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Abstract

For many decades, heterostructures (HS) have been used to build devices with desired
properties. Initially, HS were grown by epitaxial techniques, which required that the lattice
constants of the constituent materials have similar values. This severely limited the number
of materials that could be used together. Following the discovery of graphene in 2004, a new
type of HS composed of van der Waals materials has emerged. Offering a remarkable degree
of flexibility due to the relaxed lattice constant matching requirement, van der Waals stacks
have become excellent candidates for a new generation of optoelectronic devices.

One example of a phenomenon important for future applications is the excitation transfer
between the layers of the constituent materials in the HS. This can occur via two main
pathways: charge transfer (CT) or energy transfer (ET). In this thesis, I compare the
results obtained in the optical spectroscopy experiments and theoretical calculations toward
understanding the mechanism of excitation transfer in HS composed of two different van
der Waals materials - a 2D hybrid organic-inorganic perovskite and a monolayer transition
metal dichalcogenide (TMD). The investigated stacks include: PEA;Pbl;/WS,, where
PEA stands for phenylethylammonium (PEPI/WS,), PEA,Pbl,/MoSe; (PEPI/MoSe,), and
BA,Pbly/MoSe,, where BA is butylammonium (BAPI/MoSe,).

The footprints of the excitation transfer in the investigated stacks were manifested in
the photoluminescence (PL), reflectivity, PL excitation and time-resolved PL measurements.
All the experiments were conducted at a temperature of 5 K. The CT was evidenced by
monitoring the excess carrier concentration by estimating the charged-to-neutral exciton
PL intensity ratio in TMD. The signatures of the ET were observed as resonances in the PL
excitation spectra in TMD. According to the density functional theory calculations performed
by a collaborating group from the University of Dresden, all three HS exhibit a particular
type II band alignment, where the hole transfer between perovskite and TMD is allowed,
while the electron transfer is blocked. Based on the comparison of the results obtained in the
experiments and DFT calculations, I concluded that in PEPI/WS, and BAPI/MoSe, stacks,
both CT and ET occur, while PEPI/MoSe, stack exhibited signatures of only CT.

The obtained results have shown that the specific excitation transfer pathway in

2D perovskite/TMD stacks can be closed or opened by simply using different organic spacer
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compounds in a perovskite material. The easy manipulation of the excitation transfer holds

great promise for future applications of these HS in novel, ultrathin electronics.




Streszczenie

Przez wiele dziesiecioleci heterostruktury (HS) byty wykorzystywane do budowy urzadzen
o $cidle okreslonych wtasciwosciach. Poczatkowo HS wytwarzano gtéwnie technikami
epitaksjalnymi, w ktorych materiaty sktadowe musialy posiada¢ zblizone wartosci statych
sieciowych, co istotnie ograniczato liczbe materiatow, ktére mogty by¢ uzyte razem. Po
przetomowym wyizolowaniu grafenu w 2004 roku, nowy rodzaj HS opartych na materiatach
van der Waalsa stal sie nowym tematem badan. W zwigzku z tym, ze w HS van der
Waalsa warunek dopasowania statych sieciowych nie musi by¢ spetniony, okazaty si¢ by¢
one doskonatymi kandydatami do nowej generacji urzadzen optoelektronicznych.

Jednym z przyktadéw procesu istotnego z punktu widzenia przysztych zastosowan
jest przekaz wzbudzenia miedzy warstwami materialéw sktadowych heterostruktury.
Moze si¢ on odbywa¢ na drodze przekazu tadunku (CT) lub przekazu energii (ET).
Celem niniejszej rozprawy doktorskiej bylo zbadanie mechanizmu przekazu wzbudzenia
w HS ztozonych z dwodch réznych materiatéw van der Waalsa - dwuwymiarowych
hybrydowych perowskitow organiczno-nieorganicznych i monowarstwowych dichalkogenkow
metali przejéciowych (TMD). Przedstawiona analize oparto na poréwnaniu wynikéw
otrzymanych w eksperymentach spektroskopii optycznej z wynikami obliczen w ramach
teorii funkcjonatu gestosci (DFT). W tej rozprawie zbadane zostaly nastepujace HS:
PEA,Pbl,/WS,, gdzie PEA oznacza fenyloetyloaming (PEPI/WS,), PEA,;Pbl,/MoSey
(PEPI/MoSes), oraz BAyPbl,/MoSes,, gdzie BA oznacza butyloaming (BAPI/MoSe,).

Przejawy przekazu wzbudzenia w badanych strukturach zostaly zaobserwowane
w pomiarach fotoluminescencji (PL), odbicia, widm wzbudzenia PL oraz PL rozdzielonej
czasowo. Wszystkie doswiadczenia przeprowadzono w temperaturze 5 K. CT zaobserwowano
monitorujac koncentracje nadmiarowych no$nikéw poprzez okreslenie stosunku intensywnosci
PL ekscytonow natadowanych do ekscytonéw neutralnych w TMD. Przejawami ET
byty rezonanse zaobserwowane w widmach wzbudzenia PL w TMD. Wedlug obliczen
DFT przeprowadzonych na potrzebe tych eksperymentow przez wspdipracujaca grupe
z Politechniki w Dreznie, wszystkie trzy HS wykazuja szczegdlne utozenie pasm typu II,
umozliwiajace przekaz dziur i blokujace przekaz elektronow pomiedzy warstwami perowskitu

i TMD. Poréwnujac wyniki otrzymane w eksperymencie z wynikami DFT stwierdzono, ze
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w strukturach PEPI/WS, i BAPI/MoSe, zachodzi zaréwno CT jak i ET, podczas gdy probka
PEPI/MoSe, wykazywala tylko CT.

Uzyskane wyniki pokazaly, ze kanal przekazu wzbudzenia w HS zlozonych
z dwuwymiarego perowskitu i monowarstwy TMD mozna otworzy¢ badz zamknaé poprzez
zastosowanie konkretnych zwigzkéw organicznych budujacych perowskit. ratwa kontrola
przekazu wzbudzenia wskazuje na mozliwo$¢ wykorzystania tych HS w nowoczesnych,

ultracienkich urzadzeniach elektronicznych.
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Introduction

Motivation

The structures fabricated by putting together different materials are now employed in
many devices that surround us, such as transistors or diodes [1, 2]. One of the most popular
techniques of heterostructure fabrication is the molecular beam epitaxy (MBE), a method
that allows the deposition of thin films with atomically flat surfaces. Unfortunately, the
heterostructures obtained by means of MBE have one important limitation - the constituent
materials must possess comparable lattice constants. The difference between the lattice
constants should be smaller than around 5 % to 10 % [3]. Otherwise, tensile or compressive
strain at the interface will lead to the formation of numerous structural defects that can
significantly degrade the optical and electronic properties of the whole structure.

Following the isolation of graphene by mechanical exfoliation, van der Waals materials
composed of atomically thin covalently-bonded layers connected by van der Waals
interactions, become a hot topic of research [4]. Tt turned out that their heterostructures
can be obtained by simply putting the exfoliated layers on top of each other. Owing to weak
van der Waals interactions at the interface, the requirement of similar lattice constants is
relaxed in van der Waals stacks [5-8]. This facilitates the stacking of different materials into
heterostructures with novel and exotic phenomena, such as moiré excitons, spin-polarized
spatially indirect excitons or superconductivity [8-11]. The van der Waals stacks show
promise for various applications in light emitting diodes [6], photodetectors [12], solar cells
[13], transistors [14], sensors [15], photocatalyst devices [16], and many more.

Recently, a new type of van der Waals stacks composed of metal-halide perovskites and
group-VI semiconducting transition metal dichalcogenides (TMDs) has become an important
center of interest in the scientific community [13, 17-21]. Combining perovskites with
their easily tunable properties and TMDs with their unique valley-dependent physics could
potentially enable their application in new spintronic or electronic devices.

Till now, the research of perovskite/ TMD stacks focused mostly on device properties. In
2016, Ma et al. [22] fabricated a photodetector based on MAPI (CH3NH3PblI3) perovskite

film grown on monolayer WSy. In this heterostructure with type II band alignment,
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a charge transfer (CT) across the interface resulted in a reduced device dark current and
increased photocurrent compared to the device based solely on WS,. Since 2016, apart from
photodetectors, numerous studies on perovskite/TMD-based devices have been reported in
the literature, including field-effect transistors [19] and solar cells [13, 23, 24|, some of which
exhibited a power conversion efficiency of over 10 % [25, 26]. Apart from the research on the
performance of devices, there is also a limited number of studies focused on the fundamental
physics of perovskite/TMD heterostructures. In 2018, Li and collaborators [1] analyzed the
mechanism of excitation transfer in type I CsPbBrs quantum dot/WS, stack. The energy
transfer (ET) with an efficiency of ~ 40 % was manifested as an enhancement by a factor of 12
of the WS, emission intensity at room temperature. Recently, Zhang et al. [27] reported fast
(around 100 fs) and efficient (efficiency over 95 %) CT in type II CsPbBrj film /monolayer
MoS, stack. Both efficiency and carrier transfer rate were comparable to those observed in
TMD/TMD van der Waals stacks [28, 29].

In this thesis, I will investigate the stacks composed of a particular group of the
perovskite/TMD heterostructures composed of hybrid organic-inorganic 2D perovskites
and monolayer TMDs. Despite being known for less than a decade, interesting physical
phenomena have already been observed in the 2D perovskite/TMD stacks - such as
upconversion [30] or spin transfer [31]. In order to develop efficient optoelectronic devices,
the comprehension of the fundamental processes in the heterostructure is first necessary.
Unfortunately, our understanding of physics in 2D perovskite/TMD stacks is still not
satisfactory. For instance, no consensus about the mechanism of excitation transfer between
the constituent materials has so far been reached [31-35]. In 2020, Wang and collaborators
[35] reported that the PEA,Pbly /WS, stack (PEA stands for phenylethylammonium) exhibits
type II band alignment, where the photoexcited electrons are transferred from perovskite to
TMD. The CT was confirmed by around 5 times larger photoresponsivity of the PEA;Pbly
(PEPI)/WSsy-based device in comparison to the device based only on WS,. In some of
the 2D perovskite/TMD heterostructures, the CT was manifested in the form of interlayer
excitons [31, 33, 34]. On the other hand, Zhang et al. [32] proposed that in PEPI/WS, stack,
the mechanism governing the excitation transfer is the non-radiative energy transfer (ET)
from the ground perovskite exciton state to the excited TMD exciton state. Interestingly,
the authors postulated that multiple perovskite layers contribute to the E'T process which
results in a large factor of the WS, emission enhancement.

