked up by tweezers without any pressure and placed on a scotch tape

stripe. Then, a second scotch tape is added on top of the crystal and removed

again, cleaving the whole crystal and creating a second, mirrored bulk crystal on

the other tape. The tapes are repeatedly pressed together, where each time the

two tapes are slightly misplaced so the crystals are packed as close as possible but

without overlapping. When a su�ciently large area is covered with cleaved hBN

crystals, the tape is ready to be used for further exfoliation. Small, single crystal

perovskites are exfoliated in the same way.

(a) (b)

(d)(c)

1 cm 1 cm

0.5 cm 1 cm

Figure 3.4: (a) Bulk single crystals of high quality hBN from NIMS in Japan.
(b) Single crystal once cleaved using two sheets of scotch tape (c) Same crystal
after three cleaving steps. (d) Scotch tapes with thinned-down hBN ready to use
for exfoliation.
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Polymer-assisted exfoliation

This section presents the "all-dry viscoelastic stamping" established for single

monolayer TMDC by Andres Castellanos-Gomez [332]. Viscoelasticity is a stress-

dependent combination of viscous liquid-like and elastic properties, here exploited

in Polydimethylsiloxane (PDMS), a widely used organic polymer. The viscoelas-

ticity of PDMS allows the polymer to behave like a liquid without stress and over

long times, whereas at short times or high stress it behaves more like a solid.

Commercially available PDMS sheets (PDMS; WF-20-X4, Gel-Pak) are cut to

roughly the size of the cleaved crystal on the tape as shown in Figs. 3.3(f) and

3.4(d). The PDMS is bonded to a polyester substrate by the manufacturer and

covered with a thin transparent �lm.

(b) (c)

pull 
off

8

press

down

(a)

Microscope slide

PDMS

Figure 3.5: (a) Exemplary piece of PDMS on a microscope slide. (b) Schematic
of the crucial exfoliation step and photograph of the indirect pressing using the
sti�ness of the tape. (c) Exfoliated WSe2 �akes on PDMS with thicker pieces
directly visible.

First, the protective thin �lm is removed and then the PDMS is slowly removed

from its substrate layer using metallic tweezers. As shown in Fig. 3.5(a), the

PDMS is then carefully placed on a microscope slide with the stickier substrate-

side down, preventing the PDMS from being pulled o� the glass by the tape in

the following steps. Here, it is important to not touch or press on the PDMS, as

any contamination will be in contact with the exfoliated layers. Next, the crystal-

loaded tape is brought into contact with the PDMS layer by carefully pressing only

on the far side of the tape, as shown in Fig. 3.5 (b). After the cleaved crystal is in
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complete contact with PDMS, the tape is slowly removed by pulling back. Here,

the removing speed is the crucial parameter, as the adhesion of the viscoelastic

PDMS is higher when the tape is quickly removed. Therefore, one needs to �nd

the right speed of around 0.5 - 1 cm/s between removing the tape too slow where

no �akes are exfoliated and on the other side too fast resulting in broken and

ripped �akes due to strain. This also depends on the cleaved crystal and should

be adjusted for each newly cleaved crystal on blue tape, which is used for 10 -

20 exfoliation processes. During the exfoliation process, the speed is generally

increased, as the weaker bound layers are already exfoliated.

The PDMS is then searched for monolayer TMDCs or suitable hBN, graphene

and perovskite �akes using a microscope and a 10x objective. With a trained eye

one quickly distinguishes between the contrast of di�erent thicknesses and with

the right technique large monolayers can be exfoliated, as shown in Fig. 3.6(a).

If the hBN is only used to provide a homogeneous dielectric environment and

protection from the environment, a thickness of 10-40 nm is desired. The �akes

in this range are colored from light blue (10nm) to a purer white (30-40nm) on

PDMS and should exhibit large enough, completely �at and clean areas. Thicker

and colorful hBN layers suppress the transmission and view of the sample. Few-

layer graphite (FLG) used as gate and contact for charge-tunable devices should

be between 5-20 layers or 1-5 nm, in order to be rigid enough to not break during

transfer but also thin enough to not create a large height change in the device.

In general,graphene is barely visible on Si02;Si due to the low contrast and the

desired thickness corresponds to very light grey to grey color.

Suitable �akes are marked on the microscope slide and the PDMS is cut to a

size of a few mm. The glass slide is inverted and �xed by a custom build holder

mounted on a x-y-z stage, which can be additionally tilted by adding screws from

the bottom of the platform. The substrate is placed on a heatable sample holder,

which uses low pressure to hold the substrate. For stamping hBN, the substrate is

heated to 100◦C, whereas for TMDCs a temperature of 70◦C is used, as the high

thermal expansion of PDMS can tear monolayers apart at elevated temperatures.

The inverted stamp is then placed on top of the �nal substrate, for example

SiO2/Si. By adjusting the focus plane of the 10x objective both, the substrate

surface and the �ake on the inverted stamp, can be seen. The �ake is then

roughly aligned to the desired position on the substrate and with the �ake in

focus the substrate is slowly lifted to approach the stamp. Here, the high stability
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(a) (b) (c)

10x
x-y-z stage

100 µm 100 µm

Figure 3.6: (a) Microscope setup used for searching �akes and all transfer pro-
cesses. (b) The PDMS with exfoliated �akes is searched using a 10x objective,
where an exemplary monolayer WSe2 monolayer is shown in the bottom micro-
graph, where the bottom right shows bulk area with high, metallic refelction. (c)
Stamping process using a slightly tilted x-y-z translational stage setup, where the
substrate is heated to 70-100◦C. Bottom micrograph shows the �ake while slowly
bringing the stamp and substrate into contact, where the color of the hBN changes
from white to greenish due to interference e�ects with the Si/SiO2 substrate.

of the microscope and its translational stage is used to lift the substrate slowly and

controlled towards the �ake. A small tilt along one horizontal axis the between the

stamp and substrates determines the direction of contact and helps to control the

contact line by slowing it down. Here, one should aim for a small, but observable

tilt, as a high tilt leads to more strain on the stamp and can destroy the �ake.

The contact line is visible by a change of contrast, the same way the �akes change

color when in contact with the substrate, as exemplary shown in Fig. 3.6. After

the whole �ake is in contact, the substrate is very slowly decreased, especially at

the �rst crossing of contact line and �ake. Through the viscoelasticity of PDMS,

the speed of the retraction allows to control the adhesion of the �ake and therefore

the stamping process needs to be slow and controlled, with contact line speeds

below 1µm per second. After the contact line completely passed the �ake, the

stamp can be retracted faster, while one needs to be careful that the PDMS stamp

still stays attached to the glass slide.

Then, the desired heterostructure is built by adding layer by layer using the

same procedure. During the alignment of the next �ake special care should be on

areas with less adhesion, such as wrinkles or steps from pre-patterned contacts.

Here, the direction of the contact line should be perpendicular to such a structure,
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100 µm

(a) (c)

(d) (e) (f)

(b)

25 µm

Figure 3.7: Step-by-step fabrication of a WSe2 device by PDMS exfo-
liation and stamping. (a) Prepatterned gold contacts and bonding pads on a
Si/SiO2 substrate. (b) Transferred bottom gate, contacted by the gold and su�-
ciently overlapping with the substrate on the other side of the gold-contact. (c)
Bottom hBN covering the bottom gate without containing the other contacts. (d)
Monolayer WSe2 �ake (orange line) stamped on top, where residues form bubbles
between the layers. (e) The WSe2 contacted by FLG �akes indicated by dotted
gray lines. The bubbles between the hBN and the WSe2 have accumulated into
bigger bubbles by annealing in between, leaving larger clean areas compared to
(d). (f) Complete device with a top hBN covering the contacts and a small FLG
top gate (black line).

when the alignment of the next �akes allows. Figure 3.7 shows step-by-step the

fabrication of a gate-tunable device consisting of 7 layers in total, starting with

the bottom FLG gate. Between each transfer step, it is crucial to anneal the

sample in high-vacuum at 150◦C for at least 2 h. This strongly increases the

contact between layers, as interfacial contaminants become mobile and accumulate

in bigger pockets. This can be directly seen between Fig. 3.7(c) and (d), where

lots of small bubbles between the hBN and the WSe2 aggregate into bigger ones

leaving behind a clean interface [333�336]. This leads to a signi�cant amount

of such bubbles for samples with many di�erent layers, such as devices, while
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the most important interfaces for the quality of the sample are between the hBN

and the TMDC or perovskite, leading to an increased dielectric disorder[173].

Nevertheless, bubbles between the bottom hBN and the substrate can introduce

strain on the sample due to the height di�erence and between the hBN and a FLG

�ake can contribute to an inhomogeneous doping density.

Lastly, a few general notes on the PDMS exfoliation and stamping. First, when

the yield of monolayer on PDMS is low, the �rst thing to do is a new bulk crystal

on scotch tape, as a well-cleaved bulk crystal forms the basis for further exfoliation.

Second, one should aim to keep the time between exfoliation and stamping of a

certain �ake as short as possible, best below 24 h. Third, hBN �akes stick very

well to the substrate and most layered materials stick very well to hBN. Therefore,

one should aim for a large bottom hBN which then fully supports all the other

layers, simplifying the stamping process.

The pre-patterned gold contacts are a substantial step in the height pro�le,

which can complicate the stamping due to reduced adhesion. Here, the FLG

contact should extend in both directions across the gold contact to provide enough

adhesion to the SiO2, as for example the two contacts in Fig. 3.7(d) show.

Direct exfoliation and polymer-free heterostructure fabrica-

tion

The growing complexity due to increasing number of layers and the observation

of delicate features demands even higher quality of the structures and interfaces.

Motivated by that, Wang et al. [141] introduced the �rst pick-up method for

graphene, where only the topmost layer is in contact with the polymer and is used

to subsequently pick-up the other layers. In combination with direct exfoliation,

where an exfoliated layer has only been in contact with the material itself and

the clean SiO2 surface, this allows to build considerably cleaner heterostructures

[143].

The direct exfoliation has been the primary method to obtain monolayer TMDCs

or graphene until polymer-assisted methods using PDMS or PMMA (poly methyl

methacrylate) gained popularity due to deterministic stamping and reliable yield

of monolayers with comparatively large areas. Here, the most important aspect is

the van der Waals force between the substrate surface and the layer. Therefore,

both the substrate surface and the thinned-down bulk crystal should be as clean

as possible. For direct exfoliation, bulk crystals are thinned down using scotch
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pull 
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Figure 3.8: (a) Blue tape for direct exfoliation with two cleaved crystals directly
next to each other to match the substrate size. (b) Hot Si/SiO2 substrates placed
upside down on the tape directly after plasma cleaning. (c) The chips with the
tape are placed on a hot plate at 100◦C for 60 s and the tape is immediately
removed afterwards. The bottom picture shows exemplary substrates with exfoli-
ated layers.

tape as shown in Fig. 3.3. An additional Scotch tape is used to transfer �akes on

blue tape, where the �ake is placed two or more times directly next to each other,

in order to �t the size of the cleaved wafer. This is repeated several times on one

blue tape, as depicted in Fig. 3.8(a).

The cleaned Si/SiO2 are �rst either heated on a hot plate to 100◦C or, even

better, used directly from the hot plasma oven and directly placed on the blue

tape. The substrates are pressed down with some force, where one should be

careful to only press from the top and avoid lateral sliding. The substrates are

then immediately inverted, placed on a microscope slide and again heated on a

hot plate for about 60 s. Then, the tape is removed by pulling the tape away and

holding the chips using tweezers. Here, the removing speed is not relevant, but

one should be very cautious to not have any lateral sliding movements and to lift

the tape straight away. Every blue tape is only used once, as the surface of the

cleaved crystal should be as clean and �at as possible. The same method is used

for all materials, except for layered perovskites where the temperature is reduced

to 50◦C due to their environmental sensitivity.

The substrates are then searched for suitable layers using a microscope. The

contrast of the �akes strongly depends on the thickness of the SiO2. For most

of the projects we used a nominal oxide thickness of 285 nm, while 90 nm is also

used in the community, providing good contrast for many di�erent materials [337].

Here, one should aim to get used to a certain contrast to approximately determine

the layer thickness by the bare eye through the oculars. In general, a camera could
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(c) (d)

elastomer basis
10:1

150°C

(a) (b)

Figure 3.9: (a) The base and curing agent are mixed and incorporated air is
eliminated by an ultrasonic bath. (b) One small drop of the PDMS mixture is
dropped on a heated glass slide using a tooth pick. (c) A few drops of polycar-
bonate (PC) solution are dropped directly on top a standard microscope slide.
(d) A second slide is pressed on top and evenly slid apart, creating a thin �lm.

be used to enhance the contrast by adjustments to the color coding, but is then

very sensitive on the illumination. When all the needed �akes and some backup

�akes for a device are exfoliated, the next step is preparing the stamp for pick-up.

Here, we use modi�ed approach to create the stamp.

First, a PDMS droplet is produced using the method illustrated in Fig.3.9(a)

and (b) by mixing the elastomer and the curing agent (Dowsil 184) with a 10:1

ratio, for example 2 g of the elastomer and 0.2 g of the curing agent. The mixture

incorporates a lot of air, which is removed by an ultrasonic bath for at least 10 min.

Similarly, the air can be removed by placing the PDMS in a vacuum desiccator.

Then, a clean microscope slide is heated on a hot plate to 150◦C and a small drop

of the mixture is dropped down using a tooth pick, as a pipette would lead to

further air bubbles inside the drop. The droplet holds the shape through the high

41



Chapter 3 Sample fabrication and spectroscopy techniques

Figure 3.10: Thin �lm transfer on PDMS stamp. Two circular windows are
cut into scotch tape, where the larger one is used to cut out a small, circular PC
�lm. The circular PC is then transferred using the scotch tape with the smaller
window and uniformly placed on top of the PDMS bubble. Before the �lm is
melted on top, a small hole is created by a scalpel to let air escape, as depicted
in the schematic illustration in the bottom right frame.

temperature and is left to cure for at least 1 h. One should aim for a round shape

and a size of about 4-5mm.

The next step is preparing a thin polycarbonate (PC) �lm, which ultimately

allows to pick-up �akes. Therefore, PC granulate (Sigma aldrich) is dissolved in

chloroform with a 6% weight ratio. A few drops (10-15) are placed on a clean

microscope slide, as shown in Fig. 3.10(a). Then, a second glass slide is pressed

on top and the two are slid apart. The evaporation of chloroform from the solution

results in a homogeneous and thin polymer �lm, which is subsequently transferred
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on top of the PDMS bubble, which is illustrated in Fig. 3.10. To do that, two

stripes of scotch tape are placed on opposite sides of a clean microscope slide. A

circle is cut into each of the tape stripes using a scalpel. One circle is 5 mm and

the other a few mm larger. The tape with the larger circle is removed and placed

directly on the PC-�lm and the �lm is cut using a scalpel along the circle. The

tape then removes all the excess �lm, except for the round window. Then, the

tape is placed with the hole centered on the thin PC �lm, which can be picked up

by sticking to the outer edge of �lm. The tape with the suspended PC �lm in the

circle is then carefully transferred onto the PDMS droplet. Here, it is important

that the �rst contact of the �lm occurs in the center of the PDMS droplet and then

stretched across. Here, the tape without any PC should be large enough to stick

to the glass slide an provide enough support. Using a sharp scalpel, a small hole

is poked into the overlapping area of the tape and PC to let air escape. Lastly,

the stamp is heated to 125◦C for about 2min to facilitate a more homogeneous

PC-�lm.