The presented above inconclusive results about the mechanism of excitation transfer in
2D perovskite/ TMD stacks are the main motivation for this thesis. The goal of this work was
to establish the mechanism of excitation transfer and the factors that could control it in 2D

perovskite/TMD stacks. This investigation was conducted by means of optical spectroscopy
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experiments at low temperature. Specifically, I will study the excitation transfer mechanism
in PEPI/WS,, PEPI/MoSe; and BA,Pbl, (BAPI)/MoSe, stacks. I will show that the novel
band alignment that is not observed in typical TMD/TMD structures enables both CT and
ET. I will also demonstrate that the mechanism of excitation transfer between 2D perovskite
and TMD can be manipulated by the selection of the appropriate organic spacer compound

in the perovskite layer.

Outline of this work

This thesis is composed of 7 Chapters.

In Chapter 1, I present a theoretical introduction to the subject of the thesis. I introduce
the concept of excitons in 3D and 2D semiconducting materials. 1 discuss also the
optoelectronic properties of the monolayer TMDs and 2D perovskites, and the main
mechanisms of excitation transfer in van der Waals heterostructures.

In Chapter 2, I present the description of the chemical vapor deposition growth of
monolayer WSy, and the synthesis of PEPI and BAPI perovskite crystals. T also describe in
detail the steps of the preparation of the PEPI/WS,, PEPI/Moses; and BAPI/MoSe, stacks.

In Chapter 3, I discuss the optical spectroscopy experimental setups that were employed
to investigate the properties of the stacks.

In Chapter 4, I study the excitonic transitions in the constituent materials in each
heterostructure by means of reflectance (RL) and photoluminescence (PL) experiments. This
investigation is complemented by the studies of each stack with an optical microscope.

In Chapter 5, I present the theoretical and experimental investigations of the
optoelectronic properties of the PEPI/WSy van der Waals stack. First, I introduce the
predictions of the band alignment based on first principle calculations. Then, I show the
results of the spectroscopic studies at low temperature. Finally, I discuss the observed effects
and interpret them by comparison with the theory.

In Chapter 6, I present the theoretical and experimental investigations of the
optoelectronic properties of the PEPI/MoSe; and BAPI/MoSe; stacks. T discuss the results
of the density functional theory calculations and compare them with the results of the
steady-state and time-resolved optical measurements.

In Chapter 7, I summarize the results of the optical spectroscopic experiments in all the

investigated van der Waals stacks.




Theoretical background

This Chapter consists of four Sections. In the first Section, I will present a theoretical
description of the hydrogen model of Wannier-Mott excitons in 3D and 2D semiconductors.
Then, I will discuss the crystal structure, band structure and optical properties of
semiconducting monolayer TMDs and 2D hybrid lead-halide perovskites. Finally, I will
introduce the main pathways of the excitation transfer, namely, photon reabsorption, charge

transfer, and Dexter and Forster energy transfer.

1.1 Excitons in semiconductors

1.1.1 Introduction

The characteristic feature of a semiconductor material is the presence of an energy
bandgap. The interband electronic transitions are allowed only when the absorbed energy is
equal to or higher than the size of the bandgap. In the absorption of photons, the electrons
are promoted from the valence band (VB) to the conduction band (CB), leaving behind
holes. The attractive electrostatic forces between the electron and hole lead to the formation
of a quasiparticle known as exciton. The concept of excitons in solid-state materials was
introduced theoretically in 1931 by Yakov Frenkel [36] and the signatures of excitons were
observed for the first time in cuprous oxide (Cu20) in 1950 [37].

There are two main types of excitons. The Frenkel excitons exhibit Bohr radii comparable
to the size of a single unit cell in a crystal. The electron-hole interaction is strong,
resulting in exciton binding energies on the order of 1 eV. The Frenkel excitons are usually
observed in semiconductors with low dielectric constants, such as ionic organic crystals
(e.g. anthracene) [38, 39]. The second type, Wannier-Mott excitons, can be found in most
inorganic semiconductors (like GaAs or CdTe). Their Bohr radii (on the order of several
nm) considerably exceed the size of a unit cell in a material. As the electrons and holes are

loosely bound together, the binding energies of the Wannier-Mott excitons are much smaller



1.1. Excitons in semiconductors

than those of Frenkel excitons. Usually, they are in the range of a few meV to a few tens
meV [40, 41].
In the following subsections, I will introduce the hydrogen model of the Wannier-Mott

excitons in 3D and 2D semiconductor materials.

1.1.2 Excitons in 3D semiconductors

The attractive interaction between the electron and hole is described by the Coulomb

potential [42]:

62

V(re,rn) = (1.1)

where ¢ (€) is a dielectric constant of a vacuum (material), and r, and ry, are the position

 Amepe|re — 1|’

vectors of electron and hole, respectively. The Hamiltonian of such a system will have the

following formula [42]:

B —h2 2 h2

F[SD

Vi, + V(re,n), (1.2)

€ *

- 2m 2my
where the first two components describe the kinetic energy of the electron in the CB and
hole in the VB, respectively, m} (m}) is the effective mass of the electron (hole), V? is the
Laplacian operator. The subscripts e and A correspond to the electron and hole coordinates,
respectively.

In an analogy to the hydrogen atom model, the Schrodinger equation with Hamiltonian
from Eq. 1.2 can be solved by introducing the center-of-mass R and relative mass
r coordinates:

R = M,r:re—rh. (1.3)

* *
my +my,

In the hydrogen model, the motion of the exciton center-of-mass
M =m; +m, (1.4)

is the motion of a free particle, while the relative motion of exciton is the motion of a particle

with mass p given by

1 1 1
—=—+— (1.5)
B Me M,
in a Coulomb potential
2
e
Vir) =— ) 1.6
(r) 4dmeger (16)
Two decoupled and easily solvable Schrodinger equations are now obtained:
g (1.7
of VRY(R) = Er(R) :




1.1. Excitons in semiconductors

B2 )
5, Vo) = E.or). (1.8)

The solution to these two equations is the exciton wavefunction:
Wy (R, ) = AKR R (1)V, (O, D), (1.9)

where A is a normalization constant and K is the exciton center-of-mass wavevector (which
is the sum of the electron and hole wavevectors). The n, [ and m are the principal, angular
momentum and magnetic quantum numbers, respectively. The R, and Y}, (0, ®) are the
associated Laguerre polynomials and spherical harmonics, respectively. The exciton energy
is expressed as [43]:

K2 R
oM n2’
where E, is a material bandgap, the second term represents the kinetic energy of the exciton

E.(K) = E, + (1.10)

center-of-mass and R* is the exciton Rydberg given by:

4
x pe H

R = = Ry, 1.11

8(hege)?  mge? Y (1.11)

where mg is an electron rest mass and Ry = —13.6 eV is a hydrogen Rydberg constant.

According to Eq. 1.10, in 3D semiconductors the exciton binding energy (Ej) is equal to R*.

'E

0)
Figure 1.1: Schematic diagram showing the dispersion relations in 3D semiconductor for n = 1,

2 and 3 Wannier-Mott exciton states. The E; is the energy bandgap. |0) denotes the ground state

and k| is the in-plane wavevector.

A schematic diagram showing n = 1, 2, 3 excitonic states in a bulk semiconductor

is presented in Figure 1.1. In 3D materials, the exciton binding energy (e.g in GaAs

6



1.2. Transition metal dichalcogenides

~ 4.9 meV, ZnTe ~ 13 meV [41]) is usually smaller than thermal energy at room temperature
(~ 25 meV). As the probability of exciton thermal dissociation is high, the excitonic

transitions in bulk materials are usually observed only at low temperature.

1.1.3 Excitons in 2D semiconductors

When the dimensionality of 3D material is lowered to 2D, the excitons become confined to
a plane of the potential well. Assuming an infinite quantum well structure, the 2D hydrogen
model of excitons in the center-of-mass and relative coordinates is described by a Hamiltonian:
R h*Vg2  h*V,2
2D — _ 2D 2D 174 1.12
INM 2/,L + (rZD)7 ( )

where Rop and rap are the center-of-mass and relative coordinates in 2D, respectively, and

V(rzp) is the Coulomb potential (see Eq. 1.6). By solving the Schrodinger equation with

Hamiltonian from Eq. 1.12; the following exciton energy is obtained:

K2 R

oM (n—1/2)%
Therefore, the exciton binding energy in a 2D semiconductor is F, = 4R*, so it is 4 times
larger than in a 3D semiconductor (Eq. 1.10) [40].

It is important to note that the exciton energy in atomically thin 2D materials usually

E.(K)=E, + (1.13)

deviates from the simple 2D hydrogen model. The discrepancies are, among others, caused by:
dielectric screening [44] (this effect will be discussed in the subsequent part of this Chapter),

band nonparabolicity [45], coupling to phonons [46] and exchange interactions [47].

1.2 Transition metal dichalcogenides

1.2.1 Introduction

In this thesis, I will focus on the subgroup of the 2D materials family, namely, the
monolayer transition metal dichalcogenides (TMDs) with a general chemical formula MX,,
where M is a group-VI transition metal atom (W, Mo) and X is a chalcogen atom (S, Se).
Despite being known for about a century [48], the numerous fascinating properties of TMDs
and their great potential for applications have been discovered only in the last two decades.
In 2010, Heinz and Wang groups [49, 50] have reported that monolayer MoS, exhibits strong
emission intensity, undeniably proving that it is a direct bandgap semiconductor. A year

later, Radisavljevic et al. [51] fabricated the first transistor based on monolayer MoSs. At
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room temperature, the device exhibited a large current on/off ratio (~ 10%), indicating
good performance and low leakage power of the device. A promise for applications in
ultrathin optoelectronic devices has quickly pushed forward the research of monolayer TMDs.
This resulted in a discovery of many interesting physical phenomena that could be used in
biosensors [52], energy storage devices [53], photonic devices [54], phototransistors [55], gas

sensors [56], catalysts [57], and many more.

1.2.2 Crystal structure

The crystal structure of bulk TMD materials was described for the first time in 1923
by Dickinson and Pauling [48], who investigated a mineral of MoS, (known as molybdenite)

with X-ray radiation.

Figure 1.2: (a) - Geometry of trigonal prismatic coordination (top panel) and side view (bottom
panel) in the 2H structure of monolayer TMDs. (b) - Geometry of octahedral coordination (top
panel) and side view (bottom panel) in the 1T structure of monolayer TMDs. Red and yellow
spheres represent the transition metal (M) and chalcogen atoms (X), respectively. dyx_x is the
distance between chalcogen atoms from the subsequent atomic layers. djs—x is the M-X bonding
length. « and 8 denote the X-M-X bonding angle in 2H and 1T phase, respectively. The ABA and
ABC denote different stacking sequences of the M and X sublattices. The crystal structures of the
2H and 1T phases are based on data from Ref. [58] and [59], respectively.

Monolayer TMDs are composed of a single layer of M atoms sandwiched between two
layers of X atoms. They can crystallize in several structural polytypes in which M atoms
are coordinated differently by chalcogens [60]. Two main crystal phases of monolayer
TMDs are shown in Figure 1.2. In the thermodynamically stable honeycomb 2H phase,
M atoms are coordinated by chalcogens in a trigonal prismatic geometry, as shown in the
top panel in Figure 1.2 (a). The chalcogens from consecutive atomic sheets are aligned
along the z-axis forming the ABA stacking sequence (where A indicates chalcogen and B -

transition metal layer) [61, 62]. The ABA stacking is presented in the bottom panel in
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1.2. Transition metal dichalcogenides

Figure 1.2 (a). In contrast to the 2H phase, the 1T polytype is metastable. There are
methods to obtain 1T monolayer TMDs (like intercalation with alkali metal cations - K*,
Li*) but the proper stabilization (e.g. substitutional doping with Mn or Re) to prevent
the transition to a more energetically favorable 2H phase has to be provided [63]. The
1T polytype exhibits octahedral M coordination which is presented in the top panel in
Figure 1.2 (b). This coordination geometry results in a shift of X atoms from the subsequent
layers along the x-axis, forming the ABC stacking sequence, as shown in the bottom panel in
Figure 1.2 (b). Apart from distinct stacking ordering, in the 1T phase, the distance between
chalcogens from neighboring layers is larger, whereas the angle of X-M-X bonding is smaller
than in the 2H phase.

As will be discussed in the next subsection, the valence band maximum (VBM) and
conduction band minimum (CBM) in monolayer TMDs is composed mainly of d orbitals of
M atoms with a small contribution of p orbitals of X atoms [64—66]. The splitting of d orbitals
strongly depends on the crystal phase symmetry and the TMDs can exhibit strikingly
different electronic properties depending on the material polytype [67]. For instance, He and
co-workers [68] have calculated that the 2H monolayer MoS, polytype is a direct bandgap
semiconductor, whereas in the 1T phase, the bandgap disappears and MoS, exhibits metallic

properties.

Figure 1.3: Atomic structure of the unit cell in (a) - bulk or even-layer and (b) - monolayer TMDs.
Red and yellow spheres represent the transition metal and chalcogen atoms, respectively. Based on
the crystal structure of 2H MoS;y from Ref. [58].

In TMDs, the subsequent monolayers are rotated with respect to each other by 180°
around the stacking axis, as presented in Figure 1.3 (a) [69, 70]. Therefore, in bulk and
even-layer TMDs the crystal structure exhibits an inversion symmetry with the inversion
center located between the subsequent monolayers. On the other hand, in the monolayer

form (and other odd-layer TMDs), the inversion symmetry is broken which is clearly visible
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in Figure 1.3 (b). The breaking of inversion symmetry in monolayer TMDs has an important
impact on their electronic and optical properties as will be discussed in the following parts
of this Chapter.

1.2.3 Band structure

The evolution of the TMD band structure from bulk to the monolayer form was analyzed
theoretically [60, 64, 65, 71] and confirmed by experiment [72-74]. The schematic band
structures in bulk and monolayer TMDs are presented in Figure 1.4 in the left and right
panels, respectively. In bulk TMDs, the VBM is located at I' high symmetry point, and
the CBM is in-between K and I' points of the Brillouin zone. Therefore, bulk TMDs are
semiconductors with momentum-indirect bandgap as presented by the black arrow in the
left panel. Note that another energy gap is located at the K point of the Brillouin zone
(shown by the red arrow). This gap is momentum-direct but it is not a fundamental one.
Importantly, when the thickness of the TMD material is reduced, the energy bands at I' and
between K and I' points exhibit a considerable shift towards higher energies, while the shift
of the gap at K point is much less pronounced. In the monolayer form, the TMD becomes
a semiconductor with a momentum-direct gap at K point, as presented by the black arrow

in the right panel in Figure 1.4.

Figure 1.4: Schematic band structure diagram in bulk and monolayer TMDs. The black arrows
indicate the fundamental electronic bandgaps. The red arrow represents the direct gap at the
K point in bulk TMDs. Fermi level (Er) is indicated by the red dashed line.

Therefore, when thinned down from bulk to the monolayer form, the TMD undergoes an
indirect-to-direct bandgap change. Such variation of the band structure has been attributed
to different orbital contributions at different points of the Brillouin zone [50, 66, 75]. In bulk
TMDs, the VBM at I' point is mainly composed of d.» orbitals of M atoms and p, orbitals
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of X atoms. The CBM in-between K and I' points consists of d,2_,2, d,y, d,2 orbitals of M,
and p,, py and p, orbitals of X atoms. The spatial extension of p, orbitals together with the
small separation of X atoms from neighboring layers in the out-of-plane direction enables the
mixing of p, orbitals [75, 76]. This explains the strong dependence of the energy bands on
the number of TMD layers. At K point, the VBM is built of d,2_,2 and d, orbitals of M, and
p. and p, orbitals of X atoms, while the CBM is composed of d,» orbitals of M with a small
contribution of p, and p, orbitals of X atoms. These orbitals are spatially extended in the
plane of a monolayer and their coupling with orbitals from other layers is small. As a result,
the energy of the electronic bands at the K point depends weakly on the TMD thickness.
This distinct thickness dependence of the energy bands at I', in-between K and I points, and
at the K point of the Brillouin zone, enables the indirect-to-direct bandgap transformation
in monolayer TMDs.

In monolayer TMDs, the VBM is composed of d orbitals of M with the magnetic quantum
number m; = %+ 2, and p, and p, orbitals of X with m; = £ 1 [70, 75-77]. Due to the large
my of d orbitals, strong spin-orbit coupling (SOC), i.e. the coupling between the electron spin
and its orbital momentum, is induced in these materials. The SOC together with breaking
of the inversion symmetry, removes the spin degeneracy at K points of the Brillouin zone.
In the VB, the SOC-induced band splitting is on the order of hundreds meV [66, 70, 78, 79)].
On the other hand, the CB in monolayer TMDs consists mainly of d,» orbitals of M with
my = 0 and a small contribution of p, and p, orbitals of X with m; = £ 1. The resulting
spin-splitting in the CB in monolayer TMDs is an order of magnitude smaller than in the
VB [66, 75, 77, 78]. The calculated spin-splitting in the VB and CB in monolayer TMDs is
shown in Table 1.1:

Spin splitting in valence and conduction bands in monolayer TMDs (meV)

TMD M082 WSQ MOSGQ WSGQ
A 146 [80] 430 [81] 186 [78] 463 [78]
Ach 3 [80] 30 [81] -21 [78] 38 [78]

soc

Table 1.1: The DFT-calculated values of SOC-induced band splitting in the VB (A%,) and CB
(A ) in monolayer TMDs.

soc

Kosmider et al. [78] have estimated the atomic contributions into SOC, using the basis of
the localized functions similar to the atomic orbitals. The density functional theory (DFT)
calculations have shown that the SOC in the CB is composed of two contributions with
opposite signs - negative for X and positive for M atoms. Considering that the atomic SOC
component is also dependent on the mass of the contributing atom (larger contribution for

heavier atoms), the final sign of the spin-splitting in the CB can be either positive or negative,
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depending on the combination of M and X atoms in monolayer TMD (e.g. in WSy and MoSey
in Table 1.1).

Figure 1.5: Schematic diagram of the VB (green) and CB (red) near the band edges in the Brillouin

zone (blue hexagon) in monolayer TMDs. The spin-splitting is omitted.
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Figure 1.6: Valley and spin optical selection rules at K and K’ points in monolayer MoSe,. The
A% (A% ) is the SOC-induced spin-splitting in the VB (CB). The o™ and o~ denote the emission

soc soc
of photons with right- and left-handed circular polarization, respectively. The green and red wavy

arrows indicate the excitonic transitions in K and K’ valleys.

In monolayer TMDs, there are six K points (called valleys) that are located at the corners
of the hexagonal Brillouin zone, as shown in Figure 1.5 [64, 66, 79]. The time-reversal
symmetry ensures that the SOC-induced spin-splitting at the neighboring energy-degenerate
valleys is opposite [64, 66, 79]. Therefore, the neighboring valleys become inequivalent and
are usually denoted as K and K’ or K™ and K~ [79]. At each valley two optical transitions are
distinguished - exciton A and B (with exciton A having lower energy), as shown in Figure 1.6.
In monolayer WSy, WSey and MoSs, the SOC-induced spin-splitting in the CB is positive
and the carriers at the VBM and CBM have opposite spins. Therefore, the lowest excitonic
transitions in these materials are spin-forbidden. Conversely, in monolayer MoSe, with the

negative spin-splitting in the CB, the lowest optical transition is spin-allowed [82].
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In monolayer TMDs, both the orbital magnetic moment and spin at the band edges
have opposite values at K and K’ valleys [79, 83, 84]. Both are experimentally accessible
physical quantities, so the carriers with specific spin and valley indices can be addressed and
manipulated by external fields [85-87]. The coupling of spin to the specific valley introduces
the valley-dependent optical selection rules, presented schematically in Figure 1.6 [84, 88].
The selection rules dictate that the carriers at the K and K’ valleys are selectively excited by
photons with opposite circular polarization. The large separation of the neighboring valleys
in the momentum space and large spin-splitting in the VB effectively suppress the intervalley

carrier scattering [89, 90]. This results in valley polarization that can be estimated from the
I I _

Io'i +[o'7 ’
(I,-) is the right- (left-) handed circularly polarized emission intensity. Monolayer TMDs

degree of circular polarization of the emitted light, defined as DCP = where [+

exhibit large DCP [84, 88, 91| which can be preserved even up to room temperature [92-94].
Recently, Morozov et al. [95] have reported that in monolayer WSe, with large electron

doping levels the DCP at room temperature is ~ 61 %.

Energy A

Conduction band

Valence band

> \Wavevector

Figure 1.7: Schematic diagram of the band nesting region. The black and blue curves represent the
VB and CB, respectively. The orange dots with the + (—) sign represent a hole (an electron). The
green arrows indicate the electronic transitions with negligible momentum change. The v denotes

the carrier velocity with the directions of movement indicated by the red dashed arrows.

Let me now briefly discuss another interesting region in the Brillouin zone in monolayer
TMDs. Namely, there is a region called band nesting region that is schematically presented in
Figure 1.7 [96-100]. The bands are considered nested when the gradient of energy difference
E. — E, (where E. and E, is the energy of the lowest unoccupied state in the CB and
highest occupied state in the VB, respectively) is negligible, i.e. when the VB (black curve
in Figure 1.7) and CB (blue curve) are almost parallel in the Brillouin zone [96]. In the
optical transitions at the band nesting region, the hole and electron momentum difference is

approximately 0, implying that the carriers move with the same velocities but in opposite
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directions. The footprint of band nesting in monolayer TMDs can be experimentally observed
as a strong absorption band in the UV spectral region (referred to as exciton C) and large
optical conductivity [97, 99]. Kozawa et al. [97] have shown that at room temperature the

monolayer MoS, can absorb at exciton C as much as ~ 20 % of the incoming light.