Having all the �akes and the stamp ready, it is important to make a detailed plan

about where everything needs to be stacked, for example using PowerPoint. As

one starts with the topmost layer and releases the complete stack in the end on the

pre-patterned gold, every layer needs to be at the right position and orientation.

The top hBN should cover all upcoming layers, in order to protect them from

strain, as a few 10's of nm thick hBN is more rigid than all the other layer, only a

small part of the top gate should stand out to contact the gold. Additionally, as

the stack is viewed from the top through the microscope, the contrast is drastically

reduced with each additional layer. Here, some markers outside the stack such

as other �akes or even dirt on the substrate can help to orientate and should be

indicated in the plan.

For the pick-up the same setup as for the polymer-assisted stamping is used

and the stamp is inverted and placed above the sample holder. A few important

steps are illustrated in Fig. 3.11, where the start is a FLG �ake as top gate. The

substrate with the �ake is placed on the holder and heated to 125◦C. The pick-

up process itself starts by slowly making contact with the stamp by elevating the

substrate. In general, the center of the droplet touches �rst and should be between

20-50 µm away from the stack. Then, the contact line is moved across the �ake

and only a few µm over the �ake. In contrast to PDMS, PC is not viscoelastic

and therefore the speed is not crucial, more important is that while going into

contact no lateral shifts occur which could strain or even tear the �akes apart.
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Figure 3.11: Important steps for the pick-up process. (a) From left to
right: FLG top gate on Si/SiO2 substrate. Schematic of the pick-up with the
substrate heated to 125°C. Successfully picked up �ake on the PC stamp. (b)
Pick up of the WSe2 �ake with mono- and bilayer area. The low contrast in the
picked up �ake requires a well prepared stacking plan. (c) Drop-down of the �ake
by melting the PC at a temperature of about 150◦C. The dot in the middle picture
indicates the center of the stamp. The PC is then washed by chloroform and a
high-resolution micrograph shows a slightly broken �ake but drastically reduced
bubbles between the layers. Solid lines represent the monolayer and dashed lines
show bilayer areas.

Then, step-by-step the substrates with the next �akes are mounted and picked-up

in the same way. In order to minimize the strain due to thermal expansion, one

should try to keep the stamp always on 125◦C, which is either done by adding hot

iron plates on top of the stamp or placing the stamp directly above the heated

substrate when not in use. After the pick-up of the WSe2, right picture in the

middle row of 3.11, one nicely sees the top gate extending outside the top hBN,

while all the other layer are below the hBN.
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fabrication

When the stack is �nished, it is released onto the target substrate with pre-

patterned gold contacts. Before going into contact, the temperature of the sub-

strate is increased to 160◦C, then the complete stack is brought into contact and

the contact line is moved an additional 50-100µm over the �ake. Then, the temper-

ature is increased to 175◦C, where special attention should be payed to counteract

any lateral drift due to thermal stress of the setup by adjusting the translational

stage. When the temperature reaches 175◦C and the PC starts to melt, the sub-

strate is slowly retracted and the contact line should not move, whereas a second

contact line, between PDMS and PC, starts to form. The PC then easily detaches

from the PDMS stamp and stays with the successfully transferred stack on the

substrate. Lastly, the PC is washed away by subsequent rinsing in chloroform,

acetone and isopropyl alcohol. The last picture is a high-resolution micrograph

of the gate-and electric �eld-tunable area of both bi- and monolayer WSe2, where

only a few bubbles between the interfaces are visible, in contrast to the device

from Fig. 3.7.

In order to build devices out of layered perovskites, the pick-up procedure is

modi�ed, as the hybrid material rapidly degrades above 100◦C. Therefore, the

viscoelastic polymer polypropylene carbonate (PPC) is used instead of PC. The

PPC is dissolved in anisole (15% weight solution) and similarly prepared as thin

�lm and then covering the PDMS stamp. In order to also reduce the light exposure

of the perovskite while picking up, the device basis, consisting of a FLG bottom

gate, insulating hBN and two FLG contacts, is stamped using PDMS. Then, the

PPC is used to pick up �rst the hBN and then the perovskite at 40◦C, where only

the areas in contact with hBN are transferred. The stack is then immediately

released onto the device structure by increasing the temperature to 50◦C, where

the PPC slightly melts and allows to release the stack without dispatching the

polymer layer. An additional top gate can be added by PDMS stamping.

Finally, a few important things to keep in mind for a successful pick-up pro-

cedure and some suggestions for further improvements: All the exfoliated layers

considered for pick-up should not contain any thick bulk pieces close by or even

within the same �ake, as the step in height pro�le decreases the adhesion between

the �akes. The top hBN, one of the �rst �akes that are picked up, should cover

all the following �akes to provide rigid support while stamping and protection

after drop-down. The FLG top gate also should be not below roughly 5 layers, as

thinner layers tend to rip during pick-up without the support from hBN. When

the contact line moves while melting the PC, one should slightly increase the tem-

perature to further soften the polymer. Here, one should not heat above 190◦C,
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as then the whole structure is melted into the PC until it ultimately sticks to the

PDMS and can not be transferred anymore.

As all the layers are picked up and in the end released onto the gold contacts,

one should allow for some error margin in stamping to still place all the gates and

contacts on the desired gold contact. The error margin should also be applied

for the distance between contacts and to the gates, as the direct touch of two

FLG �akes results in a shortage. The margin also helps against the spontaneous

�oating of �akes, where �akes slightly move their position or angle on the stack

directly after being picked up. This might be related to a large scale atomic re-

construction, when slightly mis-angled layers minimize their energy by forming

domains with zero-angle and natural H-stacking. As the increased temperature

increases the mobility of thin layers [143], one should decrease the temperature

to create Moiré-structures, whereas for samples without a Moiré-structure an in-

creased temperature might help to foster reconstruction [338].

However, there are important drawbacks of the pick-up technique in contrast

to polymer-assisted stamping: First, the direct exfoliation process takes much

more time and yields signi�cantly smaller �akes. The direct exfoliation of one or

two suitable TMDC monolayers can easily take a week, whereas the simultaneous

exfoliation and stamping of 4 devices including the one shown in Fig.3.7 took

roughly 5 days. Second, the process involves more and sensitive steps where a

high accuracy despite low contrast is needed, making the process more likely to

fail. The pick-up process de�nitely yields cleaner structures, which is especially

important to achieve precise doping or homogeneous electric �elds. However, there

are also similar clean, small areas in between bubbles for the PDMS stamping

approach. In conclusion, when a certain area needs be as clean as possible, the

time is well invested into the pick-up processt, for example for gate-tunable devices

or heterostructures consisting of two or more monolayer TMDC. For structures

without any gate or contact, where a random, clean area is su�cient, the polymer-

assisted stamping should su�ce.
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3.2 Optical spectroscopy of 2D materials

In this section we now turn to the optical investigation of van der Waals het-

erostructures, fabricated along the guide presented in the previous chapter. The

general spectroscopic setup used to acquire all the data of this thesis is depicted in

Fig.3.12. It o�ers a high �exibility of the excitation source and allows to measure

with high spectral, temporal and spatial resolution.
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Figure 3.12: Schematic illustration of the spectroscopic setup.

Excitation lasers range from three continuous-wave (cw) solid state lasers (Laser-

glow) that emit spectrally narrow light at the central wavelengths of 405 nm,

473 nm or 532 nm to a wavelength-tunable titanium-sapphire laser (Chameleon

Ultra II, Coherent) emitting 140 fs pulses with 80MHz repetition rate. The Ti:Sa

wavelength range of 680-1080 nm can be extended by the optional second harmon-

ics generation device(HarmoniXX, APE), giving access to shorter wavelengths be-

tween 390-540 nm. Additionally, a spectrally broadband tungsten halogen lamp

(250W, Newport) is used for re�ectance contrast measurements. Here, the light

is focused by a condenser lens on a small pinhole with 50 µm, serving as point-like

source for the light, while a second condenser lense collimates the light after the

pinhole. All the di�erent excitation sources are combined into the same excitation

path by �ip-mirrors and the beam is spatially �ltered by a pair of two lenses and

a small pinhole with a diameter of 10-50µm, depending on the power and spatial

quality of the excitation source. For example, as only a small fraction of the light

from the tungsten halogen lamp reaches the sample, most of the power should be

transmitted through the pinhole, which is then chosen to be 50µm. Contrarily, the
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high power of the pulsed laser in the wavelength range of 750-900 µm allows to use

a smaller pinhole of around 10 µm. Here, the higher spatial �ltering is additionally

more important for spatially resolved measurements. The light is then guided into

the inverted microscope (Eclipse TI-U, Nikon), where a 60x objective (CFI S Plan

Fluor ELWD 60XC, numerical aperture = 0.7, Nikon) focuses the excitation beam

onto the sample, mounted in a Helium �ow cryostat (KONTI Cryostat Type Mi-

croscope, CryoVac). The achievable spot size and therefore resolution is around

0.8 µm full width at half maximum (FWHM).

Inside the microscope, either a 10:90 (Re�ection:Transmission) beamsplitter for

PL or a 50:50 beamsplitter for the re�ectance contrast measurement is used to

direct the light on the sample and to the exit of the microscope. Using the 10:90

beamsplitter allows to collect 90% of the emitted light, while for the re�ectance

contrast measurements the changes to the re�ected light are measured, where the

50:50 beamsplitter transmits in theory 25% of the initial power compared to 9%

of the 10:90 beamsplitter. The excitation laser can then be spectrally cut by

tunable �lters with a cut-on slope below 3% (VersaChrome Edge, Semrock) or

spatially �ltered by an additional pinhole in the image plane and is subsequently

guided through the entrance slit of the spectrometer (Acton SpectraPro SP-2300,

Princeton Instruments). By adjusting the position of two lenses, the light is either

focused onto a grating to achieve high spectral resolution or directly imaged onto

a mirror, where the magni�cation is adjusted with the position of the lenses. For

detection, two options are available: a charge coupled device (CCD) is used for

steady state PL measurements and re�ectance measurements, whereas a streak

camera detector (C10910, Hamamatsu) allows time-resolved measurements with

ps-resolution. A photo diode in combination with a delay stage provides synchro-

nization with the Ti:Sa laser. The streak camera is operated in single photon

counting mode, where light is only registered as one count when the intensity

crosses a certain threshold value on a 2x2-binned pixel.

Probing exciton complexes

Photoluminescence spectroscopy is a useful tool to study excitons and generally

describes the detection of luminescence after photo-excitation. Here, the excita-

tion laser creates eithe excitons, which relax to lower lying excitonic states such

as trions and dark states, whereas some already recombine during that process.

The light emitted from this excitonic distribution is then spectrally dispersed by

the grating of the spectrometer and detected using a peltier-cooled CCD. Fig.3.13

shows an exemplary raw PL spectrum of an encapsulated WSe2 monolayer ac-
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Figure 3.13: PL spectrum of an encapsulated WSe2 monolayer at 5K. The
background, acquired data while the excitation is blocked, is shown in gray as
comparison. The bright neutral exciton is exemplarily �tted with a Lorentz peak
function.

quired at 5K, where di�erent excitonic states can be directly distinguished by

their characteristic emission energy, such as the bright X0 and dark D0 states.

Further details such as linewidth and a more accurately determined emission en-

ergy are extracted from �tting certain peak functions, such as a Lorentz function,

to the data.

The re�ectance contrast measurements are acquired in a similar way, whereas

the data analysis requires a more sophisticated approach. The re�ectance contrast

RC requires a spectrum acquired at the sample position R, one as reference Rref

on the Si/SiO2 substrate and one background spectrum RBG and is then de�ned

according to:

RC =
R−Rref

Rref −RBG

(3.1)

Each spectrum is acquired with the same exposure time, which is adjusted to

reach about 90% of the maximum signal of the CCD, most often in the range of

a few hundred milliseconds. In order to achieve a reasonable signal-to-noise ratio,

at least 100 frames are averaged to create each spectrum.

The exact shape of the spectra from a single monolayer on SiO2/Si is already

governed by multi-layer interferences and therefore the thickness and dielectric
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Figure 3.14: Analysis of the re�ectance contrast spectra (a) Illustration
of the multi-layer stack and light re�ection and transmission at the interfaces.
(b) Real and imaginary part of the model dielectric function consisting of a single
lorentzian peak. (c) Re�ectance contrast spectrum (black) and corresponding
simulated re�ectance contrast as function of the oscillator strength of a single
excitonic transition.

function of each layer, which becomes increasingly complex with the number of

di�erent layers of the device [244]. This is taken into account by a transfer ma-

trix method, where all the re�ections of the light traveling through the crystal, as

illustrated in Fig.3.14(a), are included [339, 340]. For the analysis, the dielectric

function of graphite, hBN, SiO2 and silicon are taken from literature. The dielec-

tric function of the TMDC or perovskite layer is created by having Lorentzian

oscillators for each relevant excitonic resonance n and adjusting the resonance

energy En, linewidth Γn and oscillator strength fn:

εsimulation(E) = εBG +
∑
n

fn
E2

n − E2 − iEΓn

(3.2)

where εBG is an additional background dielectric constant. Using the di�erent

dielectric functions of the various materials of the heterostructure, the transfer

matrix method models the re�ectance contrast. Adjusting the thicknesses of each

layer from both optical contrast and the resulting spectrum and modifying the

parameterized dielectric function allows to obtain the dielectric function from the

best �t to the data. This is especially challenging for perovskites, where also the

exact thickness of the perovskite plays a crucial role. The exemplary dielectric

function of a thin layer of PEA is depicted in Fig.3.14(b). This single resonance
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evolves into a double-peak shape and �ts well to the measured data shown in

Fig.3.14(c) for the right parameters. For complex TMDC devices and perovskites

in general the transfer matrix method with the parameterized dielectric function

is crucial to accurately determine resonance energies and oscillator strengths.

In general, the re�ectance contrast spectroscopy allows to determine the ab-

sorption of the investigated sample. However, for spectrally broad resonances

with small oscillator strength, which are hard to resolve from the re�ectance con-

trast, 2-photon excitation photoluminescence spectroscopy (TPLE) provides an

alternative, for example to detect excited exciton states at high temperatures.

Figure 3.15(a) illustrates the main advantage compared to linear spectroscopy, as

two-photon excitation is only allowed for p-type states, suppressing direct optical

transition and yielding a high signal-to-noise ratio. After excitation, excitons relax

e�ciently to the ground state via non-radiative processes and recombine radia-

tively. Consequently, the absorption of two photons excites one exciton, resulting

in a characteristic quadratic dependence of the TPLE intensity on the excita-

tion power, as displayed in Fig. 3.15(b) This allows to simultaneously obtain the

ground state emission energy and the excited state absorption resonance, as illus-

trated by a typical spectrum as function of the two-photon excitation energy and

the emission energy presented in Fig. 3.15(c).