1.2.4 Optical properties

1.2.4.1 Dielectric screening

In Section 1.1, I have shown that in an ideal 2D semiconductor, the exciton binding energy
is 4 times larger than in bulk. However, the real world is 3D and to accurately describe the
optical properties of 2D materials, the impact of the surrounding environment also has to
be considered. Here, I will discuss one of the most important effects that contribute to the
discrepancy of the exciton binding energies in TMDs from the hydrogen model, namely the
dielectric screening effect [101, 102].

In monolayer TMDs, the dielectric screening together with quantum confinement results
in exceptionally large exciton binding energies that are on the order of hundreds of meV.
This is an order of magnitude larger than in typical quantum well structures, such as I1I-V
GaAs/AlAs or II-VI ZnCdSe/ZnSe [103, 104]. In Table 1.2, I present the experimentally

obtained exciton binding energies in monolayer TMDs placed on SiO,/Si substrate.
Exciton binding energies in monolayer TMDs (meV)
MoS, WS MoSe, WSe,
440* [105] 320 [44] 420 [106] 370 [107]

*on fused silica

Table 1.2: The exciton binding energies in monolayer TMDs on Si substrate covered by SiOs film.

The origin of this important enhancement of binding energies of excitons in monolayer
TMD materials is qualitatively explained in a schematic diagram in Figure 1.8. In 3D material
with dielectric constant e3p, the Coulomb interaction of electron and hole forming an exciton
is screened by the electric field generated by neighboring carriers and atoms (i.e. dielectric
screening). This is presented in the left panel in Figure 1.8, where the electric field lines that
connect electrons and holes (shown as red-blue curves) are fully submerged in the material.
The uniform dielectric screening in 3D materials results in large exciton Bohr radii and low
exciton binding energies. In atomically thin monolayer TMDs, the excitons are confined to the
TMD layer with dielectric constant esp. When the monolayer is surrounded by materials with
lower dielectric constants (€; and ey in Figure 1.8), the dielectric screening of the Coulomb

interaction in the out-of-plane direction is much weaker than the screening in the in-plane
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Figure 1.8: Schematic diagram showing the excitons in bulk (left panel) and monolayer (right
panel) TMDs with dielectric constants esp and eyp, respectively. Red-blue lines represent the
electric field lines connecting electrons (with sign —) and holes (sign +). The €; (e2) is a dielectric

constant of material in contact with the top (bottom) surface of monolayer TMD.

(monolayer) direction. The weakened out-of-plane screening is the reason why in monolayer
TMDs the electron-hole interaction is increased which results in an increase of exciton binding
energies and reduced exciton Bohr radii compared to 3D material [108].

Assuming that the electrons and holes are point-like charges localized in the monolayer,
the electron-hole interaction in monolayer TMD (the right panel in Figure 1.8) can be
described by the potential developed by Keldysh and Rytova [101, 109-112]:

2

V(rsp) = — [H0<KT2D> —%(”rm)}, (1.14)

8607’0 To To

where Hy and Y] are the Struve and Bessel functions, respectively, kK = (€1 + €3)/2, and ry is
the screening length defined as:
To = 2TX2D; (1.15)

where Ysp is the monolayer polarizability.

Importantly, the dielectric screening in monolayer TMDs described by Eq. 1.14 strongly
depends on the electron-hole separation - it is larger when the distance between the carriers
is smaller. The screening length is a parameter that indicates the inter-carrier distance
limit below which the 2D hydrogen model cannot be applied to describe excitons. At the
electron-hole separations larger than ry, the electric field lines connecting electrons and holes
mostly penetrate the material surrounding the monolayer. Consequently, the dielectric

screening is reduced and the inter-carrier interaction is described by Coulomb potential

15



1.2. Transition metal dichalcogenides

~ —1/krep. For smaller inter-carrier separation, the electric field lines are mostly submerged
in the monolayer with a large dielectric constant and only weakly permeate the environment.
As a result, the dielectric screening is increased and the interaction potential scales as
log(rop /7o) [44, 112, 113]. Therefore, the discrepancy between the 2D hydrogen model and
the model employing the Keldysh-Rytova potential will depend also on the exciton state
number n. For instance, Chernikv et al. [44] have shown that in monolayer WS, deposited
on the SiO,/Si substrate the hydrogen model describes well the electron-hole interaction only
for the states higher than n = 2.

Figure 1.9: The dependence of the exciton A (red dots), exciton B (green triangles) and charged
exciton (black squares) emission energy in monolayer MoSs on the dielectric constant of the
environment. The monolayer was placed on the SiO2/Si substrate and immersed in organic solvents
with different dielectric constants. Adapted with permission from Ref. [114]. Copyright 2014

American Chemical Society.

It follows from the Eq. 1.14 that the dielectric constant of the environment has an
important impact on the energy of excitonic peaks in monolayer TMDs [44, 108, 115]. Lin and
collaborators [114] investigated the emission energies of the charged exciton (black squares
in Figure 1.9), exciton A (red dots) and exciton B (green triangles) peaks in monolayer
MoSs, deposited on the SiOy/Si substrate and immersed in an organic solvent with dielectric
constant ranging from 1.89 to 32.6. It is clear that all the excitonic peaks in monolayer MoS,
exhibit blueshift when the dielectric constant of the solvent increases. The energy shift can

be as large as ~ 40 meV.

1.2.4.2 Photoluminescence

Due to the quantum confinement and reduced dielectric screening discussed above, the
optical response in monolayer TMDs is dominated by excitonic transitions.
In doped materials, the excess carriers interact with neutral excitons forming so-called

charged excitons. Due to the presence of point defects with low formation energies
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Figure 1.10: (a) - The PL spectrum in monolayer MoSey at 5 K. (b) - The PL spectrum in
monolayer WSey at 5 K. The X4 (T) is the neutral (charged) exciton, and the L denotes the

defect-bound exciton.

(such as chalcogen vacancies) that act as electron donors, monolayer TMDs tend to be
naturally n-doped (with the exception of intrinsically p-doped monolayer WSe,) [51, 116-119].
Therefore, in the PL spectrum of the monolayer TMDs, peaks related to the neutral excitons
are accompanied by peaks of the charged excitons. The charged exciton emission is observed
below the neutral exciton peak and the energy difference between the neutral and charged
exciton peaks (i.e. the charged exciton dissociation energy, Fp) depends on the free carrier
concentration in a material (i.e. the Fermi level energy, EFr) according to the formula [120]:
Ep = Ex, — Er = Ey + Ep, where Ex, (Er) is the energy of neutral (charged) exciton PL
peak and FEj, is the binding energy of charged exciton defined as the dissociation energy in
the limit of zero carrier concentration (i.e. where E is zero). In monolayer TMDs, the Ep
is ~ 30 meV which is an order of magnitude larger than in typical quantum well systems,
such as GaAs [118, 121-123]. From the presented above formula it is clear that the larger the
carrier density, the larger is the separation of neutral and charged exciton peaks [120, 123]. In
monolayer TMDs, the E can be influenced by electrostatic gate doping or by the variation of
the excitation power that enables the ionization of dopants on which the carriers get trapped
at low temperatures [120, 123]. An example of the PL spectrum collected from monolayer
MoSe; is shown in Figure 1.10 (a), where the neutral (X4) and charged (T) exciton peaks
with Ep of around 30 meV can be observed.

In monolayer TMDs, the structural defects - such as atomic vacancies, grain boundaries or
wrinkles formed during the monolayer transfer process, introduce electronic states inside the
bandgap [116, 117, 119]. The excitons can be trapped by these states and the emission
energies of such bound excitons are observed below the neutral and charged excitonic
transitions [82, 124, 125]. As the non-intentional defect states are usually distributed

randomly in a material, the optical response of monolayer TMDs may be also highly
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non-uniform [126, 127]. Importantly, the localized exciton peaks are usually observed in
the emission spectra in monolayer TMDs with dark ground exciton state (MoS,, WS, and
WSe,), where the carrier lifetime is long enough to enable the exciton localization on the
states within the bandgap. This explains, why the PL spectra in MoSs, WS, and WSe, are
usually richer than in MoSe,. For instance, in the PL spectrum in monolayer WSe, shown
in Figure 1.10 (b), the peaks of neutral (X4), charged (T) and bound (L) exciton peaks can

be observed.

1.3 2D perovskites

1.3.1 Introduction

Perovskites, named after Russian mineralogist Lev Perovski, belong to a large family of
materials with a general formula ABX3 (where A denotes a large organic or inorganic cation,
B is a small metal cation, and X - an anion). The cubic perovskite unit cell is presented
in Figure 1.11 [128]. The A cations sit in the corners of a unit cell, while B cations are in
the body-centered, and X anions - are in the face-centered positions. Therefore, the B and

X ions form corner-sharing BX;~ octahedra with A cations filling the spaces between them.

Figure 1.11: Perovskite crystal structure - cubic unit cell (left panel) and octahedra arrangement
(right panel). The A represents organic or inorganic cation, B - metal cation, and X - oxide or

halide anion. Generated from data from Ref. [128].

The first studied material with a perovskite structure was a mineral oxide CaTiO3 [129].
Since its discovery in 1957, the research focused mostly on the full-inorganic perovskites
exhibiting piezoelectric and ferroelectric properties, such as LiNbOjs, PbTiO3 or PbTiO3
[130-132]. In 1978, Weber [133] conducted the first crystallographic studies on hybrid
organic-inorganic halide perovskites CH3NH3PbX3, where an inorganic A cation was replaced

by an organic methylammonium cation (CH3NHZ - MA), and X was halide anion C1~, Br
or I7. Three decades later, Kojima et al. [134] have fabricated the first perovskite-based
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(CH3NH3Pbly; - MAPI) solar cell device with a power conversion efficiency (PCE) of
3.8 %. Since then, the potential of applying perovskites in optoelectronic devices
has rekindled the interest in perovskite materials. In only 10 years, the PCE of the
organic-inorganic halide perovskite-based solar cells was increased to over 25 % [135, 136].
Various interesting properties of perovskites and the availability of a variety of compounds
that can be used in their synthesis, have given promises for applications not only in solar

cells but also in lasers [137], photodetectors [138] or optical modulators [139], to name a few.

Figure 1.12: The schematic representation of the 2D perovskite crystal structure (right panel)
obtained by cutting the octahedra layers from 3D perovskite (left panel). Generated based on data
from Ref. [140].

Among a large class of perovskite materials, there is one particular group, namely, the
2D perovskites. They can be regarded as slabs cut out of 3D perovskites and linked in the
out-of-plane direction by large organic spacer molecules, as presented in Figure 1.12. The
2D perovskites have a general formula (RNH;3),A, 1B,X3,11, where RNHJ is an
organic spacer monovalent cation with either aliphatic or aromatic alkyl group
R (e.g.  butyl, phenylethyl), A is a monovalent organic or inorganic cation (e.g.
methylammonium, formamidinium, Cs), B is a divalent metal cation (such as Pb?*"
or Sn?*t), X is a halide anion (ClI=, I7, Br7), and n = 1, 2... denotes a number
of inorganic octahedra slabs between two subsequent organic spacer layers. The first
2D perovskites - (CoH19NH3)2Pbly and (Cy9Hg NH3),CdCly, were synthesized by Dolzhenko
and collaborators in 1986 [141, 142]. What makes the family of 2D perovskites
especially attractive is, among other things, a much lower degradation rate in the
environmental conditions in comparison to their 3D counterparts. Therefore, the
2D perovskites could be used in solar cells as protective layers for the sensitive to temperature
and moisture 3D perovskite absorber films [143, 144]. Other possible applications of
2D perovskite materials include: light-emitting devices [145], energy conversion and storage
devices [146], lasers [147] and photodetectors [148].
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1.3.2 Crystal structure

The thermodynamically stable perovskite structure has to fulfill several criteria. First,
the charge of the constituent ions has to be balanced so that the net charge of the whole
structure equals 0. If X is a halide ion, then A should be monovalent and B - a divalent
cation. Alternatively, instead of two divalent B ions, a mixture of cations that overall give
the same net charge can be used, e.g. one monovalent B’ and one trivalent B" cation. Another
important criterion applies to the size of A cation which has to be small enough to fit in the
space between neighboring octahedra. Additionally, B cations must have a suitable size to
enable their octahedral coordination by X anions [149].

The mentioned guidelines regarding the choice of constituent compounds apply to both
3D and 2D hybrid organic-inorganic perovskites. However, the 2D perovskite family offers
a much broader selection of materials that can be used as organic spacers, since there is no
restriction regarding the spacer length. The important limitation is for the spacer width to
be within a specific range imposed by the B-X bonding length. If the size of the spacer ion
is too large, there will be not enough space for it to fit between octahedra. In such a case,
the structure will accept a lesser amount of spacer cations than is dictated by stoichiometry
resulting in numerous structural defects. Conversely, if the spacers are too small, higher
concentrations of spacer cations can be incorporated into the structure [150]. In a stable
2D perovskite material, an organic spacer also has to contain a terminal functional group

that would enable directional non-covalent interactions with octahedra slabs. These groups

Figure 1.13: Crystal structure of (a) - Ruddlesden-Popper and (b) - Dion-Jacobson 2D perovskites.
The green and violet colors indicate the inorganic octahedra. (a) - Based on data from Ref. [140].
(b) - Based on data from Ref. [151].
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are usually RNHZ, where R denotes an aliphatic chain or aromatic ring. The ammonium
groups form strong hydrogen bondings with halide anions and stabilize the connection of
organic spacers with the octahedral framework. Therefore, the rigidity of the perovskite
structure can be easily manipulated by choosing an organic spacer with a different number
of ammonium groups [152].

Two main crystal structures of 2D perovskites - Ruddlesden-Popper and Dion-Jacobson
are schematically presented in Figure 1.13. In Ruddlesden-Popper perovskites, each
octahedra slab is connected with one organic spacer layer from the top and one layer from the
bottom side along the stacking axis. In this arrangement, the spacer cations from the adjacent
layers are linked with each other via van der Waals interactions which enables their easy
exfoliation. In Dion-Jacobson perovskites, the subsequent octahedra slabs are connected with
each other by a single layer of organic spacer cations. To enable simultaneous interactions
with two inorganic slabs, the spacer compound has to terminate with two functional groups,

one on each spacer end [153].

Figure 1.14: (a) - The crystal structure of low-temperature phase of BAPI perovskite along the
stacking axis. The violet color indicates the Pbléf octahedra and the BA™ spacers are shown in
red color. Based on data from Ref. [154]. (b) - The crystal structure of PEPI perovskite. The
PEA™ spacers and Pblé_ octahedra are shown in black and yellow colors, respectively. Based on
data from Ref. [155].

Two of the most studied 2D perovskites are BA;Pbl, (BAPI) and PEA,Pbl, (PEPI),
where BA stands for butylammonium and PEA for phenylethylammonium cations. Both
PEPI and BAPI are the constituents of the van der Waals stacks that will be studied in this
thesis. In Figure 1.14, I present the crystal structure of (a) - the low-temperature phase of
BAPI perovskite and (b) - of PEPI perovskite. Both materials exhibit the Ruddlesden-Popper

structure.
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1.3. 2D perovskites

1.3.3 Band structure

In 2D perovskites, the inorganic octahedra slabs with narrow bandgap are sandwiched
between two organic spacer layers with wide bandgap. This arrangement forms a multiple
potential well structure, shown schematically in Figure 1.15 [156]. The 2D perovskites are
sometimes referred to as "ideal" 2D systems with the large difference of the barrier and well

bandgaps and naturally low interlayer roughness [157].

g. Inorg. g. Inorg. g. Inorg.
N
Well weII
Ebarrier Barrier EweII sbarrier
weII > Ebarrler

Figure 1.15: Schematic multiple quantum well structure in 2D perovskites. Epgrrier (Ewerr) denotes
the barrier (quantum well) bandgap and €pgrrier (€werr) is the dielectric constant of the barrier

(quantum well).

Figure 1.16: The band structure in PEPI perovskite. The E; indicates the Fermi energy. Adapted
from Ref. [158].

Lead-iodide 2D perovskites are momentum-direct bandgap semiconductors with
a bandgap located at the I' point of the Brillouin zone, as presented in the DFT-calculated
band structure of PEPI in Figure 1.16 [158]. The VBM is composed of 5p orbitals of iodine
with a small contribution of 6s orbitals of lead ions, and the CBM is built of 6p orbitals of lead
cations [140, 159-162]. The bands with a large contribution of organic spacer orbitals appear
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1.3. 2D perovskites

almost flat in the band structure (e.g. along I'-Z direction in Figure 1.16) which indicates that
the organic spacer orbitals overlap weakly with the octahedra slabs. Therefore, the carrier
effective masses (given by the band curvatures) are large along the stacking direction which
implies the good carrier confinement to the plane of inorganic octahedra slabs [140, 163].

In lead-iodide 2D perovskites, 6p orbitals of heavy Pb?* cations induce strong SOC in
the CB resulting in the lowering of the CBM by ~ 0.7 eV [159, 160, 164, 165]. In the VB, the
energy bands are mainly built of 5p orbitals of much lighter I~ anions and the SOC is several
times smaller than in the CB [165]. Overall, in 2D perovskites, the SOC effect reduces the
perovskite bandgap by around 1 eV [164, 165].

1.3.4 Optical properties

As was discussed in the previous subsection, the 2D perovskites naturally form the
structure of multiple quantum wells. Unlike in the epitaxially grown II-VI or III-V inorganic
quantum wells, in 2D perovskites, the quantum confinement is accompanied by reduced
dielectric screening dictated by the large difference of dielectric constants of the organic
spacer layer and inorganic octahedra slab (€pgrrier < €wenr). Therefore, the carriers that are
quantum confined to the inorganic slab are also subjected to the weak dielectric screening of
organic spacer layers which results in strong binding of electrons and holes. Importantly,
in 2D perovskites, the exciton binding energy can be easily tuned by using compounds

with different dielectric constants. For instance, the experimental values of exciton binding

Figure 1.17: Schematic diagram showing the dependence of the bandgap E,, (n = 1, 2, 3) on the
thickness of the quantum well in 2D perovskites. Based on data from Ref. [140, 155]
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1.3. 2D perovskites

energies in PEPI and BAPI perovskites (that are composed of the same Pblg~ octahedra but
different organic spacer cations - PEA™ or BA™) are 260 meV [166-168] and 470 meV [168],
respectively. Overall, the exciton binding energy in 2D perovskites is one order of magnitude
larger than in typical inorganic quantum well structures. Therefore, the optical transitions
in 2D perovskites are dominated by excitons [103, 104], also at room temperature [167, 169].

An important advantage of 2D perovskite materials is that their electronic and optical
properties are easily tunable. Like in other quantum well structures, in 2D perovskites, the
size of the bandgap depends on the width of a potential well (i.e. the number of octahedra
slabs between the subsequent spacer layers, n). This is clearly visible in Figure 1.17, where
the larger well thickness (i.e. with larger n) results in a smaller bandgap (indicated by
red double arrows). This effect can be also observed in room temperature PL spectra
in BAoMA,,_1Pb,I3,,1 (n = 1-5) perovskites shown in Figure 1.18. As the quantum well

thickness increases, the perovskite emission energy gradually redshifts.
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Figure 1.18: Room temperature PL spectra in BAyMA,_1Pb,Is,11 (n = 1-5) perovskites.
Adapted from Ref. [168]. Copy of the Creative Commons license can be found at:
http://creativecommons.org/licenses/by/4.0/

Another way of engineering properties of 2D perovskites involves using different precursors
in the synthesis process [170, 171]. As the VBM is mainly composed of halide orbitals
from the inorganic octahedra, heavier halide anions would shift the VBM to lower energies.
Consequently, the perovskite bandgap would be reduced, e.g. the calculated bandgap in
PEA,PbCly is 3.19 eV, while in PEA;PbBr, the bandgap is 2.76 eV [172]. By analogy,
changing the metal cations modulates the energy of the CBM [173]. For instance, the bandgap
of PEA,Pbly is larger than that of PEA;Snly (2.608 eV vs. 2.084 eV) [166].

The organic spacer compound can also modify the bandgap of 2D perovskites by
influencing the inorganic octahedra framework [174, 175]. The large impact of the organic

spacers on the material properties was observed in two perovskites studied in this thesis.
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1.4. Excitation transfer in van der Waals stacks

The PEPI and BAPI perovskites are composed of the same Pblé_ inorganic octahedra but
different organic spacer (PEA™ in PEPI and BA™ in BAPI) . The experimentally determined
bandgap (at the temperature of ~ 4 K) in PEPI and BAPI perovskite is around 2.61 eV and
3.02 eV, respectively [166, 168]. This large difference of the bandgaps can be explained by
the different impact of the organic spacer on the Pb-I-Pb bonding angles and Pb-I bonding
lengths via the interactions of -N H; groups with iodine anions from PbI;~ octahedra slabs
[158, 163, 166, 176, 177]. In BAPI perovskite, the octahedra are tilted with respect to
the stacking axis, as was shown in Figure 1.14 (a). The large deviations of the equatorial
Pb-I-Pb angle from 180° changes the overlap of the iodine and lead orbitals and increases
the perovskite bandgap [175, 176, 178, 179]. The more pronounced octahedral distortion in
BAPI than in PEPI results in the smaller bandgap of the latter.