Exciton propagation from time- and spatially resolved pho-

toluminescence

The previous section is focused on gaining spectral information from the emit-

ted or re�ected light. In order to learn about the spatial dynamics of excitons, the

emitted light from recombining excitons can also be directly imaged by replacing

the grating with a mirror. With the additional time-resolution of the streak cam-

era, the underlying principle of exciton di�usion measurements is the following:

We excite a certain exciton distribution, resembling the size and shape of the laser

spot. Excitons traveling through the crystal and recombining after some distance

lead to an increased width of the emission spot. Tracking these changes as function

of time then allows to resolve the spatial dynamics of excitons. In practical terms,

a small cross-section of the PL spot is directly imaged by the streak camera, as

shown in Fig.3.16.

Here, the crucial point is the accurate calibration of the spatial scales on the

streak camera sensor. A certi�ed length reference is illuminated and the re�ected
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Figure 3.15: Two-photon photoluminescence excitation spectroscopy (a)
Schematic of the two-photon excitation, which results in PL from the ground
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Figure 3.16: After the excitation with a short laser pulse, the streak camera
images a small cross-section of the PL spot. The spatially- and time resolved
image is normalized at each time and directly shows the broadening of the exciton
distribution.

light allows to gauge the streak camera image to the right spatial sizes. Addition-

ally, the broadband light illuminating the reference is �ltered to a range of 50 nm

around the desired center wavelength of the measurement to avoid uncertainties
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Figure 3.17: Determination of the di�usion coe�cient from the linear increase of
the squared width, extracted from �tting a Gaussian distribution to each temporal
section.

from the dispersion and chromatic aberration of optical elements. The resulting

spatially- and time resolved streak image directly shows the decaying PL intensity

due to the �nite lifetime of excitons. Normalizing the image at each time step then

allows to directly illustrate the broadening of the PL spot and therefore exciton

distribution.

For a quantitative analysis the streak image is divided into temporal sections

integrating over a certain time ∆t. The width of the spatially resolved PL pro�le

at every temporal section is then determined by �tting a Gaussian peak function:

IPL(t) ∝ exp

(
− r2

2σ2(t)

)
(3.3)

Then, the di�usion coe�cient can be determined from the slope of the increasing

squared width. Here, mean squared displacement (MSD) is often used for the

central term σ(t)2−σ2
0, representing the relative increase in spatial size over time.

A linear increase MSD ∝ t1 is typically a clear hallmark of normal di�usion,

whereas the subdi�usive regime is characterized by MSD ∝ t0<x<1 and ballistic

transport by MSD ∝ t2 [318].
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Chapter 4

Control of exciton propagation via

strain engineering in 1D-2D hybrid

structures

This chapter focuses on the results on manipulating the spatial dynamics of

excitons, motivated by the challenges in building excitonic devices similar to elec-

tron transistors. The control of excitons, however, is much more complicated, as

they are neutral quasi-particles. Figure 4.8(a) illustrates the general problem that

neither an electric nor a magnetic �eld can constrain the movement of excitons

along a certain directions. Therefore, we employ a di�erent approach of creating

low-energy channels con�ning excitons along a certain direction, as shown in Fig.

4.8(b).

x

E

y

(b)E-fieldB-field

directional transport

(a)

Figure 4.1: (a) Directional transport of excitons. (b) Controlling exciton move-
ment by spatially tuning the energetic landscape.

This additional con�nement is created by strain-tuning, where the crystal lattice

of WSe2 is stretched, changing the underlying band structure and creating quasi-

1D channels. The high-quality hBN-encapsulated samples allow to observe subtle

changes of the excitonic �nestructure, in agreement with recent �rst-principle cal-

culations. Using time- and spatially resolved photoluminescence spectroscopy,

the resulting impact on the exciton di�usion is directly monitored. We create
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hybrid structures

quasi-one-dimensional channels with nearly 100% anisotropy of the exciton �ow at

cryogenic temperatures. Additionally, the strain-engineered con�nement in com-

bination with simultaneously suppressed exciton-phonon scattering allows similar

observations at room temperature.The main results and some �gures presented in

this chapter are reported in the publication [341].

4.1 Strain engineering in monolayer TMDCs

The isolation of single, atomically thin sheets allows e�ective strain-tuning as

the isolated layers are independent of any substrate. While the isolated layers can

withstand strong deformations of up to several %, this stretching of the lattice

leads to drastic changes of the bandstructure, as shown in Fig. 4.2 [342�346]. In

WSe2, a transition from the direct bandgap at the K point to an indirect bandgap

between the conduction band Λ point and the valence band K point is predicted

for negative strain values, as shown in Fig. 4.2(c) [346]. Positive strain values,

e.g. stretching the layer, further reduce the band gap at the K points. Local

strain then can be used to create nanoscale potentials con�ning excitons [347,

348]. The concept of the sample is schematically illustrated in Fig. 4.3(a), where

an encapsulated WSe2 layer is placed on top of GaAs/Al0.36Ga0.64As core/shell

nanowires, providing a clean substrate to locally strain the monolayer.

The structure is fabricated by polymer-assisted exfoliation and stamping in

order to e�ciently transfer the strain from the nanowires, which are mechanically

"scratched" on clean Si/SiO2 substrates. The alternative method of dispersing

the nanowires from an iso-propanol-based solution yielded a more homogeneous

distribution of the nanowires on the sample, but resulted in a poor optical quality

of the encapsulated layers. Figure 4.3(b) shows the hybrid 1D-2D structure, where

the encapsulated WSe2 monolayer covers multiple nanowires. The bottom panel

provides a zoom-in of a particularly homogeneous nanowire employed for most

of the experiments. The atomic force microscopy image presented in Fig. 4.3(c)

shows the smooth deformation of the hBN-WSe2-hBN to a height of around 90 nm

over a width of over one µm.

In order to gain information on the energy landscape of the 1D-2D sample, the

PL spot is scanned across the deformation along the y-direction. The PL data,

presented in Figs. 4.3(d) and (e), shows a clear shift of the bright exciton resonance

to lower energies in the vicinity of the nanowire. In order to accurately determine

the spatial size of the deformation, the PL-scan is deconvoluted with the optical
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Figure 4.2: (a) Impact of strain on the main excitonic transition in MoS2.
Adapted with permission from [343]. (b) Direct K − K and the two indirect
K − Λ and Γ − K transitions in WSe2. (c) Changes of the underlying band
structure of WSe2 under strain. At around zero strain the energetically lowest
transition changes from indirect to direct. Adapted with permission from [346]

resolution, yielding a nearly constant potential and therefore strain in the middle

of the deformation, shown in the right side of Fig. 4.3(d). It is important to note

that the strain pro�le is not directly connected to the height deformation, as the

lattice can relax over several hundreds of nm, similar to atomic reconstruction

shown in heterostructures [349, 350]. Therefore, we consider a super-Gaussian

strain pro�le, accurately describing the experimentally obtained exciton energy

shift.

Here, the strain magnitude is estimated from �rst-principle DFT-LDA calcula-

tions yielding a relative energy shift as function of strain, e.g. a gauge factor of

63.2meV/% for the bright exciton, in agreement with values reported in literature

[351�353]. This results in a strain value of about 0.15% for the obtained poten-

tial depth of 10meV. Exemplary PL spectra plotted in Fig. 4.3 demonstrate the

energy shift with strain across the deformation.

However, multiple other sources can contribute to energy shifts of the excitonic

resonance. For example, a change of the free carrier density in the vicinity of

the nanowire also modi�es the transition energy of the neutral exciton. A clear

hallmark of additional free carrier is the emergence of the trion-states. With
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hybrid structures
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Figure 4.3: Strain engineering in a hybrid 1D-2D WSe2-device. (a)
Schematic of the hybrid device structure. (b) Optical micrograph of one investi-
gated samples with an encapsulated WSe2 monolayer on top of tens of nanowires.
Zoom-in on a clean hybrid 1D-2D structure in the bottom panel. Orange col-
ors represent bubbles and contaminants between the nanowires on the Si/SiO2

substrate and the encapsulated monolayer. (c) Atomic force microscopy image
showing the topography of the nanowire shown in (b). The lateral height pro�le
through the center of the nanowire is shown in the inset. (d) Measured exciton
energy as function of the spatial position at a temperature of 5K. In addition to
the as-measured X0 energy (left) the right side shows the spatial strain pro�le
extracted from de-convoluting the measured data with the optical detection spot
and using the theoretically determined gauge-factor of −63.2meV per % strain.
(e) Exemplary PL spectra directly in the potential well on top of the nanowire
and from the unstrained region in close proximity to the nanowire.

increasing doping density, the trion feature gain intensity due to the oscillator

strength transfer from the neutral exciton. Simultaneously, the energy di�erence

58



4.1 Strain engineering in monolayer TMDCs

1
.6
4

1
.6
6

1
.6
8

1
.7
0

1
.7
2

1
.7
4

0 1000 2000

1
.6
4

1
.6
6

1
.6
8

1
.7
0

1
.7
2

1
.7
4

-2 -1 0 1 2 3

Energy (eV)
1.71 1.73 1.85 1.87E

n
e

rg
y
 (

e
V

)

1.70

1.72

1.74

1.68

1.66

1.64

y-position (µm)
0 1 2-1-2

PL (arb. u.)

0 50 100

R
e
fl
. 
c
o

n
t.

 d
e

ri
v.

 (
o

ff
s
e

t)
E

B
 (
m

e
V

)

180
175
170

s
p

a
ti
a

l
s
c
a

n

y-position (µm)
20 1-1-2

EB  1s-2s

w. strain

(a) (b)

(c)

w/o. strain

PL (arb. u.)
0 250 500

x 0.1

X-

D-

Figure 4.4: Impact of local strain on the emission and absorption spectrum of
WSe2 at 5K (a) All the di�erent excitonic states shift due to strain simultaneously
as function of the spatial position. (b) Line scan of the re�ectance contrast
derivative, where the left side is multiplied by 0.1 for better visibility. (c) Constant
exciton binding energy extracted from the energy separation between ground and
excited state in (b) demonstrating a constant dielectric environment in the strained
vicinity.

between the charged and neutral state increases arising from the elevated Fermi-

energy and momentum-conservation. Figure 4.4(a) shows that both the intensity

and relative energy separation of the trions X− stay constant across the defor-

mation, indicating a constant doping density. This is also supported from similar

observations for the dark trion D−.

Additionally, the re�ective contrast derivative, shown in Fig. 4.4(b), con�rms a

homogeneous dielectric screening across the potential. Therefore, we estimate the

exciton binding energy from the separation between ground- and excited state by

EB = 1.3 (E1s − E2s), where the factor of 1.3 is taken from literature [253]. As

Fig. 4.4(c) shows, this results in a constant binding energy of around 175meV with

small variations on the order of 5meV arising at the edge of the deformation due

to broadened linewidth of the resonances. However, as variations of the binding

energy are mostly counteracted by a similar shift of the band gap, the optical
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transition energy of the exciton changes much less than the binding energy [171�

173]. Therefore, as doping and dielectric �uctuations can be excluded, we attribute

the shift of the resonance energy purely to strain.

4.2 Exciton �nestructure splitting under strain
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Figure 4.5: Exciton �nestructure under strain Extended PL spectra of un-
strained and strained area spectrally o�set to relative energy with respect to the
X0 resonance.

The high quality of the encapsulated layer and the geometry of the sample

allowing measurements at liquid helium temperatures additionally provides access

to an additional clear, but subtle hallmark of strain. The previous sections have

shown the impact of strain as constant energy shift of all excitonic resonances

to lower energies. A closer look, however, reveals a slight change of the energy

separation between bright and dark states, as shown in Fig. 4.5. Here, the strained

and unstrained PL spectra are spectrally o�set to the relative position of the

neutral, bright exciton. While the relative spectral position of the bright trion

states is independent of the applied strain, all dark states are slightly shifted to a

lower energy di�erence, e.g. a decrease of the dark-bright splitting.

The spectral separation between dark and bright exciton state has two contri-

butions: the spin-splitting of the conduction band ∆C and a di�erence in binding

energy, due to slightly di�erent e�ective masses and varying electron-hole ex-

change interaction due to di�erent spins. However, the binding energy of both

bright and dark exciton should in principle not change drastically with strain, as

also experimentally observed in Fig. 4.4(c).

Therefore, this observation is attributed to a change of the energy separation

between the spin-split bands in in the conduction band as illustrated in Fig. 4.6(a),
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in agreement recent DFT-calculations, [346, 354]. Quantitatively, the observed

continuous reduction of the dark-bright splitting agrees well with a theoretically

calculated gauge factor of -6.4meV per % strain, shown in Fig. 4.6(b). This

introduces the combination of the absolute spectral shift of X0 with the X0 − D0

separation thus as useful, characteristic signature of strain and its magnitude.

Additionally, strain allows to the distinction of dark states formed by electrons

from the lower conduction band. The observed shift is due to anisotropic strain,

e.g. stretching the lattice in one direction, where one would expect roughly double

the shift for isotropic strain.

Focusing on the charged excitons, Figure 4.7(a) and (b) depicts the relative

energy shift with strain of the brightX−(a) and dark trionD− with its two phonon

sidebands D−
PSB(b). In contrast to the constant energy of the bright state, the

dark trion states shift as function of strain, identically to the neutral dark exciton.

Here, both the dark trion D− and the two phonon sidebands D−
PSB shift equally,

as the impact of strain on the distinct phonon modes is on the order of 1-3 cm−1

per % strain and therefore below 0.01meV at the present strain values [343, 355]

Interestingly, the D−
B state shifts twice as far with strain compared to the other

dark states, as shown in Fig. 4.7. Only recently, this state has been adressed as

the brightened emission of the dark trion state D−
B , formerly often labeled as T1
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in literature [278, 279, 292, 356]. Here, the spin- and momentum conservation is

ensured by the remaining electron, conceptually like an electronic sideband.
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Here, we experimentally observe evidence for the attributed bright recombina-

tion mechanism illustrated in Fig. 4.7(d) caused by the spin-valley mixing of the

electrons in the two di�erent valleys. The dark trion consists of two electrons in

the lower conduction valley of K and K-valley and the hole in one of those valleys.

The momentum-indirect electron then recombines directly with the hole by scat-

tering to the same valley as the hole. In order to conserve the momentum, the
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4.3 Exciton di�usion along strain-induced quasi-1D channels

other electron is excited to the opposite valley. The emission energy is therefore

reduced by ∆C compared to the dark trion D−. Applying strain will shift the dark

trion similar to theD0 state by the shift of the lower conduction band∆C . The ad-

ditional brightening mechanism of the D−
B state relative to the D− also depends on

∆C , introducing an additional scaling with strain. The relative energy ultimately

should scale with twice the dark-bright gauge factor as function of strain. Indeed,

as Fig. 4.7(c) shows, the relative energy shift of the D−
B scales twice as strong as

the regular dark states, further supporting the brightening mechanism.

4.3 Exciton di�usion along strain-induced quasi-1D

channels

The strain-engineered potential not only impacts the discussed spectral proper-

ties and implications on the �ne structure, but also drastically impacts the spatial

properties of excitons. First, we focus on the con�nement at cryogenic tempera-

tures supported by simulations based on the drift-di�usion model. Finally, we turn

to room-temperature results with direct implications from strain-induced changes

of the underlying band structure.

4.3.1 Anisotropic exciton propagation

We directly monitor the impact of strain on the exciton propagation using

the transient microscopy setup. Therefore, we excite the sample directly in the

vicinity of the nanowire-induced deformation and monitor a cross-section of the

emitted PL in space and time using the streak camera. The excitation energy

is tuned to around 1.77 eV, between the gound and �rst excited state, where no

resonance is in close spectral proximity to exclude any strain-dependent changes

of the absorption. Aligning the nanowire either parallel or perpendicular to the

streak camera slit allows to determine the di�usion along di�erent directions. Fig.

4.8(a) presents representative emission pro�les directly after excitation and after

0.7 ns. Along the deformation (top panel) the PL emission broadens over time. In

the perpendicular direction however, the spatial emission pro�le stays nearly con-

stant. We quantitatively analyze the di�usion by �tting a Gaussian-distribution

to the emission pro�le at di�erent time intervals. Figure 4.8(b) shows the result-

ing time-dependence of the squared width ∆σ2(t), or mean-squared displacement

(MSD), along and perpendicular to the deformation. Additionally, the two direc-

tions are measured on an unstrained sample area close by as comparison. The
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di�usion coe�cient is then extracted from the slope via MSD = 2Dt, resulting in

a value of 1.4 cm2/s, similar to the di�usion of the unstrained area with around

1 cm2/s. This value is also in agreement with recent literature values of hBN-

encapsulated WSe2, where the slightly lower values obtained here might be due

to di�erent doping densities [357].
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In stark contrast, the propagation perpendicular to the nanowire is almost com-

pletely suppressed with a di�usion coe�cient of 0.1 cm2/s. We de�ne the degree

of anisotropy according to Dx−Dy

Dx+Dy
, obtaining a value of 86%. This signi�es the

strong suppression of the di�usion in one direction and free propagation into the

other direction. The strongly anisotropic di�usion is independent of the excitation

density, as illustrated in Fig. 4.8(c). Here, the resulting exciton density is varied

over more than an order of magnitude, while an e�cient propagation parallel and

nearly complete vanishing di�usion perpendicular to the wire is observed for all

densities. Similarly, the observation is also robust across di�erent samples with

similar strain-engineered potentials, as presented in Fig. 4.8(d).
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Figure 4.9: Indication for funneling by o�-center excitation. (a) Normal-
ized PL-pro�les for excitation after excitation on the left (left) and right (right)
sides of the 1D-channel. The dark and light spectra display the spatial distribution
directly after excitation (10 ps) and after 140 ps, respectively. (b) Weighted rela-
tive position of the spatially-resolved PL-pro�les between -2µm and 2µm, shifting
to the middle for the two di�erent excitation spots. Dashed lines are guides-to-
the-eye.

In general, the demonstrated suppression of exciton propagation perpendicular

to the deformation is expected from the corresponding change of the exciton en-

ergy, creating the potential channel shown in Fig. 4.3(d). Additionally, excitons

located directly on a potential gradient should be e�ciently guided along the gra-

dient to the bottom of the potential, a process termed as funneling [347, 358�360].

In the investigated structure however, the spatial scale of the potential gradient

on the edge of the deformation is below the di�raction limit of the setup. Still,

there are some indications for funneling due to strain in the sample. First, the
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PL intensity of the charged biexciton XD− is enhanced in the strained region,

as directly observed in the spectra in Fig. 4.6 and also visible in the spatially

resolved PL in Fig. 4.4(a) at an energy of 1.675meV in the strained region. As

composite species consisting of two or more excitonic particles, the density de-

pendence of biexcitonic species generally follows a quadratic dependence. The

biexciton therefore serves as clear indication for a higher density of excitons in the

potential channel, despite the spatial size being below the resolution limit.

Secondly, there is also a direct spatial evidence attributed to funneling: The

PL intensity shifts to the center of the strain-created potential minimum, when

excitons are excited slightly o�-center. Figure 4.9(a) depicts the normalized emis-

sion pro�les at di�erent times and for excitation on the left and right side of the

potential channel, respectively. The shift is opposite for The weighted relative

position, e.g. the spatial center of mass of the PL, clearly shifts opposite for ex-

citation on the left and right �ank of the potential well, as shown in Fig. 4.9(b).

Despite the relatively small e�ect on the order of 50 nm, the according change

of the shift when changing the excitation position supports the interpretation as

funneling towards the middle of the potential channel.

4.3.2 Analysis with drift-di�usion model

The presented manipulation of the exciton motion crucially depends on the

relation between the con�nement energy and the kinetic energy of the particle.

Here, the determined energy potential of the 1D-channel of around 10meV is

more than an order of magnitude higher than the thermal energy at cryogenic

temperatures of around 0.5meV and therefore should in principle fully constrain

excitons. In order to get a quantitative understanding of the impact of such a

strain potential on the exciton di�usion, we model the exciton dynamics a�ected

by an underlying potential.

Therefore, the di�usion equation is modi�ed by extending Fick's �rst law with

an additional drift term, depending on the exact shape of the potential u = u(r):

J = −D∇n− D

kBT
n∇u (4.1)

Then, the continuity equation needs to be satis�ed leading to

∂n

∂t
= −∇ J = ∇

(
D∇n+

D

kBT
n∇u

)
= Dconst ∆n+

Dconst

kBT
(∇n · ∇u+ n∆u)

(4.2)
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Again, assuming a spatially constant di�usion coe�cient and taking the �nite

lifetime τ into account results in the modi�ed di�usion equation:

∂n

∂t
= Dconst ∆n+

Dconst

kBT
(∇n · ∇u+ n∆u)− n

τ
(4.3)

where we exclude non-linear terms such as the Auger-process for simplicity, in

accordance with the absence of density-dependent e�ects in the experiment.

The attractive potential u is then constructed as super-gaussian function along

the y-axis to closely resemble the experimentally obtained strain-created 1D-

channel:

u = −∆E · exp

(
−0.52

(
y

σchannel

)4
)

(4.4)

67



Chapter 4 Control of exciton propagation via strain engineering in 1D-2D

hybrid structures

with the parameters ∆E = 9meV and σchannel = 0.5 µm, resulting in a FWHM of

0.6 µm, as illustrated in Fig. 4.10. Lastly, Fig. 4.10 shows the initial Gaussian-

shaped exciton density n = n0 exp
(
−x2+y2

2σ0

)
with σ0 = 0.3µm. Then, the time

evolution of this initial exciton density is simulate by numerically solving the

modi�ed di�usion equation 4.3. A spatial grid with 200x200 points with a step size

of 0.04 µm and temporal steps below 1 ps provides the necessary resolution, while

the experimentally obtained di�usion coe�cient D=1.4 cm2/s is chosen according

to the experiment.

The simulated exciton density at di�erent time steps is presented in the top row

of Fig. 4.10(c), where the exciton density is normalized at each time. Here, the

round and isotropic initial density becomes increasingly elongated and anisotropic

over time. The distribution broadens regularly along the channel, while being

completely localized perpendicular to the potential, further supporting the exper-

imentally observed highly anisotropic transport. The bottom row shows time-

resolved 2D photoluminescence images as comparison. Here, the detection cross-

section of the streak camera is adjusted parallel to the y-direction and manually

scanned along the x-direction in steps of 0.25 µm, while measuring the time- and

spatially resolved PL at each point. The measured emission transiently develops

an anisotropic, elongated shape along the channel after being initially symmet-

ric. While there is some noise in the measured data, probably stemming from

variations in the excitation spot due to the long overall measurement time and

the di�erence in resolution along the x- and y-axis, the experiment agrees well

with the model. In summary, excitons are e�ciently con�ned along strain-created

potential channels, where the low kinetic energy of the exciton at cryogenic tem-

peratures facilitates the high anisotropy. The impact of a higher thermal energy

will be discussed in the next section.
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4.3.3 Strain-induced channels with reduced scattering

The high degree of anisotropy observed at liquid helium temperatures is gen-

erally expected to be lower at elevated temperatures, due to the higher kinetic

energy of excitons, allowing to escape the potential. Figure 4.11 shows the time-

dependent variance or MSD for the two directions measured at 290K. Again,

we see e�cient di�usion along the nanowire with a di�usion constant of up to

13 cm2/s, which is in the typical range of di�usion values for TMDCs in the linear

regime at room temperature [361]. However, perpendicular to the 1D channel

the propagation is strongly suppressed with a di�usion coe�cient -0.8 cm2/s, re-

sulting in an anisotropy of 100%, analogous to the data acquired at 5K. While

other di�usion measurements at room temperature yield similar values around

0 cm2/s, we attribute the observed negative di�usion, e.g. shrinking of the exciton

distribution, to funneling e�ects.
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Figure 4.11: Anisotropic exciton transport at room temperature Mean
squared displacement of the exciton distribution at di�erent time intervals mea-
sured along (x-direction) and across (y-direction) the channel.

However, following the previous discussion, the con�nement potential of around

10meV should not be able to con�ne excitons with a thermal energy of 25meV.

Excitons with a kinetic energy higher than the depth of the 1D channel should be

able to escape the potential and therefore exhibit a less pronounced anisotropy.

Also, a similar potential depth is observed at room temperature, as shown in Fig.
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4.12(a) excluding additional e�ects, such as higher strain at room temperature

due to di�erent thermal expansion coe�cients of WSe2, hBN and the SiO2. How-

ever, an additional feature of strain in WSe2 is observed in the employed hybrid

structures, the additional change of the exciton-phonon coupling. Figure 4.12(b)

depicts the linewidth of the PL emission as function of the spatial coordinate

across the deformation. The linewidth and therefore scattering decreases with

increasing strain, reducing the momentum scattering in the con�nement region.

This is in agreement with recent reports from literature showing a reduction

of the exciton emission linewidth under strain due to changes of the fundamental

multi-valley bandstructure [351, 352, 359, 362]. Figure 4.12 illustrates the impact

of strain on the relative position of the KK and the K Λ states. In the unstrained

lattice, excitons are e�ciently scattered from the bright KK state to the lower

lying K Λ state. Positive strain, e.g. stretching the lattice, shifts the indirect

K Λ exciton states to higher energies relative to the KK state. This then results

in a reduced scattering from the KK into the K Λ states due to strain-induced

changes of the band structure. The reduction of the exciton-phonon scattering
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Figure 4.13: Impact of position-dependent scattering on exciton dif-
fusion. (a) Modeled exciton distribution after 400 ps along (x) and across (y)
the channel in comparison with the initial Gaussian distribution (dashed line).
The strained channel is indicated by the shaded area. (b) Time-dependent mean
squared displacement for the x- and y- direction showing linear di�usion along the
channel and a non-linear localization behavior in the perpendicular direction.

leads therefore to a decrease of the linewidth, and ,more importantly, also impacts

the exciton di�usion.

The strain-engineered quasi-1D channel design of our sample then leads to the

unique scenario of both a con�nement potential and a channel with suppressed

scattering and therefore increased mobility. This is equivalent to a spatially-

dependent exciton di�usion of the bright excitons along one direction, further

contributing to the anisotropy. However, the experiment yields a composite di�u-

sion including spin- and momentum dark excitons. This already demonstrates the

di�culty of modeling exciton di�usion of a multi-valley band structure without

sophisticated calculations taking the di�erent states into account.

In order to demonstrate the general e�ect of strain-dependent exciton-phonon

scattering we model the exciton di�usion by including a position-dependent di�u-

sion coe�cient D(y), following the changes of the linewidth and emission energy.

The non-constant di�usion coe�cient leads to additional terms in equation 4.3
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hybrid structures

resulting in the modi�ed di�usion equation:

∂n

∂t
= D∆n+∇D · ∇n+

D

kbT
∇n · ∇u+ n∇u · ∇ D

kbT
+

D

kbT
n∆u− n

τ
(4.5)

The increase of the di�usion coe�cient is estimated from calculations on non-

encapsulated WSe2 presented in Ref. [281], where the di�usion increases for

biaxial strain of 0.3% by more than a factor of 2. For the uni-axial relative strain

of 0.15% in our sample we therefore consider a moderate increase from 9 cm2/s

to 12 cm2/s towards the center of the deformation. The resulting pro�les after

400ps are depicted in Fig. 4.13(a), where the combined e�ect of the potential

channel and the position-dependent di�usion still leads to high anisotropy of the

exciton di�usion even at room temperature. The time-dependent mean squared

displacement, depicted in Fig. 4.13(b) including both the con�nement potential

u(y) and the position-dependent di�usion D(y), highlights the suppression across

the channel with a weakening increase of the width over time, while showing

linear di�usion along the channel. Characterizing the localization to the 1D-

channel, we �nd a degree of anisotropy of around 40%, highlighting the directional

transport. However, taking only the potential landscape into account without

the additional e�ect of position-dependent momentum scattering, the simulation

yields a degree of anisotropy of around 20%. This highlights the importance of the

strain-dependent di�usion and facilitates the anisotropy at room-temperature.

In summary, we achieved spatial control of excitons by e�ciently guiding them

along strain-engineered potential channels both at cryogenic and room temper-

ature. The sample design using clean GaAs/Al0.36Ga0.64As core/shell nanowires

to strain encapsulated WSe2 monolayers allows to resolve a characteristic change

of the excitonic �nestructure. The change of the spin-splitting energy by strain

allows to directly distinguish spin-dark states and provides �rst experimental ev-

idence for a unique brightened emission mechanism of the dark trion state. The

demonstrated anisotropy of nearly 100% for exciton di�usion at cryogenic temper-

atures is fully consistent with a basic model obtained from the modi�ed di�usion

equation. Furthermore, considering the additional con�nement, the limit of a

true 1D regime is in reach at channel widths of around 60 nm at cryogenic tem-

peratures, making the introduced plattform promising to study exciton transport

in a truly 1D quantum con�nement regime. Additionally, the observed strain-

dependent exciton-phonon scattering results in e�cient anisotropy even at room

temperature.
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Chapter 5

Exciton properties and transport in

layered hybrid perovskites

In this chapter we will move the focus to excitons in two-dimensional per-

ovskites. Hybrid erovskites emerged as highly promising candidates in opto-

electronic devices, especially due to the rapid improvement of solar cells. The

subgroup of 2D perovskites, where single layer are separated by organic spacers,

have been studied already more than 40 years ago and gained renewed attention

due to their two-dimensional character and enhanced stability. In contrast to their

3D counterpart, 2D perovskites host stable excitons even at room temperature.

However, the general e�ciency of light harvesting- and emitting devices crucially

depends on the elemental exciton structure and their interaction with phonons,

as well as the underlying energy landscape. In a solar cell for example, excitons

need to di�use to one of the contacts to be separated and e�ciently extracted, as

neutral excitons are insensitive to electric �elds. For the inverse design for light

emission, the excitons should stay in the active area without long range transport

to prevent quenching at defect sites.

Solar cells made from phase pure 2D perovskites reached e�ciencies of up to

18%, while the exciton propagation was completely unexplored [363, 364]. In

general, excitons are not necessarily mobile and especially in organic- or hybrid

organic-inorganic systems, as investigated in the following, excitons can be local-

ized at a single lattice site or defect. The defect density of the solution-grown

crystals is notably higher than in monolayer TMDCs or quantum wells fabricated

using highly controllable methods such as molecular beam epitaxy or chemical

vapor deposition. Understanding underlying transport mechanisms could help to

further improve device e�ciency, but also contributes to learn more about fun-

damental interactions in the systems. Here, studying the Coulomb interaction

in such a layered, hybrid material poses a new, interesting challenge. The soft

lattice in combination with tightly bound excitons o�ers new aspects on exciton-

phonon and electron-phonon interaction. This could help to add further insight to

the ongoing discussion on the formation of polarons, which can lead to a higher,
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renormalized mass or self-localization, similar to an inhomogeneous energy land-

scape restricting the exciton motion.