1.4 Excitation transfer in van der Waals stacks

1.4.1 Introduction

Layered van der Waals materials like TMDs or 2D perovskites can be easily stacked and
form heterostructures. The electronic coupling between the constituent layers gives rise to
physical phenomena that strongly influence the electronic and optical properties of van der
Waals stacks. In this Section, I will discuss two processes that enable the excitation transfer

between the constituents of heterostructures, namely, the charge and energy transfer.

1.4.2 Charge transfer

The calculated energies of the VB and CB edges with respect to the vacuum level in
monolayer TMDs are presented in Figure 1.19 [180-182]. Tt is clear that the stacks composed
of any two monolayer TMDs have a type II band alignment with the VBM and CBM
located at K valleys but in different materials [183, 184]. Together with the flat and smooth,
atomically thin interfaces, this forms an excellent environment for a fast and efficient charge
transfer (CT) to a material with lower energy VBM (transfer of holes) or CBM (transfer of
electrons) [5, 8, 9, 185, 186]. In TMD stacks, the CT occurs on ~ 100 fs timescale which is
much faster than the lifetime of intralayer excitons in TMDs (~ 10 ps) [28, 187, 188]. The fast
CT in TMD stacks is driven by the large band offsets - e.g. in MoS,;/WSe; the VB and CB
offset is 1.01 eV and 0.67 eV, respectively [180]. Small interlayer distances (in MoSy/WSey
~ 6 A) additionally facilitate the transfer process [183]. The mechanism of CT in the fs regime

is not yet fully understood. However, several hypotheses trying to explain the ultrafast nature
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1.4. Excitation transfer in van der Waals stacks

Figure 1.19: The band alignments in monolayer TMDs calculated with respect to the vacuum
level. Based on Ref. [180].

of this phenomenon, have so far been made in the literature [189, 190]. For instance, Zhu and
collaborators [190] have proposed that the transfer of carriers between K valleys in van der
Waals stacks involves the intermediate state located at another wavevector in the Brillouin
zone. The CT via this state, common to both constituents, is possible with the assistance of
phonons.

The CT in TMD stacks leads to the formation of low-energy interlayer excitons (IXs) in
which the electrons and holes localized in different materials are bound across the interface.
The binding energy of IXs in TMD stacks is on the order of ~ 100 meV which shows great
potential for future optoelectronic devices operating at room temperature [7, 8, 191-194].

For the first time, the IXs were observed by Rivera et al. [8] in WSey/MoSe, stack. The
low-temperature PL spectra in WSey/MoSey stack are shown in Figure 1.20 (a). The IX
peak is redshifted with respect to intralayer excitons in the constituent monolayers. This
is a result of the relaxation of the carriers to their respective band minima, as presented
by curved arrows in Figure 1.20 (b). The large electron-hole distance in IXs reduces the
overlap of carrier wavefunctions in comparison to intralayer excitons. The reduced transition
dipole moment of IX importantly decreases its oscillator strength which is manifested
by long IX lifetimes [195, 196]. The PL decay of IX in WSey/MoSe, stack is shown
in Figure 1.20 (c¢). The fit with the monoexponential function gives the IX PL decay time
of 1.8 ns. This is two orders of magnitude larger than the decay times of intralayer excitons
in monolayer TMDs [92, 197]. The long PL decay times of IXs could potentially enable the
Bose-Einstein condensation of IXs [198, 199].

Due to the suppressed intervalley scattering in monolayer TMDs, in TMD stacks the

carriers are transferred to their respective band extrema preserving the valley polarization
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1.4. Excitation transfer in van der Waals stacks

Figure 1.20: (a) - The PL spectra in monolayer TMDs (upper and bottom panels), and
in the heterostructure region (middle panel) in WSes/MoSe, stack. The Xm0 and X?/V/MO
denote the charged and neutral excitons, respectively. The subscripts indicate the monolayer:
WSey (W subscript) and MoSes (Mo subscript). (b) - Schematic band alignment in WSes /MoSe,
stack. Violet curved arrows indicate the CT. Red dots with — and + signs represent the electron and
hole, respectively. (c) - The PL decay of IX (blue dots) with the monoexponential fit (blue curve).
The dashed curve is the instrument response function. (d) - Circularly-polarized PL spectra of IX
in WSes/MoSes stack under o - (left panel) and o~ - (right panel) circularly polarized excitation.
(a), (c) - From Ref. [8]. Reproduced with permission from Springer Nature. (d) - From Ref. [9].
Reprinted with permission from AAAS.

[9]. The carriers bind into IXs and then recombine maintaining the excitation polarization.
This is clearly visible in the circular polarization-resolved PL spectra of IX in WSe; /MoSes
stack shown in Figure 1.20 (d).

In the IXs the spatially separated carriers form an interfacial dipole moment which enables
the modification of the IX properties by external fields [89, 200, 201]. Rivera et al. [9] have
shown that the electric field applied across the WSes/MoSes stack enables the change of
the band offsets and leads to either red- or blueshift of the IX energy, depending on the
orientation of the IX dipole and applied external bias. For instance, the IX energy shift of
~ 60 meV was observed in WSey/MoSe, stack by applying a bias of 70 V [9]. The external
electric field was shown to affect also the PL decay time, polarization and diffusion of [Xs
showing potential for applications in optical communication and signal-processing devices
[9, 202, 203].
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1.4. Excitation transfer in van der Waals stacks

1.4.3 Energy transfer

In van der Waals stacks with type II band alignment, the dominating mechanism of
excitation transfer between monolayers is via the CT [8, 9, 185]. However, for certain
heterostructure configurations, e.g. when monolayers are separated by thin insulating
hexagonal boron nitride (hBN) layers, the CT can be suppressed. Another mechanism then
starts dominating in the system, namely, the energy transfer (ET) [29, 204, 205].

The ET is a process in which the energy of a donor compound (D) in its excited state is
transferred to an acceptor compound (A) which is in the ground state. As a result, D relaxes
to the ground state, while A is excited to the higher energy state. The transfer can take
place via either a radiative or non-radiative pathway.

The radiative ET is the process in which the photoexcited D relaxes to its ground state
by the emission of photons. The photons are absorbed by A, promoting it to the excited
state. The radiative ET can be expressed by the following formulae [206]:

D* — D+ hw
(1.16)
hw+A— A",
where * indicates the excited state and hw denotes the energy of the photon emitted by

D and later absorbed by A. The efficiency of the process of radiative ET depends on the D-A
spatial separation and the PL quantum yield of D. The process takes place only if the D-A
distance is equal to or larger than the wavelength of the photon emitted by D [206].

Figure 1.21: (a) - Mechanism of FRET. The electric dipole of D and A is shown in blue and orange
color, respectively. (b) - Mechanism of Dexter ET. The carrier wavefunction in D (A) is indicated
by blue (orange) color. Red circles (dots) represent holes (electrons). Green curved arrows indicate
the carrier transfer between D and A. Orange arrows indicate the transfer via FRET and Dexter

ET mechanism.

The non-radiative ET can take place via Forster resonant ET (FRET) or Dexter ET, the
mechanisms of which are presented schematically in Figure 1.21 [204, 207-209]. In FRET
- (a), the transfer of photoexcited exciton energy from D to A is mediated by dipole-dipole

interactions, where the externally induced transition dipole in D oscillates and generates
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1.4. Excitation transfer in van der Waals stacks

a dipole in A. Therefore, the process can involve only dipole-allowed transitions in D and
A [207, 209, 210]. The rate of FRET, kpggr, is strongly dependent on the D-A distance (r)

[206]: o <R0>a
rrET=—(— | | (1.17)

T\ T
where 7p is the radiative decay time of D (when A is absent) and Ry denotes the Forster
distance (when r = Rg, the FRET rate is equal to D decay rate). The « is an exponent
dependent on the dimensionality of D and A. In 2D-2D heterostructures, the rate of FRET
is proportional to ~ r=* (o = 4) [211]. The FRET is usually observed in structures, where
the spatial separation between the materials with D and A states is in the range from
~ 1 nm to ~ 10 nm [206, 212].
The efficiency of FRET can be estimated as [32, 206]:

I k
DA _ FRET —1_ 7’)&7 (1.18)
ID kr + knr + kFRET i)

Brrer = 1 —

where Ip4 (Ip) is the emission intensity of D when A is present (emission intensity of D with
no A), k. (k) is the rate of radiative (nonradiative) processes in D and 7ps (7p) is the
radiative decay time of D when A is present (when A is absent). According to this formula,
the FRET will be efficient in the structures, where the radiative decay time of D in the
presence of A is shorter than the decay time in D without A.

Despite type II band alignment, in TMD/TMD stacks the fast and efficient ET via FRET
can take place next to the CT [204, 210]. The signatures of FRET were observed by Kozawa
et al. [204] in MoSey /WS, stacks. The estimated rate of FRET was around three orders of
magnitude faster than in, e.g. wide barrier-separated GaAs quantum wells [204, 213]. Xu and
collaborators [210] have shown that FRET can also emerge by inserting the insulating hBN
between the TMD monolayers. In WSy/a-hBN/MoS, stacks (where a denotes the number
of hBN layers), the FRET was observed in stacks with 2-5 layers of hBN. For 0 and 1 hBN
layers, the CT was the main mechanism of excitation transfer. Above 5 hBN layers, the
interlayer coupling was negligible and stacks behaved as two separate TMD monolayers.

Another mechanism of non-radiative ET is Dexter ET, in which the electrons and holes
are simultaneously exchanged between D and A states, as shown in the right panel in
Figure 1.21 (b) [214]. This process is mediated by carrier exchange interactions and strongly
depends on the overlap of D and A carrier wavefunctions. The limiting D-A distance in
Dexter ET is ~ 1 nm [214]. As opposed to FRET, Dexter ET does not depend on the
transition oscillator strength in D and A. Therefore, the process can involve dark exciton

states which may be used for brightening of dark excitons in van der Waals stacks [29, 211].
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1.4. Excitation transfer in van der Waals stacks

The rate of Dexter ET for molecular D and A is described by a formula [211]:

—2
]{ZDET:KJGXPTT, (119)

where K denotes the experimental constant dependent on D and A orbital interactions,
J is the normalized spectral overlap integral, r is the D-A distance and L represents the
sum of D and A van der Waals radii (which indicates the minimum distance between D and
A molecules).

Dexter ET was observed by Wu et al. [29] in stacks composed of monolayer MoTe, with
either mono- or bilayer WSe,;. The estimated efficiency of Dexter ET was ~ 97 %. Such
ultrafast ET rate (on the order of 200 fs) was ascribed to the fast CT which is typical to the
TMD/TMD stacks [28, 29].
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Synthesis and sample preparation

In this Chapter, I will describe the samples studied in this thesis. I will shortly discuss the
synthesis methods used to obtain the constituent materials of the stacks. I will also present

the steps of the fabrication process of the investigated heterostructures.