In this chapter we �rst demonstrate highly mobile excitons at room temper-

ature and investigate the nature of the excitonic transport. Here, two distinct

regimes, localization at low temperatures and free band-like transport at elevated

temperatures, are found. Subsequently, we explore the exciton di�usion and bind-

ing energy across the phase transition of BA, challenging the general description

of exciton in the soft 2D perovskite lattice. Interestingly, the predicted change

of the e�ective mass of electron and hole has no observable impact on excitons,

except for a shift of the emission energy of more than 100meV. Those studies are

supported by theoretical calculations of the shown band structure and valuable

discussion with David A. Egger and Xiangzhou Zhu from the TU Munich. The

data and several �gures are published in the two references [365] and [366].

Finally, we demonstrate the existence of trions in 2D perovskites using a �eld-

e�ect device geometry. Both, the positively and negatively charged trions exhibit

a high binding energy on the order of 46meV, and, while being nearly completely

localized at cryogenic temperatures, are mobile at elevated temperatures of 50K.

The results and �gures have been submitted but are at the current stage unpub-

lished.

5.1 Mobile excitons in 2D perovskites

Here, we study the exciton di�usion in monocrystalline �akes of phenylethylammonium-

lead iodide PEA2 PbI4 (labeled PEA in the following). The lack of a phase transi-

tion over a large temperature range provides a clean system to study temperature-

dependent di�usion. Bulk single crystals grown by Matan Menahem and Omer

Ya�e from the Weizmann Institute of Science, Israel are exfoliated down to thin

sheets using PDMS and immediately encapsulated in hBN. The encapsulation

protects from moisture and oxidation, which drastically reduces the light induced

degradation and the environmental degeneration over time. Figure 5.1(a) shows

one of the studied, encapsulated thin �akes of PEA. The PEA �ake has a thickness

of around 60 nm - 90 nm and exhibits several steps of a few nm height, as depicted

in the AFM image and pro�le in Fig. 5.1(b). Those steps are a direct consequence

of the layered structure of 2D Ruddlesden-Popper perovskites, favoring the cleav-

ing parallel to the sheets, as illustrated in Fig. 5.1(c). The representative emission

spectrum in Fig. 5.2(d) features a single exciton resonance at an energy of 2.36 eV

and a linewidth of 56meV, extracted as FWHM of a Voigt-pro�le �t.
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Figure 5.1: Exfoliated 2D Ruddlesden-Popper perovskites encapsulated
in hBN (a) Optical micrograph of an exemplary encapsulated PEA �ake. The
inset shows the structure of the sample. (b) AFM image of the area indicated by
the black square in (a) showing the terrace-like structure. Inset shows the height
pro�le along the black arrow, resulting in a thickness between 60-90nm. (c)
Illustration of the layered structure of PEA. (d) PL spectrum of PEA obtained
at room temperature with a linewidth of 56meV. (e) Calculated band structure
of PEA, where the electron and hole masses of 0.19m0 and 0.25m0, respectively,
result in a theoretical mass of 0.44m0 for the exciton. Calculation performed by
Xiangzhou Zhu and David A. Egger, TU München.

In order to understand the underlying electronic band structure, Xiangzhou

Zhu and David A. Egger derived the band structure depicted in Fig. 5.1(e,) using

�rst-principles calculations including spin-orbit interaction. The fundamental gap

is direct and located at the Γ-point, whereas the next direct transition is nearly

at the doubled energy. The e�ective mass of electron and hole at the conduction

band minimum and valence band maximum is 0.19m0 and 0.25m0, respectively.
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Figure 5.2: Room-temperature exciton di�usion in 2D perovskites (a)
Streak-camera images measured on the sample shown in 5.1 shown as measured
(left) and normalized at each time step using an excitation density of 6.5 nJ/cm2.
(b) Representative spatial pro�les extracted from (a) directly after excitation and
at later time of 1 ns as indicated by the gray and red area. (c) Corresponding
time-dependent mean-squared-displacement of the spatial pro�les resulting in a
di�usion coe�cient of 1 cm2/s.

The resulting translational exciton mass MX is therefore 0.44m0, which is smaller

than the e�ective mass of 0.69m0 for WSe2, as comparison [205].

The exciton propagation is then directly monitored by time- and spatially re-

solved PL. Exemplary streak camera images after excitation with a density of

6.5 nJ/cm2 per pulse are shown in Fig. 5.2(a), both as measured and normalized

at each time step, directly visualizing the broadening of the spatial pro�le. Then,

the squared width of the spatial PL distribution is extracted from a Gaussian �t

as depicted in 5.2(b), whereas the slope of the MSD (see 5.2(c)) yields the di�u-

sion coe�cient. For this measurement presented in 5.2, the di�usion coe�cient is

determined to be 1 cm2/s.

This value is not only reproducible across di�erent sample positions and sam-

ples, but also remains una�ected when changing the excitation density, as il-

lustrated by the two identical time-dependent MSD traces in 5.2(b), where the
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Figure 5.3: Density-dependent exciton di�usion (a) Summary of exciton
di�usion measurements acquired for more than three orders of magnitude of ex-
citation density and across di�erent samples and positions. The red shaded area
indicates the mean value including the standard deviation. (b) Mean-squared-
displacement as function of time for two exemplary excitation densities. (c) His-
togram of the 51 single measurements of exciton di�usion at room temperature.

excitation density per pulse is varied by more than 2 orders of magnitude. For com-

parison, an excitation density of 6.5 nJ/cm2 per pulse corresponds to an exciton

density of around 7 ·108cm−2 and an average exciton distance of 0.8µm. The mean

value across all of the 51 measurements is then extracted to be 1.0 ± 0.4 cm2/s as

summarized in Fig. 5.2(a) and shown as histogram in 5.2(c). This value is orders

of magnitude higher than exciton di�usion in organic crystals [367, 368] and very

similar to the results obtained on WSe2and TMDCs in general [316, 361, 369].

Interestingly, it corresponds to an e�ective mobility of 40 cm2/Vs and is very close

to the value obtained for electrons in 3D perovskites [88, 368].

In terms of direct comparison, the value of 1.0 ± 0.4 cm2/s is higher than the

earlier reported value of 0.2 cm2/s from Ref. [370], which might be related to the

encapsulation in hBN and the di�erent time scales investigated, where we focus on

the early exciton di�usion in the �rst few 100 ps. Additionally, the measurement

is reproduced in Ref. [231] yielding closer agreement with a value of 0.65 cm2/s

for PEA.
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Figure 5.4: PL lifetime in 2D perovskites (a) Exemplary transient measured
at an excitation density of 6.5 nJ/cm2. (b) PL lifetimes as function of excitation
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Similarly, the exciton lifetimes are characterized by a single exponential decay

with a lifetime of around 250 ps as illustrated in Fig. 5.4(a) and stays nearly

constant across the change of excitation density. In general, exciton-exciton inter-

action can a�ect both exciton lifetime and di�usion [235, 316, 371]. However, given

the general very low excitation conditions, the absence of a large density-induced

change results in a low Auger-coe�cient of around 0.06 cm2/s, in agreement with

the low reported Auger-coe�cients for a similar 2D perovskite system [235].
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Figure 5.5: Stability of 2D perovskites under illumination. (a) Total
PL as function of time under illumination for three di�erent excitation densitites
per pulse ranging from 2.6 nJ/cm2 to 130 nJ/cm2 under vacuum conditions. (b)
Stability of the emission lifetime extracted from single exponential �ts. (c) Cor-
responding di�usivity for each frame. Color code in (b) and (c) is shown in (a).

Additionally, for any density-dependent e�ect the in�uence of increasing degra-

dation at higher excitation densities needs to be considered. Therefore, a short

di�usion measurement with 3min integration time is repeated several times under
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Figure 5.6: Exciton di�usion in a second 2D perovskite system with dif-
ferent organic spacer (a) Room temperature PL spectrum of BA-type 2D per-
ovskite exhibiting a broader linewidth of 70meV (b) Exciton di�usion coe�cient
as function of the excitation density per pulse for BA. (c) Schematic illustration
of the di�erence in lattice sti�ness due to more room in the interlayer space for a
smaller organic.

continuous illumination and individually evaluated. Figure 5.5(a) shows the to-

tal PL for three di�erent excitation densities, which slightly declines even for the

highest excitation density to only around 75% of the initial value after more than

15min under pulsed laser excitation. Typical for all subsequent measurements,

the emission intensity is still at more than 90% of the starting value. The lifetime,

depicted in Fig. 5.5(b), exhibits the same behavior, with a decreasing decay time

for the highest excitation density and no e�ect for lower power.

Importantly, the di�usion coe�cient, presented in Fig.5.5(c) shows no system-

atic change under illumination. Therefore the di�usion seems to remain stable

against the degradation, while we attribute the small changes of PL yield and

decay time to an increased non-radiative decay channel due to additional defects.

The reason for the spread of the di�usion and lifetime values is at the current

stage unknown, but might be related to changes of the spatial energy landscape at

di�erent positions such as steps or fractures of single layers or large lattice defects.

Both could also be related to the exfoliation process and subsequent encapsulation.

Interestingly, the results clearly change upon replacing the organic Phenyl-

ethylammonium spacer by an alkyl-chain like butyl-ammonium without chang-

ing the exciton-hosting inorganic PbI4 layer. First, the PL emission shown in

Fig. 5.6 is signi�cantly broader with a FWHM of 70meV. The di�usion coe�-

cients are depicted as function of excitation density in Fig. 5.6(b) and similarly
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remain constant across two orders of magnitude. However, the value of around

0.3 cm2/s is around three times smaller than for PEA, despite relatively similar

exciton mass [366]. This is attributed to the steric e�ect of the smaller sized BA

molecules compared to PEA, as illustrated in Fig. 5.6(c), reducing the sti�ness

of the lattice. Additionally, the aromatic rings of PEA form stronger pi-hydrogen

bonds compared to the van der Waals interaction of BA [231, 370]. Together,

this increases the exciton-phonon coupling and consequently reduces the di�usion

coe�cient for BA. The obtained value of 0.3cm2/s is again slightly higher than

observed in literature, while the change from PEA to BA is in good quantitative

agreement[231, 235, 370]. Lastly, this steric e�ect is also used to engineer higher

di�usion coe�cients by increasing the size and interaction strength of the organic

spacer [231, 370].
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5.2 Temperature-dependent exciton propagation in

2D perovskites

An important observable to understand the nature of exciton di�usion is the

corresponding temperature dependence, allowing to distinguish di�erent di�usion

regimes and mechanism. Therefore, we study exciton di�usion temperatures be-

tween 5 and 290K using the cryostat. Figure 5.7(a) presents the time- and spa-

tially resolved streak camera images obtained at 5K and 100K for both the as-

measured and normalized data. First, focusing on the dynamics at 100K, the

exciton distribution is signi�cantly longer-lived than at room-temperature (see

Fig. 5.2(a)) and clearly shows a constant spatial broadening over time.
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Figure 5.7: Spatially-resolved exciton emission at di�erent tempera-
tures. (a) Representativ streak camera images at cryogenic (5K) and elevated
(100K) temperatures of the spatially and time resolved PL for an excitation den-
sity of 2.6 nJ/cm2 per pulse. The left panel for each temperature is presented
as-measured while the right one is normalized at each time step. (b) Temper-
ature dependence of the time-resolved mean squared displacement. Dashed and
solid lines are guides to the eye.

Secondly, the PL decay at 5Kis dominated by a fast decay within the �rst

50 ps and an additional long-lived component. The normalized data illustrates

the spatial broadening, also revealing two components governing the dynamics

at low temperature. The corresponding time-dependent MSD traces for di�erent
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selected temperatures are shown in Fig. 5.7(b). Above 50K, the spot area in-

creases linearly, highlighting regular di�usion, whereas a highly unusual behavior

is observed below 50K. Here, after an initial fast expansion the distribution even

shrinks, corresponding to negative e�ective di�usion.
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Figure 5.8: Temperature dependent exciton di�usion. Di�usion coe�-
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√
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inset. Shaded areas are guides to the eye.

Figure 5.8 summarizes the corresponding di�usion values. Above 50K, the

di�usion coe�cient either is constant or decreases with temperature, representing

a clear hallmark for band-like transport. The di�usion coe�cient then depends

on the interplay between the random scattering events and exciton kinetic energy,

which increases linearly with temperature. The scattering dynamics however,

can show various behavior with temperature depending on the exact nature of

the scattering. Defect scattering for example, is expected to be independent of

temperature and therefore excluded to play a major role, as this would lead to

an increasing di�usion with temperature. On the other side, the hybrid lattice

hosts a broad range of low energy phonons, which can be increasingly populated

at elevated temperatures and lead to the observed decrease of the di�usivity [110].

As shown in the inset of Fig. 5.8, the high di�usion of around 3 cm2/s and lifetimes
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Figure 5.9: Time- and spectrally resolved PL emission. (a) Streak camera
image as function of time and emission energy. (b) Selected PL spectra with a
temporal delay of 50 ps for each spectrum. The symmetric peak red shifts and
develops a low energy shoulder. (c) Extracted relative shift of the spectral position
of the PL maximum (top panel) and relative shift of the spectral center of mass
or weighted arithmetic mean. For the relative shift of the spectral center of mass
every tenth value is highlighted in red.

above a nanosecond lead to di�usion lengths Ldiff =
√
2Dτ up to 1 µm at around

100K.

This is strongly contrasted by the anomalous behavior at cryogenic temperatures

below 50K, even exhibiting e�ective negative di�usion at 5K. Here, we separate

di�erent components dominating at di�erent time delays after excitation: In the

�rst few 10's of ps, the exciton distribution rapidly expands with di�usion coe�-

cients as high as 30 cm2/s, as shown by the blue dots in Fig. 5.8. However, this

fast component decreases with temperature, suggesting freely moving excitons.

The rapid di�usion corresponds to di�usion lengths of around 0.5µm, despite the

short lifetime of around 50 ps. After this initial fast, but short-lived di�usion and

subsequent narrowing, the remaining exciton cloud exhibits a long lifetime with no

apparent change of its spatial size and di�usion coe�cients approaching zero. This

corresponds to exciton localization and is supported by the thermal activation of

the di�usion of this long-lived component, e.g. increasing di�usion coe�cient with

increasing temperature. Thus, long lived excitons are localized at temperatures

below 50K, yet become increasingly mobile at elevated temperatures.

In addition to the results from spatially-resolved PL, there are spectral �nger-

prints of localization. In a simpli�ed picture, one would expect the localized state
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to be lower in energy in order to e�ciently capture excitons. Figure 5.9(a) shows a

false-color plot of the spectrally-and time-resolved PL with representative spectra

plotted in Fig. 5.9(b). Both show a slightly shift of the maximum and the overall

PL intensity. For a quantitative analysis, Fig. 5.9 shows in the top panel the rela-

tive maximum of the PL and in the lower panel the relative spectral center of mass

of the PL, corresponding to the photon energy at which most of the PL is emitted.

The two curves show a shift or around 1meV and 4meV, respectively, over the �rst

100 ps and give an upper and lower estimate for the expected localization energy.

This energy would already be enough to e�ectively suppress exciton motion with

kinetic energies of around 0.5meV at cryogenic temperatures.

More importantly, the spectrally-resolved PL also allows to estimate the scat-

tering rate of excitons and ultimately the di�usion coe�cient. Therefore, the

linewidth, shown in Fig. 5.10(a), is extracted from the emission spectra us-

ing Lorentz peak �ts and strongly broadens with increasing temperature. The

linewidth broadening Γ can be approximated by the phenomenological Debye-

Einstein model to obtain a simpli�ed expression for the scattering:

Γ(T ) = γacc ∗ T +
γ0

e
E0

kBT − 1
(5.1)

where γacc describes the linear acoustic scattering coe�cient and Γ0 the relative

phonon coupling with an e�ective phonon energy E0. The parameters of the �t

presented in Fig. 5.10(a) are γacc = 50µeV/K, γ0 = 165meV and E0 = 37meV

and do not explicitly describe discrete phonon energies and are in agreement with

similar reports [109, 115]. Then, the scattering time τs can be estimated from

the linewidth according to: τs = ℏ
Γ(T )

, where using the linewidth approximation

instead of raw data excludes the additional o�set broadening Γ0, attributed to

radiative and potential inhomogeneous broadening.

Finally, we obtain the di�usion coe�cient using a modi�ed drift-di�usion model,

extended by an additional localization term:

D =
kB T τs
M

e
− 1

2

Eloc
kB T (5.2)

The �rst term describes the semi-classical di�usion of carriers with mass M me-

diated by the scattering time τs. Here, we employ the calculated total exciton

mass MX = 0.44m0 and the scattering time estimated from the PL linewidth

broadening. The second term on the other side describes the thermal activation

of localized excitons. Figure 5.10(b) shows the resulting di�usion coe�cients for
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Figure 5.10: Exciton-phonon interaction and modi�ed drift-di�usion
model. (a) Temperature-dependent PL linewidth extracted from the FWHM of
Lorentz �ts including the �t using the phenomenological Debye-Einstein model.
Inset shows the low-temperature data �tted with a linear function. (b) Measured
di�usion values and estimate from the Drift-di�usion model including localization
e�ects.

di�erent localization energies together with the measured data. The dark red solid

line represents the purely semi-classical model without localization e�ects. Inter-

estingly, the basic model allows to accurately model both the absolute values and

the temperature dependence at both cryogenic and elevated temperatures. This

suggests that the di�usion at elevated temperatures is indeed dominated by the

e�cient exciton-phonon coupling. Especially the room-temperature values seem

to be the intrinsic phonon-limit of di�usion.

However, there are important implications of the model to consider. First, the

application of the semi-classical description is speci�ed by the Mott-Yo�e-Regel

criterion, which requires the mean free path Lfree =
√
2Dτscatt to be larger than

the de-Broglie wavelength λdB =
√
2πℏ

MXkBT
of the di�using particle. Here, the mean

free path describes the average distance an exciton travels between scattering

events and the de-Broglie wavelength λdB represents the size of the semi-classical

wavepacket. For the presented case of PEA, Lfree is comparable or even smaller

than λdB at elevated temperatures, e.g. the exciton wavepacket scatters with

phonons on spatial scales of the wavepacket itself. This can thus lead to additional

quantum mechanical localization e�ects facilitated by interference e�ects between

wavepackets moving in closed loops [266, 357]. However, this highly depends on

the phase coherence inside the loop and therefore the elasticity if the scattering,

which is strongly reduced for optical phonon scattering at elevated temperatures.
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Figure 5.11: Two-component di�usion model. (a) Schematic illustration
of the two-component di�usion, where a fraction of excitons di�usive freely and
quickly recombine, while the others are localized and long-lived. (b) Simulated
time- and spatially dependent PL of the two-component di�usion, left is as mod-
eled and right is normalized at each timestep. (c) The evolution of the distribution
area of the two-component modelin comparison to the measured data.

This can motivate additional quantum-mechanical treatment despite the accurate

description of the observed di�usion by simpli�ed semi-classical model.

Additionally, the anomalous regime observed at lowest temperatures requires

further considerations. Here, the rapid di�usion only observed on short timescales

suggests non-equilibrium dynamics. As we excite excitons non-resonantly, the re-

laxation and cooling might be slowed down at lowest temperatures, leading to hot

excitons moving in a cold lattice. From equation 5.2 we can estimate an exci-

ton temperature of 30-40K required for a di�usion coe�cient of 30 cm2/s, while

assuming the low scattering of a cold lattice. Here, the recent progress in de-

termining the bright-dark splitting indicates a bottleneck e�ect for the scattering

from the bright to the dark exciton state, as no optical phonon matches the energy

di�erence [298, 299, 372, 373]. Therefore, one could attribute the initial lifetime

below 100 ps to bright excitons relaxing to lower-lying dark states. In addition,

overheating e�ects have been observed in perovskite nanocrystals [301]. Elevated

temperatures then accelerate the cooling rate and decrease temperature di�erence,

overall mitigating the e�ect of an overheated exciton population.

However, the observation of a subsequent negative e�ective di�usion can not

be explained by only hot excitons but implies the interplay of additional exci-

tonic components. Therefore, a simple two-component model of rapidly di�us-

ing, but short-lived excitons and a long-lived localized distribution, illustrated

86



5.2 Temperature-dependent exciton propagation in 2D perovskites

in Figure 5.11(a) is simulated by two Gaussian distributions. The spatial and

temporal evolution shown in Fig. 5.11(b) shows the shrinking of the overall ex-

citon cloud after the rapidly spreading excitons have recombined and only lo-

calized excitons remain. Using parameters closely related to the experiment of

Dfree = 25 cm2/s,Dloc = 0.5 cm2/s,τfree = 0.05ns, τloc = 2 ns and a ratio of
nloc
nf ree

= 0.03, the model can accurately describe the observed mean squared dis-

placement. It is important to note, that a detailed description highly depends

on the non-equilibrium dynamics of excitons and the distinct localization mecha-

nism and energy scale. However, this simple model correctly illustrates one of the

scenarios that can lead to negative di�usion.

Finally, one of the main parameter of the semi-classical model is the exciton

mass, derived from the sum of the conduction and valence band electron masses.

Here, the strong exciton-phonon interaction can lead to the formation of polarons,

strongly a�ecting the e�ective mass and even facilitating a temperature depen-

dence of the mass [374]. This in turn could contribute to the observed decrease of

the di�usion coe�cient with increasing temperature by a increased polaron mass.

Therefore further investigations and merging descriptions of the spectral signa-

tures of polarons and the e�ect on the transport in 2D perovskites are needed

[116, 375].
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5.3 Excitons at the phase transition

The already discussed 2D perovskite BA exhibits a phase transition close to

room temperature at 270K, which was recently theoretically and experimentally

reported to change the e�ective mass of electron and hole [114, 227, 376]. This

provides the opportunity to investigate the in�uence of a changing mass of valence

and conduction band carriers on exciton di�usion and binding energy.

Figure 5.12(a) depicts the underlying mechanism of the phase transition, which

has been recently attributed to an order-disorder transition [377]. At elevated

temperatures, the octahedra exhibit strong anharmonic �uctuations, while the

octahedra get locked at a high tilt angle δ at the phase transition [227]. This phase

transition directly impacts the optical response by shifting the excitonic resonance

by more than 100meV. The spectra in Fig. 5.12(b) demonstrate this shift of

the PL of encapsulated BA layers when the temperature reaches around 270K,

corresponding to the reported transition temperature [114, 227, 377]. Additionally,

while the linewidth continuously increases with temperature, there is no obvious

change across the phase transition in contrast to the large energy shift.

Xiangzhou Zhu and David A. Egger from the TU München provide theoretical

insight by calculating the band structure, including spin-orbit coupling, which

is shown in Fig. 5.12(c) and demonstrates a similar shift of the band gap. The

experimentally observed change in emission energy is therefore partially attributed

to changes on the underlying single-particle level. Those arise from the change

of the average distortion angle δ of the lead-iodide octahedra, as depicted in Fig.

5.12(a). A larger distortion angle reduces the wavefunction overlap and increases

the band gap [229, 376]. Simultaneously, the bandwidth reduces, which in turn

leads to higher masses. Theoretically, the total exciton mass M = me + mh

increases by an factor of 1.5 going from the HT to the LT, as also experimentally

observed in previous diamagnetic shift experiments in Ref. [114]. Together, the

phase transition should not only change the optical response, but additionally

manifest itself in a change of the exciton binding energy and, assuming band-like

transport as shown in the previous section for the closely related PEA, also impact

exciton di�usion.

5.3.1 Exciton binding energy

First, we investigate the exciton binding energy by measuring the energy sep-

aration between the ground and excited states, which allows to extrapolate the
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Figure 5.12: Impact of the phase transition on the optical and electronic
properties (a) The phase transition changes the relative alignment of the in-plane
octahedra, which are locked with a high tilt angle δ below the phase transition,
while �uctuations are possible in the high temperature phase. (b) Temperature
dependent PL emission across the phase transition at 270K. (c) Calculated band
structure for the high- (HT) and low- (LT) temperature phase between the Γ and S
point. Included are values for the energy shift across the phase transition and the
corresponding e�ective masses extracted at the Γ-point. Calculation performed
by Xiangzhou Zhu and David A. Egger, TU München.

binding energy from a certain linear scaling. Here, we make use of two-photon

photoluminescence excitation spectroscopy (TPLE), which is sensitive to weak

and broadened signals from excited states at elevated temperatures while simul-

taneously suppressing the ground state contribution due to optical selection rules.

Here, we tune the excitation wavelength around half the energy of the expected

excited state from 1.24 eV to 1.77 eV. For these below band gap photons, only a

two-photon excitation process is possible, which is only allowed for p-type states.

After excitation, the p-type excited state can not recombine directly and relaxes

to the ground state which is then detected as photoluminescence.

Figure 5.13(a) depicts an exemplary TPLE and the corresponding PL spectrum

from an encapsulated BA layer obtained at 5K. For comparison, the re�ectance

contrast together with the multi-layer �t of the same sample is shown below. Here,

the ground state is the strongest resonance with accompanying features which

stem from interference e�ects. The maximum of the 2-photon absorption then

determines the 2p energy with additional contributions of higher p-type states at
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Figure 5.13: Measurement of the exciton binding energy. (a) Comparison
of the two-photon PLE and PL with the re�ectance contrast measurement at 5K.
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(c)-(e). (c) Re�ectance contrast spectrum in the spectral range of the fundamental
laser energy for the two-photon excitation together with the �t obtained from the
transfer-matrix multilayer interference model. (d) Simulated absorption of the
perovskite layer extracted by adding a small imaginary component to the dielectric
function. (e) Impact of the correction on the HT and LT phase by comparing the
as-measured (lighter color) and the corrected spectra (darker color).

higher energy, in close agreement with the 2s state determined by the re�ection

contrast. The overall values and the resulting high binding energy match with

earlier reports [45, 226, 378, 379].

The resulting TPLE and accompanying PL spectra across the transition are

shown in Fig. 5.13(b). First, both spectra are signi�cantly broadened compared
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Figure 5.14: Temperature dependent exciton binding energy. (a) 2p-1s
energy separation (left axis) as function of temperature and phase. In order to
exclude any e�ects arising from a di�erence in absorption and emission energies,
the ground state resonance energy is obtained from the absorption-type re�ection
contrast. Corresponding binding energies are obtained from EB = 1.2 ∆2p−1s and
shown on the right axis. Error bars are estimated from the �t to the TPLE data.
(b) Temperature dependent Stokes shift, i.e. di�erence between the absorption
and emission energy of a resonance.

to cryogenic temperatures, but do not contain signatures of the respective other

phase. Second, both ground and excited state shift to lower energies for the HT

phase, as expected from the underlying band structure and PL measurements

presented in Fig 5.12(b) and (c). However, the two-photons absorption is also

subject to interference e�ects. In order to account for the impact of the multi-

layer structure, we estimate the e�ective absorption in the spectral range of the

fundamental photon energy, as shown in 5.12(c). The resulting e�ective absorption

shown in Fig. 5.12(d) demonstrates the importance of this e�ect, as the absorption

increases by nearly a factor of 2 in the relevant spectral range between 1.3 eV and

1.5 eV. The TPLE data can then be corrected for the change of the absorption due

to the spectral shift of the resonance, which can be as high as 50meV, as depicted

in Fig. 5.13.

The temperature dependent values for the 2p-1s separation are summarized in

Fig. 5.14(a). The corresponding exciton binding energy can be estimated from the

linear scaling between the binding energy of ground and excited states according

to EB = 1.2∆2p−1s [379]. In order to exclude any di�erences arising from the �nite
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Stokes shift presented in Fig. 5.14(b), the energy of the 1s resonance is determined

from the re�ection contrast instead of PL. Here, the binding energy of around

0.4 eV at 5K is in close agreement with reported values [45, 226, 378]. Interestingly,

the binding energy continuously increases to nearly 0.5 eV at room temperature.

Even more intriguingly, we observe no change at the phase transition. However,

from the exciton physics presented in equation 2.1, we would expect the binding

energy to linearly follow the sudden decrease of the e�ective mass from 0.15m0 in

the LT phase to 0.11m0 in the HT phase. This scaling is expected to be weaker

in reality, as the dielectric contrast and modi�ed Coulomb potential in general

decrease the dependence of the binding energy with e�ective mass.

This results suggests that the dependence on the e�ective mass of the underly-

ing free carrier is much lower than commonly assumed from the prediction of the

2D hydrogen model. Here, di�erent mechanisms can play a role: �rst, the exciton

wave function in reciprocal space could spread beyond the region where the e�ec-

tive mass approximation applies, reducing the e�ect of the local band curvature.

Second, the dependence of the binding energy on the e�ective mass is reduced

by the screening in the modi�ed 2D potential and does not necessarily follow the

simple coulombic approximation above. In 3D perovskites, the exciton binding

energy shows opposite behavior and decreases with increasing temperature, which

has been attributed to an increase of the dielectric constant with temperature

[79�81, 380]. Similar e�ects could play a role here and compensate the role of the

changing mass, while it is worth noting that the exciton binding energies and radii

are substantially di�erent in 2D and 3D perovskites, which changes the degree of

such an e�ect. Additionally, polaronic e�ects, arising from the strong exciton-

phonon coupling, might renormalize or even dominate the e�ective mass of the

exciton. A polaron arises from the interaction between excitons and the lattice,

creating a quasi-particle composed of an electron-hole pair and a lattice distor-

tion. Therefore, the mass of the polaron is renormalized by the displaced atoms,

but crucially depends on the exciton-phonon coupling. The predicted change in

mass should however also be manifested in the di�usion of excitons, which will be

investigated in the next section.

5.3.2 Exciton di�usion

In addition to the exciton binding energy, the exciton di�usion serves as fur-

ther process crucially depending on the mass, in this case the translational mass.

Therefore, we excite excitons in encapsulated BA layers and directly monitor the

exciton di�usion using the streak camera. Again, the resulting image is separated
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into time intervals and the emission spot is �tted with a gaussian distribution.