2.1 Introduction

In this thesis, I study three heterostructures - PEPI/WS,, PEPI/MoSe; and
BAPI/MoSe,. The PEPI/WS, stack was fabricated by Michteld Kamminga from the group
of Graeme Blake and Minpeng Liang from the group of Jianting Ye at the University of
Groningen. The PEPI/MoSe, stack was prepared by Matan Menahem from the group of
Omer Yaffe at the Weizmann Institute of Science and by Jonas Ziegler from the group of
Alexey Chernikov at the University of Regensburg. The BAPI/MoSe, stack was fabricated
by Pabitra Nayak from the group of Henry Snaith at the University of Oxford and by Jonas
Ziegler from the group of Alexey Chernikov at the University of Regensburg.

Each heterostructure was composed of (1) a monolayer TMD flake and (2) a multilayer
2D perovskite flake. The whole stack was encapsulated by multilayer hexagonal boron nitride
(hBN) obtained by: (i) exfoliation from bulk crystal purchased from HQ graphene (in case
of PEPI/WS, sample) or (ii) provided by Takashi Taniguchi and Kenji Watanabe from
National Institute for Materials Science in Japan (PEPI/MoSe; and BAPI/MoSe; samples).

Each stack was placed on a silicon substrate with SiO, top layer.

2.2 PEPI/WS,

The schematic structure of PEPI/WS, stack is shown in Figure 2.1. The monolayer WS,
flake (blue color) partly covered the multilayer 2D PEPI perovskite flake (yellow). This
structure was placed on the bottom hBN flake (brown), covered by the top hBN flake (red),

and placed on SiO,/Si substrate (green). Such arrangement of materials allowed optical
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2.2. PEPI/WS,

access to three characteristic regions: perovskite and TMD (from now on I will refer to
these parts of flakes as bare), and the heterostructure (HS) region (white dashed oval in
Figure 2.1).

Bottom hBN
SiO,/Si substrate

Figure 2.1: The schematic structure of PEPI/WSs stack. The HS region is indicated by a white
dashed oval.

Encapsulation in hBN is one of the methods used to improve the optical quality of the
TMD flakes [215]. Cadiz and co-workers [216] have shown that upon encapsulation in hBN,
monolayer TMDs exhibit a significant enhancement of the emission intensity and reduction
of the photoluminescence (PL) and reflectance (RL) linewidths. These effects have been
ascribed to the unique roles that the insulating hBN can play when encapsulating TMD.
First, the hBN layer acts as a spacer between the rough surface of the substrate (e.g. SiOj
film) and the TMD, leading to a reduction of defect density in the latter [217]. Apart from
protecting TMD from the surface imperfections of the substrate, the hBN layer can also
suppress the undesired charge transfer from the substrate to TMD [218]. Additionally, the
capping layer of hBN has been shown to protect the flakes from environmental contamination
by oxygen and water molecules [219]. The remarkable effect that the encapsulation has on
the optoelectronic properties of TMDs (such as decrease of the peak linewidths) enables
a distinction of many excitonic transitions and is indispensable in the studies of subtle physical
effects such as exciton fine structure [220-222]. The encapsulation in hBN is now widely
used to improve the quality of various van der Waals materials and their stacks [223, 224]. In
2D perovskites, encapsulation in hBN has been shown to significantly reduce the process of
material degradation [225, 226].

The synthesis of PEPI single crystals for PEPI/WS, sample was conducted by Machteld
Kamminga at the University of Groningen. The employed growth technique exploited the
difference in solution densities as described in detail in Ref. [227] and is based on the method
developed by Mitzi et al. [228]. In the synthesis of PEPI, a high-density Pbl,/HI solution
was injected into the bottom of a long glass tube. The less-dense absolute methanol was
added on top of Pbly/HI. Due to a significant difference in densities, a distinct interface
was formed between the solutions. The phenylethylamine was then added dropwise to the

mixture. Precursors slowly diffused at the interface, initiating the process of perovskite
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growth. Single crystals of PEPI were collected after 5 days. Each step of the synthesis was

conducted at room temperature.

Figure 2.2: Triangular monolayer WSy flakes after the CVD synthesis on the SiO9/Si substrate.

The white horizontal bar indicates the distance of 20 pm.

The WS, flakes were grown on the SiO,/Si substrate by Minpeng Liang at the University
of Groningen. Monolayer WS, was obtained by means of the molten-salt-assisted CVD
method, previously described by Zhou et al. [229]. The growth procedure started with the
mixing of metal precursor WO3 in a powder form with NaCl salt. The NaCl salt plays
two important roles. First, it reduces the melting point of a tungsten precursor WOj.
Additionally, the reaction product of NaCl with WO3 (i.e. tungsten oxychloride) facilitates
the process of TMD flake formation. The compound mixture was placed in an aluminum
oxide boat and put in a quartz tube inside a furnace. The sulfur precursor powder was placed
in another boat in the furnace upstream. The Ar mixed with Hy was used as a carrier gas.
The growth temperature for WSy was about 750 °C to 850 °C and the growth process lasted
around 3 minutes. The high growth rate facilitated the formation of large (on the order of
30 pm) monolayer WS, flakes, as shown in Figure 2.2.

After the TMD and perovskite synthesis were completed, the next step of the stack
fabrication was the mechanical exfoliation of hBN and PEPI crystals, conducted by Minpeng
Liang at the University of Groningen. The exfoliation was carried out using Scotch tape in
a glovebox filled with Ar gas. The levels of HoO and Oy were kept low (less than 0.1 ppm)
in order to prevent material contamination and degradation.

An atomic force microscopy (AFM) image collected in ambient conditions enabled the
assessment of the quality of the exfoliated perovskite flakes. The AFM image (provided by
Minpeng Liang) of one of the exfoliated PEPI flakes is shown in Figure 2.3. The measured
surface area was 5 pm x 5 pm. The step-like features indicate that the regions of the perovskite
flake exhibited different thicknesses.
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Figure 2.3: The AFM image of one of the exfoliated PEPI perovskite flakes. The image was
collected in ambient conditions following the mechanical exfoliation of PEPI. The color bar indicates
different heights of the flake.

Figure 2.4: The process of PEPI/WSs stack preparation. (a) - The bottom hBN flake is placed
on the SiOy/Si substrate. (b) - The WSy flake is stamped on the top hBN flake. (c¢) - The PEPI
flake is stamped on WSa. (d) - The structure is stamped on the bottom hBN flake. The white

horizontal bars indicate the distance of 20 nm. The red arrows indicate the respective flakes.

The stages of PEPI/WS, stack preparation are shown in Figure 2.4. The stack fabrication
was performed by Minpeng Liang at the University of Groningen. First, the bottom hBN
flake was placed on the SiO,/Si substrate (panel (a)). Next, the top hBN flake was picked up
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by a stamp covered in polycarbonate film (PC) and heated up to 80 °C. The hBN was then
used to lift WS, at 110 °C - (panel (b)). In the following step, the PEPI flake was picked
up at 40°C - (panel (c)). Finally, the structure was stamped on the bottom hBN flake, as
shown in panel (d). Heating up the PC-covered stamp ensured strong adhesion between the
subsequent flakes. In the end, chloroform was used to dissolve the remnants of the PC film

from the stack.

2.3 PEPI/MoSe; and BAPI/MoSe;

TOp hBN -~

/7
e
" MoSe, \

- Bottom hBN

SiO,/Si substrate

Figure 2.5: The schematic diagram of PEPI/MoSes and BAPI/MoSes stacks. The HS region is
indicated by a white dashed oval.

The schematic structure of PEPI/MoSes and BAPI/MoSe, stacks is shown in Figure 2.5.
The PEPI or BAPI perovskite flake (yellow color) partly covered the monolayer MoSe, flake
(blue), allowing optical access to the bare flakes and the HS region (white dashed oval). Each
stack was sandwiched between the top (red) and bottom (brown) hBN flakes and placed on
separate Si0q/Si substrates (green).

The PEPI crystals were synthesized by Matan Menahem from the Weizmann Institute of
Science. The growth of PEPI single crystals was conducted using a different method than
the one described in Section 2.2. The procedure, based on Ref. [230], was described in detail
in Ref. [231]. Briefly, the lead precursor PbO was dissolved in a mixture of HI and H3POs,.
The solution was then heated up to 110 °C and mixed with PEA neutralized by HI. During
the cooling process of this mixture to room temperature at a rate of 2 K/hour, the PEPI
plate-like single crystals were grown. In the end, the crystals were washed in diethyl ether
and dried in the vacuum oven.

The synthesis of BAPI perovskite was developed and performed by Pabitra Nayak at the
University of Oxford. In this method, butylammonium iodide was first mixed with Pbls in
a chlorinated solvent. A suspension was formed to which a solution of primary amine was
added. The mixture was then heated up to 55 °C. The process of crystal formation started
after staying for several minutes at this temperature. After the synthesis, the solvent was

evaporated and orange BAPI crystals with sizes on the order of several mm were collected.
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Figure 2.6: Left panel - Image of the as-synthesized BAPI crystal. The white horizontal bar
represents the distance of 1 mm. Right panel - Pawley fit (black curve) of the powder XRD data
(red crosses) to the reported BAPI crystal phase (black vertical lines). The difference between the

calculated and observed curves is shown as a blue curve.

The image of the as-grown BAPI crystal is shown in the left panel in Figure 2.6.

Powder X-ray diffraction (XRD) was conducted in order to determine the crystal structure
and assess the purity of the BAPI crystal. The XRD experiment was performed by Harry
Sansom from the University of Oxford. The results of XRD measurements are shown in the
right panel in Figure 2.6. The Pawley fit (black curve) of the XRD data (red crosses) was
calculated with TOPAS-Academic V7 software. A Pawley fit is obtained by using known
unit cell parameters of the material as initial parameters. The fitted peak positions are then
adjusted by changing the unit cell parameters. The blue curve in Figure 2.6 represents the
difference between the calculated profile based on the experimental data and the reported
data of BAPI structure [232]. The unit cell parameters obtained from the fit enabled to
determine that BAPI perovskite crystallizes in an orthorhombic system which agrees well
with the literature [178, 232]. The absence of additional peaks in the XRD data implies that
the impurity phases are not present.

After the synthesis, the TMD, perovskite and hBN flakes were exfoliated from their
respective bulk crystals using the method developed by Castellanos-Gomez et al. [233].
Namely, the flakes were transferred to a polydimethylsiloxane (PDMS)-covered glass to reduce
the possibility of flake contamination by the Scotch tape, and stamped one on top of the
other. The exfoliation and stacking of PEPI/MoSes and PEPI/MoSe, stacks were conducted
by Jonas Ziegler at the University of Regensburg.