Here, the corresponding phase and especially absence of a mixed-phase is veri�ed

before each measurement by the characteristic spectral emission.

Figure 5.15(a) shows the time-dependent mean-squared displacement for the

high- and low temperature phase, obtained at 270K and 260K, respectively. The

linear increase highlights the characteristic di�usive propagation, to the related

PEA system observed in the previous section. While the spectral position of the

emission promptly shifts at the phase transition, the di�usion coe�cient, extracted

from the slope of the MSD, shows virtually no change. The semi-classical model

D = kB T τs
M

not only relies on the total mass, but also the scattering time. The

latter is derived from the linewidth, which is shown in Fig. 5.15(b) and also shows

nearly no change around the phase transition. The scattering time is therefore

assumed to be constant around the phase transition and the change of the total

mass from 0.63m0 for the low temperature to 0.43m0 for the high temperature

phase should dominate the exciton di�usion around the phase transition.

In contrast to the semi-classical expectation, the di�usion coe�cient follows the

binding energy and stays constant across the phase transition, as also shown in the

summary across di�erent measurement series in Fig. 5.15(c). The overall average

and data being part of a single measurement series show no di�erence between

the two phases, while the values di�er for di�erent samples and positions. The

theoretical expectation from the semi-classical model includes the di�erent masses

and the similar scattering times and is indicated in Fig. 5.15(c). Despite the

scattering of the data, the increase of a factor of 1.5 would be clearly resolvable,

but is absent.

Here, similar considerations as for the binding energy can play a role, promi-

nently polaronic e�ects. Especially for the softer BA compound, local �uctuations

and spatially and temporally varying disorder can impact exciton transport, as

recently suggested for 3D perovskites [374, 381]. An important point to consider

is that the mass is considered as spatially-averaged property, while the exciton

di�usion depends on the local physics at its direct position and being subject

to di�erent �uctuations. Transport models rely on calculated mass, as exciton

masses are hard to directly measure without making many assumptions about the

dielectric surrounding and scattering mechanism. While experiments have shown

changes of the e�ective mass across the phase transition, the values in turn could

have been renormalized due to the high magnetic �elds and modi�ed phonon inter-

action [114, 376]. Nevertheless, the same model could provide agreement with the
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rived from the semi-classical expectation.

temperature-dependent di�usion values for PEA, but fails to resolve the changing

mass across the phase transition in BA. Here, the even stronger phonon interac-

tion in BA can further lead to an inapplicability of the semi-classical model and

motivate the use of more complex models.
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5.4 Trion formation in electrically doped layered per-

ovskites

This chapter presents the results on trions in 2D perovskites. Figure 5.16(a)

illustrates the approach to electrically inject electron and holes up to densities

of 1012 cm−2 into ultra-thin sheets of PEA. Few-layer graphene serves as gate

electrode and contact to the PEA �ake and allows the bipolar tuning of the charge

carrier density by changing the gate voltage Vg. An exemplary micrograph of an

employed device is depicted in 5.16(b), where the graphene gate and the bottom

and top hBN, serving both as environmental protection and gate dielectric, are

indicated. The thickness of the perovskite layer is estimated to be only one to a

few layers thin, made possible by the direct exfoliation on Si/SiO2 substrates and

subsequent pick-up using hBN. Thicker layers, obtained from PDMS exfoliation

and stamping, show similar behavior and prove the general applicability of this

doping strategy.

(a) (b)

PEA2PbI4

few-layer graphene

hBN

(n=1) 

PEA2

PbI4 Vg

20 m

graphene 

gate

b-hBN

Au

t-hBN

PEA2PbI4

Au

Figure 5.16: Electrostatical doping of two-dimensional perovskites (a) Il-
lustration of the doping design using hBN as gate dielectric and few-layer graphene
to contact a few nm-thin PEA �ake. (b) Optical micrograph of an exemplary
device fabricated by direct exfoliation, pick-up and subsequent drop-down on few-
layer graphene contacted by pre-patterned gold contacts.

Adding free carriers to an excitonic systems leads to the formation of trions,

a molecule-like charged state state [382, 383]. The high binding energy in two-

dimensional systems such as TMDCs also leads to a high trion binding energy

and even the formation of particles with a multitude of carriers involved, such as

95



Chapter 5 Exciton properties and transport in layered hybrid perovskites

(a)
G

a
te

 v
o

lt
a
g
e

 (
V

)
20
15
10

5

0
-5

-15

-10

-20

Energy (eV)
2.28 2.32 2.36 2.40

E = 

46 meV

X

X+

X-

1

0

PL
p

n

Energy (eV)
2.28 2.32 2.36 2.40

PL
 (a

rb
. u

.),
 o

ffs
et

p

n

X

X+

X-

(c)

(d)

(e)
(b)

-20 -10 0 10 20

0.044

0.046

0.048

0.050

0.052

Carrier density per 

layer (1011 cm-2)
5 50

E
 (

m
e

V
)

p n

52

50

48

46

-20 -10 0 10 20

To
ta

l P
L 

(n
or

m
.)

1

0

0.5

Gate voltage (V)
-20 -10 10 200

X

X-

X+

X X-

X+

1

0

0.5

PL
 in

te
ns

ity
 (a

rb
. u

.)5 K few 

layer

E ~ EF

Eb
trion

Figure 5.17: Negatively and positively charged trions in PEA. (a) False-
color plot of the gate-voltage dependent PL emission showing emerging positively
and negatively charged trions with a binding energy of 46meV. (b) Selected PL
spectra normalize to the neutral exciton resonance. (c) Energy separation between
charged trions and neutral exciton as function of gate voltage (bottom axis) and
estimated free carrier density per layer (top axis). The extrapolation to zero den-
sity determines the binding energy. (d) Spectrally-integrated total PL intensity.
(e) Relative PL yield for the neutral and charged resonances.

the charged biexciton observed in the WSe2 structure in chapter 4 [279, 286, 287,

293, 294, 384].

Figure 5.17(a) shows the spectrally-resolved PL as function of gate-voltage of

a utra-thin sample. Exemplary emission spectra are additionally displayed at

selected gate voltages in Fig. 5.17(b). The zero voltage PL is dominated by

a single exciton resonance at an energy of 2.36 eV, similar to the samples used

to investigate temperature dependent di�usion in section 5.2. Upon increasing

the voltage however, an additional resonance appears at lower energies of around
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2.31 eV, for both negative and positive voltages. This drastic change of the PL

spectrum as function of the applied voltage suggests the formation of positive

(X+) and negative (X−) trions. In Fig. 5.17(c) we observe as characteristic

feature an increase of the energy separation ∆E between exciton and trion with

increasing gate voltage [286, 385, 386]. The energy separation ∆E is expected

to scale linearly with Fermi-energy of the electrically injected free charge carriers,

due to momentum conservation and Pauli blocking as more and more states in the

conduction band (for negative trions) are already occupied. The energy separation

in the zero density limit then determines the trion binding energy, resulting in

values of 46meV. As comparison, this value is not only higher than the exciton

binding energy in most 3D perovskites, but also more than 10 meV higher than

typical trion binding energies in TMDCs and an order of magnitude higher than

in quantum wells [81, 286, 287, 380, 386] Moreover, from the energy separation

∆E one can estimate the carrier density via ne,h = ∆E
me,h

πℏ2 and is shown in the

top axis of Fig. 5.17(c)-(e).

Furthermore, the PL intensity, presented in Fig. 5.17(e), is continuously trans-

ferred from the exciton to the trion, as with increasing carrier density more and

more electrons (or holes) bind to excitons via Coulomb interaction. For the nega-

tively charged trion, the total PL is even moderately conserved. Interestingly, at

elevated, positive gate voltages around 10V, both the energy separation and the

PL intensity of the negative trion stay constant. This might be related to experi-

mental issues in further increasing the carrier density beyond a certain point only

in one of the layers or additional e�ects between the layers.

Upon recombination, the remaining carrier can take the momentum of the trion,

a process known as the electron recoil e�ect [386�388]. Figure 5.18(a) illustrates

the recombination of a trion, where the trion momentum is transferred to the

remaining, free electron. This requires the additional energy Erecoil, due to the

highly di�erent masses of electron and trion, leading to a decrease of the emission

energy. In total, this creates a characteristic, low-energy �ank depending on the

trion distribution. Figure 5.18(b) shows the recoil �ank of the negative trion in

an exemplary spectrum obtained at 10V.

For a quantitative analysis, the trion line shape is approximated by the convolu-

tion of a symmetric Voigt peak function I0 and an exponential function, assuming

a thermalized trion distribution:

Itrion = I0 ∗ eE/ϵ Θ(−E), with
1

ϵ
=

me

mX

1

kBT
+

1

EM

(5.3)
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Figure 5.18: Electron recoil e�ect (a) Illustration of the electron recoil ef-
fect, where the exciton momentum is transferred to the free electron resulting in
additional low energy emission. (b) Exemplary PL emission spectra �tted by a
symmetric (blue) and asymmetric (red) peak function for the exciton and trion,
respectively. The resulting trion temperature of 50K is indicated. Obtained from
5.17(a) at a gate voltage of 10V.

Here, E is the photon energy relative to the trion resonance and Θ the Heav-

iside step function. The energy parameter ϵ is determined by the temperature

dependent trion distribution and the matrix element of the trion, related to the

trion binding energy. The mass ratio is directly taken from the calculated values

presented in chapter 5.2 and EM approximated by 10meV, estimated from the

value for MoSe2 of 7meV. This results in a temperature of 50K for the trion

distribution, which is reasonable in light of the more than 40meV excess energy

between exciton and trion and the possibility of overheated excitons at 5K. The

observation of an asymmetric lineshape with the low-energy �ank is a characteris-

tic feature of trions and supports the assignment as trion state. As an interesting

side note, the recoil �ank is not a priori on the low energy side, but depends on

the trion to carrier mass ratio. A trion with a negative-mass exciton, for example,

could exhibit the recoil �ank on the high-energy side [389].

Importantly, during the formation of trions from bright excitons and an ad-

ditional carrier, some of the oscillator strength of the exciton transfers to the

trion. Additional samples with a thickness of more than 10 nm are investigated.

Here, we used the PDMS exfoliation to create thicker layers instead of the direct
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Figure 5.19: Trion emission and absorption in thicker PEA layers. (a)
Gradual increase of trion emission in PL (top panel) and absorption in re�ectance
contrast derivative (bottom panel). The trion binding energy renormalizes to lower
energies of 30meV for the thicker layers. (b) Oscillator strength of the neutral
exciton (top panel) and positively charged trion (bottom panel) normalized to the
maximum of the exciton oscillator strength.

exfoliation. First, those thicker layers show similar behavior under electrostatic

doping, the emergence of additional low-energy PL resonance, as presented in the

top panel of Fig. 5.19(a). A similar feature emerges in the re�ectance contrast

data at nearly the same energy in the bottom panel of Fig. 5.19(a). This is at-

tributed to the absorption of the trion species, directly separating it from most

defect states and dark excitons, which tend to be completely dark or very low in

oscillator strength and therefore show no absorption. Quantitatively, the transfer

matrix method allows to extract the oscillator strengths of each resonance pre-

sented in Fig. 5.19((b), normalized to the maximum of the neutral exciton. Here,

the linear increase of the trion oscillator strength with gate voltage and therefore

free carrier density, is understood by the trion picture: With increasing charge

carriers density, the chance to create a trion by absorption increases. Simultane-

ously, each absorbed trion is a missing exciton, reducing the oscillator strength of

excitons, as observed. In this simple picture the total oscillator strength should

be conserved and therefore independent of gate voltage. However, the screening of

the additional carriers, Pauli-blocking and e�ects arising from defects can lead to
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Figure 5.20: Reproducibility across multiple di�erent devices. (a)-(c)
Gate-dependent PL emission for three di�erent ultra-thin devices. Device III two
di�erent measurement series for positiv and negative doping are combined. (d)-
(f) Photoluminescence as function of gate-voltage for thicker devices.

the decrease of the total oscillator strength. These signatures in absorption and

the scaling with voltage are a clear evidence for the attribution to trions.

The trion feature is systematically observed in several di�erent devices fabri-

cated in the course of this thesis, as summarized in Fig. 5.20. The top row shows

three di�erent devices with ultra-thin layers, while the bottom row shows samples

with thicker perovskite layers. This highlights the reproducibility of the employed

doping approach to demonstrate trions in 2D perovskites.

The general observations of trions are the same for all perovskite thicknesses,

while the trion binding energy is notably reduced to around 30meV for the thicker

samples. This is attributed to a change of the screening, which in turn modi�es

the Coulomb interaction between carriers. In bulk 2D perovskites, the alternating

layers of PbI4 lead to a relatively high, average screening compared with a mono-

layer encapsulated in hBN with a lower dielectric constant. In order to estimate

the impact of the dielectric screening due to di�erent thicknesses, we turn to the

exciton binding energy, which should be similarly a�ected.
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Figure 5.21: Determination of the exciton binding energy (a) Re�ectance
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excitation energy of an ultra-thin layer (c) Corresponding PL and TPLE spectrum
showing the ground state PL and corresponding absorption onset from the 2p-
state, �tted by a Gaussian distribution.

The energy separation between ground and excited state serves as probe for the

exciton binding energy. For the thicker samples, the re�ectance contrast deriva-

tive, presented in Fig. 5.21(a) allows to directly extract the energy of the 2s

resonance, resulting in a distance of around 220meV. Consequently, using a linear

scaling of EB = 1.2∆2s−1s, obtained from theory calculations [379], this results in

a binding energy of 260meV, in good agreement with literature [46, 226, 378]. Due

to the weak absorption of the ultra-thin layer, we employ TPLE measurements to

measure the excited state energy [46]. Figure 5.21(b) shows the spectrally resolved

PL emission as function of the two-photon excitation energy. The onset of the

two-photon absorption is �tted by a Gaussian distribution and yields an excited-
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for the thick and thin layer are included for comparison.

to ground state distance of 360meV, as presented in Fig. 5.21(c). Notably, the

thin sample shows no absorption in the spectral range of the expected 2s/2p res-

onance for the thick sample. This then results in an signi�cantly higher binding

energy of around 430meV. The values of the exciton binding energy follow the

change of the trion binding energy strikingly well.

These values are also directly captured by a change of the dielectric surround-

ing. Therefore, our colleagues Yeongsu Cho and Timothy C. Berkelbach from the

Columbia University New York provided calculations for the exciton and trion

binding energies. Here, the energies are calculated by two- and three-body Hamil-

tonians with interacting charges via the modi�ed Coulomb potential for thin-

�lms, where the dielectric surrounding of a single layer PbI4 is varied. Figure 5.22

presents the determined trion binding energy as function of the exciton binding

energies for di�erent dielectric surroundings. The experimentally determined ex-

citon binding energy values are here directly obtained from calculated 2s/2p-1s

separations to provide better comparison between the values and to include a

small di�erence between the 2s and 2p energies for di�erent dielectric screenings.

Again, the exciton and trion binding energies correlate very well and the changes

are directly attributed to a change of the average surrounding dielectric constant.
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5.5 Mobile charged excitons

Lastly, the question remains whether we observe free trion propagation, and

how it compares to neutral exciton di�usion, or if trions are localized. Therefore,

the device is negatively doped by a constant gate voltage and excited by the

frequency-doubled Ti:Sa laser pulses with a photon energy of 2.82 eV.
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Figure 5.23: Trion di�usion in two-dimensional perovskites. (a) Time-
dependent emission transients of the neutral exciton and charged trion obtained at
5K. (b) Mean-squared displacement of the trion PL as function of time for di�er-
ent temperatures. The emission from the neutral exciton is completely blocked by
a spectral �lter. For elevated temperatures the MSD increases linearly, evidenc-
ing di�usive transport. (c) Temperature-dependent di�usion coe�cients. Inset
illustrates the increasing thermal activation of localized trions. Shaded areas are
guides to the eye.

Figure 5.23(a) shows in the top panel the time-dependent PL emission from

exciton and trion, where the longer lifetime of the trion is in agreement with sim-

ilar observations of trions in TMDCs [390, 391]. For time-and spatially resolved

PL, a tunable, spectral �lter blocks the emission of the neutral exciton, resulting

in only the trion PL emission being detected. The spatially resolved emission is

103



Chapter 5 Exciton properties and transport in layered hybrid perovskites

then separated into di�erent time intervalls with 25 ps each. Then, by extract-

ing the broadening over time, the mean-squared displacement, we can determine

the di�usion coe�cient of trions. The bottom panel of Fig. 5.23(a) displays

the MSD of the trion signal for di�erent temperatures. The emission area stays

nearly constant for the low temperatures of 5K, and 20K, representing a localized

distribution. However, upon increasing the temperature, a clear, linear increase

is observed for 35K and 50K. The di�usion coe�cients are quanti�ed from the

slope according to MSD(t) = 2D t and summarized in Fig. 5.23(b). Here we

note, that above 50K the trion resonance is merging with the exciton resonance

due to the strong exciton-phonon coupling at elevated temperatures. The overall

temperature dependence is very reminiscent of the observations of neutral exciton

di�usion in PEA, shown in Fig. 5.8 and indicates therefore thermal activation of

localized trions with subsequent free propagation.

The absolute value of around 0.8 cm2/s, corresponding to a mobility of 200 cm2/Vs,

is orders of magnitude higher than typical values for hopping transport and organic

materials in general [324, 368]. Additionally, the overall smaller di�usivity of trions

compared to excitons can be attributed to the higher mass of the trion. Simul-

taneously, the scattering is increasingly dominated by exciton-carrier scattering,

complicating the extraction of separate trion and exciton di�usion coe�cients.

In summary, we have introduced a promising doping approach for 2D hybrid

materials. This allows to electrically control the optical response via the formation

of stable trions with exceptionally high binding energies of 46meV. For negative

doping, the trions even dominate the PL emission without a notable loss of the

PL yield. These trions can freely propagate at elevated temperatures and can be

used to manipulate the transport due to the additional net charge, for example

creating trion currents.
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Chapter 6

Conclusions and outlook

In the course of this work, the fundamental properties of excitons in two dimen-

sional semiconductors are studied and ways to either control the spatial propaga-

tion or modulate the optical response are explored. We investigate two di�erent

materials systems, monolayer transition metal dichalcogenides and layered hybrid

organic-inorganic perovskites. Both systems are exfoliated using di�erent meth-

ods, where the polymer-assisted exfoliation and stamping and the dry-pick are

introduced. These techniques have been applied to create high-quality strained

WSe2 heterostructures and modi�ed to create gate-tunable layered perovskite de-

vices. Di�erent spectroscopic techniques including transient microscopy and two

photon excitation photoluminescence provide access to study spectral and spatial

properties of excitons in these systems.

We achieved the spatial con�nement of excitons to a quasi-1D channel using

a strain potential. Here, the encapsulation in hBN provides unmatched optical

quality in the deformed region of a strained monolayer WSe2. This not only

allows us to accurately determine the e�ective strain creating a potential channel

of around 10meV, but also the characteristic impact of strain on the �ne structure

of excitons in WSe2. The observed change of the bright-dark exciton splitting also

provides further evidence for the brightened recombination mechanism of the dark

trion state.

The main focus of this study is manipulating the exciton transport. By em-

ploying time- and spatially resolved photoluminescence spectroscopy, we directly

monitor the guiding of excitons along the strain-induced channel at cryogenic

temperatures. The observation of a transport anisotropy of around 90% is quanti-

tatively understood by solving the modi�ed drift-di�usion equation and simulating

the exciton transport using experimental parameters. Surprisingly, a similar high

exciton di�usion anisotropy is observed at room temperature, despite the rela-

tively low potential depth of 10meV compared to an average thermal energy of

around 25meV. This is a direct consequence of strain impacting the multi-valley

band structure, where the K Λ state shifts to higher energies. This drastically

reduces the intervalley phonon scattering, which in turn leads to an increase of
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the di�usion, as the excitons scatter less frequently. Consequently, in addition to

the energetic potential, this creates a high mobility channel in the strained region.

Collectively, this leads to the e�cient guiding of excitons even at room tempera-

ture. The high anisotropy in combination with the observed increased density in

the strained region and guiding of excitons towards the center of the channel pro-

vides further evidence for funneling [347, 358�360]. Additionally, exciton to trion

conversion has been discussed to play a role in strained MoSe2 and WS2 [348,

392]. The future combination of strain in gate-tunable devices could shed more

light on the di�erent impact of strain on electrons, holes, excitons and trions.

An interesting pathway for future experiments is 1D regime. In the measured

strain-induced channel with a depth of around 10meV and a width of around

1 µm, the quantum con�nement leads to the occupation of around 25 transverse

modes. The transition into the true 1D regime, where only one mode is occu-

pied, is expected to occur below 60 nm channel width. Such small channel lengths

might be reachable by using either narrow nanowires or etching small ridges into

the substrate. Recently, 1D quantum con�nement of excitons on a spatial scale

of around 10 nm was achieved in MoSe2 by using in-plane electric �elds and local

doping [393]. This his approach additionally enables the electrical tuning of the

potential, whereas the con�nement is restricted to excitons and relies on the in-

teraction between excitons and additional charges outside the channel. This could

provide a strategy to study exciton transport in the true 1D regime.

Future research could also pro�t from the scalability of another approach to

create a similar con�nement, relying on the dielectric sensitivity of both excitonic

quasi-particles and the band gap [170, 171, 252, 394]. By patterning the sub-

strate with strongly contrasting dielectric constants, one could generate similar

channels in the energetic landscape. Additional tuning can be provided by using

a proximate layer of graphene, where the dielectric screening is varied by intro-

ducing additional carriers into the graphene [174]. Beside the con�ning e�ect of

such a channel, one could also increase the spatial scale of the channel to observe

the direct guiding of excitons along this potential gradient. This directional ex-

citon transport in TMDCs would then give rise to the valley-hall e�ect, spatially

separating excitons from the K and −K valley [122, 182, 186, 395, 396].

The propagation of interlayer excitons can additionally be controlled via in-

plane electric �elds, due to their dipole moment. The high binding energy of

interlayer excitons allows to build transistors using excitons instead of electrons

working at room temperature, based on previous work in quantum wells [133, 134,

177�180]. In summary, characteristic impact of strain on the �nestructure, the
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tunable control and direct guiding of excitons opens the way for systems using

excitons as information carriers and the discovery of intriguing new physics, for

example in combination with an underlying moiré pattern.

In the second part of this thesis, we investigate the di�usion of excitons, the

impact of a phase-transition and demonstrate stable trions in layered hybrid per-

ovskites. Here, inorganic sheets of PbI4 are sandwiched between organic layers

of either PEA (C6H5C2H4NH3, phenylethlyammonium) or BA (C4H9NH3, buty-

lammonium), resembling natural quantum wells. Thin sheets, containing several

of these single layers, are exfoliated from single crystals and encapsulated in hBN

to provide protection from the environment [397, 398]. First, excitons in these

hybrids systems are surprisingly mobile, with a room temperature di�usion con-

stant of around 1 cm2/s and 0.3 cm2/s for PEA and BA, respectively. There are

no signs of additional, density-dependent e�ects on the exciton di�usion, due to

the low excitation conditions in the experiment supported by reported, low Auger

coe�cients [235]. The observed e�cient di�usion values are orders of magnitude

higher than observed for prototypical organic crystals and in good agreement with

current literature [231, 235, 368, 370]. The di�erence between the two materials

is attributed to a more rigid lattice for PEA, decreasing the exciton-phonon in-

teraction [231, 370]. This further provides both an opportunity for chemically

engineering perovskites to exhibit increased exciton di�usion but also poses an

important question on how to understand the exciton transport. The typically

applied semi-classical di�usion model can not directly explain the change of dif-

fusion constant, as there is no similar change in the scattering.

The measured temperature dependence of the exciton di�usion reveals two dis-

tinct regimes of exciton transport. At elevated temperatures above 50K, the

di�usion coe�cient decreases with increasing temperature, a direct evidence for

band-like transport. This decrease is well captured by the semi-classical model,

using experimental parameters for the scattering time and theoretically calculated

exciton masses. In stark contrast, an anomalous di�usion is observed upon fur-

ther decreasing the temperature, where rapid di�usion is followed by an e�ective

shrinking of the exciton distribution. In the experiment, after the initial quick

expansion, a long-lived and immobile exciton distribution remains. However, the

di�usion constant obtained at longer times drastically increases with temperature

from nearly 0 cm2/s at 5K to around 3 cm2/s at 50K. This provides clear evidence

for localization, in addition to the observed, gradual red-shift of the PL on similar

time-scales as the rapid di�usion, obtained from spectrally- and temporally re-

solved PL. Together, the semi-classical model modi�ed by an additional thermal
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Chapter 6 Conclusions and outlook

activation of localized excitons agrees with the experimental data. Additionally,

the impact of impurity scattering has been suggested to explain the non-monotonic

temperature dependence [399].

However, the applicability of the semi-classical model needs to be considered,

where the investigated excitons are beyond the Mott-Yo�e-Regel criterion nearly

at the whole temperature range. Therefore, additional non-classical e�ects and

quantum corrections can play role, as similarly predicted and observed for exciton

di�usion in monolayer TMDCs [266, 357, 400]. While the quantitative agree-

ment between the semi-classical model, obtained from calculated electron and

hole masses and experimentally determined scattering times, indicates no large

renormalization of the mass, further polaronic e�ects steming from the strong

exciton-phonon couple might play a role [109, 116, 375, 381]. Finally, the combi-

nation of a fast di�using and short-lived exciton cloud, attributed to overheated

excitons, with a slow, localized distribution allows to explain the observed e�ective

negative di�usion. This two-component model is now also successfully applied to

a broad variety of material systems, such as singlet and triplet di�usion in organic

crystals or hot excitons and trions in TMDCs, which show similar dynamics as

observed for the anomalous di�usion regime [401�403].

The e�cient propagation at room temperature is also observed at long spatial

scales and further highlights 2D perovskites as promising material for light har-

vesting [231, 370, 404]. While solar cells consisting of pure 2D perovskite have

proven to be stable and e�cient [166, 405�407], 2D perovskites have shown to be

especially promising in combination with 3D perovskites, exploiting the increased

stability of the 2D layer [408�412]. Additionally, hybrid 2D-3D structures can

pro�t from e�cient interlayer transport inside the layered perovsktie, as recently

shown in PEA [413]. Despite this encouraging progress in solar cell devices, 2D

perovskites and hybrid perovskites in general are still surrounded by many open

fundamental questions, mostly regarding the soft crystal and corresponding strong

exciton-phonon interaction. This includes dynamic disorder of the energetic land-

scape induced by large atomic motions and the unresolved role of polaronic e�ects

[374, 381, 414�416]. Here, future temperature-dependent studies on exciton trans-

port in di�erent layered perovskites could help to resolve some open questions.

The phase transition in BA o�ers an interesting scenario to test basic exciton

properties and progress in understanding the underlying exciton physics. Here, we

observe no change of both exciton binding energy and exciton di�usion coe�cient

across the phase transition, challenging the current understanding of theoretically

predicted and experimentally observed change of the underlying e�ective mass.
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The absence of any change challenges established models and highlights the un-

conventional behavior of excitons in 2D perovskites. Interestingly, the increase of

the binding energy with increasing temperatures exhibits the opposite scaling as

observed for 3D perovskite [79�81, 380]. Here, it would be especially interesting

to study the exciton binding energy as function of temperature for di�erent inor-

ganic layer thicknesses, e.g. 2D layers which become increasingly 3D. The reduced

con�nement of thicker inorganic layers reduces the absolute binding energy, which

in turn could help to resolve di�erent contributions [226]. A complementary study

could contain di�erent organic spacers with strongly di�erent dielectric constants

[259], providing more insight into the dielectric properties of 2D perovskites.

The formation of stable trions in layered perovskites has been theoretically pre-

dicted, but were missing so far due to issues in introducing doping into perovskites

[312]. In the last chapter, we demonstrate the formation of trions by bipolar elec-

trical doping of 2D perovskite. The charged excitons exhibit exceptionally high

binding energies of up to 46meV and even dominate the emission at high n-doping.

Additionally, di�erences in the dielectric screening of ultra-thin layer and thicker

layers are experimentally observed by a decreased binding energy of both exciton

and trion, supported by theoretical calculations. Especially the observation of the

charged features in absorption-type measurements in addition to the asymmetric

PL pro�le, assigned to the electron-recoil e�ect provide clear evidence for the trion

assignment. Trions have been observed at high excitation densities in perovskite

nanocrystals [306, 309, 417] and quantum beatings in 3D hybrid perovskites have

been assigned to be due to trions. In 2D hybrid perovskites, this is the �rst

observation of trions and the electrically tunable exciton-to-trion conversion.

In general, the mobility of charged excitons is still an open question in many

systems, where trions in 2D perovskites are a great opportunity to study the

di�usion. Remarkably, the trions show di�usion coe�cients up to around 0.8 cm2/s

at 50K, corresponding to mobilities of 200 cm2/Vs, while being nearly completely

immobile at 5K. Additionally, the presence of free carriers in a soft crystal opens

the way for new interesting many-particle physics. This includes the Fermi-polaron

picture, describing trions as the interaction between a Fermi-sea of free carriers and

excitons, which could provide further understanding of trions in 2D perovskites

[418�420] . Especially the combination of both, an exciton interacting with free

carriers and simultaneously with the soft lattice via phonons might allow intriguing

new insights. Here, an interesting starting point to study these would be doping-

and temperature-dependent transport studies, which might help to di�erentiate

between electron-exciton and exiton-phonon interaction.
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Chapter 6 Conclusions and outlook

The demonstrated gating approach and tunability of the optical response should

be transferable to a broad range of di�erent inorganic and organic materials.

Here, optimizing the contact material in both more e�cient interfaces as well as

scalability is crucial to create broadly useable devices, as already proven for organic

LEDs [421, 422]. Especially the chemical �exibility providing a broad tunability of

the band gap, opens the way for highly e�cient blue LEDs. The additional charge

of the trion also opens the way for guiding excitonic particles using electric �elds

[423�429], contributing to the future development of exciton transistors based

on 2D perovskites. Altogether, the studied low-dimensional semiconductors hold

great promise for exciting new many-particle physics and equal potential for future

applications. The investigation of exciton propagation and ways to control it might

provide an important puzzle piece to the future of technology and fundamental

research.
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