The optical microscope images of the subsequent transfer steps are shown in Figure 2.7
for PEPI/MoSe,, and in Figure 2.8 for BAPI/MoSe, stack. For both samples, the bottom
hBN flake was first exfoliated at ambient conditions on PDMS. Then, it was stamped on the
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Figure 2.7: The process of PEPI/MoSes stack fabrication. (a) - The bottom hBN was exfoliated
and stamped on SiO2/Si substrate. Then, the MoSe; flake was stamped on the bottom hBN.
(b) - The PEPI flake was stamped on top of MoSes. (c) - The top hBN flake was stamped on top
of the rest of the structure. The horizontal bars represent a distance of 50 pm. The red arrows

indicate the respective flakes.

Si04/Si substrate, previously heated to 90 °C to facilitate the flake adhesion (panel (a) in
Figure 2.7 and 2.8). Subsequently, the hBN was annealed at 180 °C for around 1-2 hours.
The annealing was carried out to increase the interface homogeneity between the hBN and
the substrate. Thermal treatment enabled also the removal of the organic remnants from the
stamp and any other contaminants that aggregate into bubbles on the surface of the flakes

during the transfer process [234]. In the next step, the MoSe, flake was exfoliated on PDMS,

Figure 2.8: The process of BAPI/MoSes stack fabrication. (a) - The bottom hBN was exfoliated
and stamped on SiO2/Si substrate. Then, the MoSes flake was stamped on the bottom hBN.
(b) - The BAPI flake was stamped on top of MoSesz. (c) - The top hBN flake was stamped on the
rest of the structure. The horizontal bars represent a distance of 50 pm. The red arrows indicate

the respective flakes.

followed by stamping on the bottom hBN flake at 70 °C and annealing at 150°C for about
2 to 3 hours. Then, the PEPI or BAPI perovskite was exfoliated from its respective bulk
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2.3. PEPI/MoSe; and BAPI/MoSe;

crystal and stamped on the MoSe, flake (panel (b) in Figure 2.7 and 2.8. Care was taken to
only cover a part of the MoSe; flake. No additional heating was used in order to prevent the
thermal degradation of perovskites. In the end, the encapsulation with the top hBN flake

was immediately performed without further annealing (panel (c) in Figure 2.7 and 2.8).
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Experimental methods

In this Chapter, I discuss the experimental methods that were used to study van der Waals
stacks presented in this thesis. I begin with a description of steady-state optical spectroscopy
setups. In the subsequent section, I present the details of optical spectroscopy experiments in

the time domain.

3.1 Steady-state optical spectroscopy

3.1.1 Introduction

The absorption transitions of the samples were studied in the RL and the emission
transitions - in the PL experiments. The RL and PL spatial mapping techniques were used to
study the optical response as a function of position in the plane of the stack. Finally, I used the
photoluminescence excitation (PLE) method to investigate the potential excitation transfer
between the constituent materials of the stack.

The measurements were performed at the Institute of Physics Polish Academy of Sciences
in Warsaw, the National Laboratory of High Magnetic Fields in Toulouse and at the Faculty
of Fundamental Problems of Technology at the Wroclaw University of Technology.

Before going into a detailed description of the experimental methods, I will first discuss
the general features of the steady-state spectroscopy setup. It is important to note that
different experimental setups were used in the laboratories mentioned above. In Figure 3.1,
I present the schematic diagram that shows all of the employed experimental techniques. The
colored dashed boxes indicate the following parts of the steady-state spectroscopy equipment:
I - sample placed in a cryostat (enclosed by the blue dashed box), II - excitation part (green
box), III - spatial filter (violet box), IV - sample visualization (brown box), V - detection
part (red box) and VI - data processing equipment (cyan box).

All experiments were carried out at a temperature of 5 K. The samples were glued with

a silver paste on a cold finger of liquid helium-cooled cryostat (shown in the blue box in
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3.1. Steady-state optical spectroscopy

Figure 3.1). The role of the silver paste, apart from fixing the sample position, was to ensure
good thermal contact for the uniform cooling of the sample. The cryostat screwed through
the transfer tube to the helium storing dewar allowed the measurements in the temperature
range from 4 K to 300 K. Cold finger was connected to the rhodium-iron resistance sensor
which enabled monitoring of the sample temperature via the temperature controller. To
adjust the position of the incident beam on the sample, the cryostat was mounted on an
XY motorized stage moved either manually or by computer-manipulated microscrews with
a minimum step size of 100 nm.

To carry out the optical experiments in the selected region of the stack, the visualization
of the sample surface was required. A halogen lamp was used for illumination for the real-time
observation of the sample. The sample image was produced on a CCD camera connected to
the computer (shown in brown box in Figure 3.1). An example of the sample image is shown
on the screen of the schematic computer in the brown box.

The experiments were conducted in the free beam backscattering geometry where the
excitation signal to and the detection signal from the sample propagated along the same
path but in opposite directions. The incident beam was reflected by a set of silver mirrors
and by either 50:50 or 30:70 non-polarizing beamsplitter (BS), shown in the green box. The
power of the excitation laser beam was monitored on the power meter placed behind the
BS, and controlled by a variable neutral density filter (NDF). The beam was focused on the
surface of the sample with a microscope objective with a numerical aperture of 0.5 or 0.55
with a focal length of 3.6 mm or 2 mm, respectively, and a working distance of 13 mm.

The detection signal was collected by the same microscope objective as the one used for
excitation and directed to the lens that focused the beam on the entrance of either 0.3 m-
or 0.5 m-long monochromator (red box). A longpass edge filter was used to eliminate the
exciting laser light. Inside a monochromator, the photons were reflected off the collimating
mirror and dispersed by the 300 or 600 I/mm grating. Finally, the beam was focused on

either an electrically- or liquid nitrogen-cooled CCD camera.

3.1.2 PL spectroscopy

In the PL experiment, the following excitation sources were used: (i) continuous wave
(CW) laser diode with excitation wavelength (A..) of 473 nm, (ii) CW gas laser with A\,. =
488 nm, (iii) CW single-mode fiber-coupled laser diode with A.,. = 633 nm, (iv) CW laser
diode with \.;. = 640 nm, (v) frequency-doubled output of tunable mode-locked Ti:sapphire
laser (Aeze tunable from 340 nm to 540 nm) or (vi) frequency-doubled output of the
optical parametric oscillator (OPO) synchronously pumped by Ti:sapphire (Ac. tunable from
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3.1. Steady-state optical spectroscopy

500 nm to 800 nm).

To achieve a diffraction-limited spot size on the order of 1 pm, it is necessary to work
with a single-mode Gaussian beam. Since most of the sources used in the experiments were
multimode, the excitation beam was first guided through a spatial filter (shown in the violet
box in Figure 3.1) before being directed to the sample. In a spatial filter, the beam was
focused by an aspheric lens on a pinhole with a diameter of 20 pm, and collimated by the
second lens placed behind the pinhole. This ensured that the external parts of the beam
containing higher modes were cut out from the fundamental Gaussian mode. The beam
diameter of ~ 1 pm was at least an order of magnitude smaller than the dimensions of the
constituent flakes in the studied van der Waals stacks. Therefore, their properties could be

probed separately with small crosstalk only close to the flake edges.

T T

. monolayer WS, T ]
exc: 532 nm

PL intensity (arb. u.)

1 1

1.6 1.8 2.0 22
Energy (eV)

Figure 3.2: The PL spectrum of monolayer WSy encapsulated in hBN.

The typical PL spectrum in the hBN-encapsulated monolayer WS, at ~ 5 K is shown in
Figure 3.2. The observed peaks correspond to the neutral (X,4), charged (T) and localized

(L) excitons.

3.1.3 RL spectroscopy

In the RL experiment, the sample was illuminated with broadband white light from either
a tungsten halogen lamp (low energy spectral range 500 nm - 800 nm) or a xenon lamp (high
energy spectral range 450 nm - 550 nm).

Due to the chromatic aberrations of the lenses and microscope objective, it is a challenge
to focus white light into a spot of a size of ~ 1 pm. To minimize the illumination area on
the sample, the white light was collected from the lamp with an optical fiber with a core
diameter of either 50 pm or 200 pm. When using the fiber with a core diameter of 200 pm,
the beam was guided through the spatial filter and focused with a microscope objective as

in the PL experiment. Alternatively, the white light was collimated with a lens with a long
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3.1. Steady-state optical spectroscopy

focal length ( fiens = 150 mm) and focused with a microscope objective (fop; = 3.6 mm). This
way, the image of the fiber end on the sample was compressed by a factor of fiens/ fo; ~ 42.
In the following subsection, I will estimate the white light spot size in the RL experiment.

The samples studied in this thesis are partly reflective multilayer stacks deposited on
a thin (thickness on the order of \...) SiOs layer on a reflective silicon substrate. The light
that is reflected at the interface between the constituent materials of the stack undergoes
either constructive or destructive interference. As a result, the raw RL spectrum consists of
the response of the sample superimposed on broad Fabry-Perot oscillations. To disentangle
the RL signal of the sample from the raw RL response, I calculate the reflectance contrast
(RC) [82, 235, 236]:

R— R,
RC = ———2, (3.1)
Ry
where R is the as-measured RL spectrum and Ry, is the background reflectance.
_ [~——RLofMoSe, @] o[ ' (b)
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Figure 3.3: (a) - The RL spectrum in monolayer MoSey encapsulated in hBN (blue curve). The
background RL spectrum collected on hBN is shown as a red curve. (b) - The RC spectrum (green
curve) and the first derivative RC spectrum (black curve). The part of the first derivative RC

spectrum showing the Xp transition was multiplied by 10 for clarity.

An example of the RL spectrum at 5 K collected in monolayer MoSe, encapsulated in
hBN is shown in Figure 3.3 (a) as a blue curve. The background spectrum (red curve)
showing a broad Fabry-Perot oscillation was measured on hBN on the SiOy/Si substrate.
In Figure 3.3 (b), the RC spectrum calculated based on Eq. 3.1 and its first derivative are
shown as a green and black curve, respectively. The absorption transitions of X4 (exciton

A) and Xp (exciton B) can be clearly distinguished.

3.1.4 Spatial mapping

In the spatial mapping technique, the emitted or reflected signal was raster-scanned over

a specified sample area. The mounting of the cryostat on the linear XY translation stage
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3.1. Steady-state optical spectroscopy

enabled the change of the beam position on the sample. The microscrews attached to the
stage were operated by stepper motors, and they moved the cryostat by a defined scanning
step. The PL (RL) spectrum was measured at every step and through the appropriate data
processing the PL (RL) spatial map was obtained. The excitation or detection setup in the
PL and RL spatial mapping experiments was the same as in the PL and RL experiments,

respectively. The scanning step was 1 pm and the scanning area was on the order of 50 pm

x 50 pm. To reduce the error due to motor backlash, the scanning was conducted in one
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Figure 3.4: (a) - The PL intensity map of two PEPI flakes encapsulated in hBN. (b) - The RL
intensity map of PEPI/MoSs stack encapsulated in hBN. The black lines indicate the areas on the
samples from which the PL and RL spectra were extracted in order to estimate the beam size.
(c) - Spatial intensity profile (green spheres) extracted from the PL intensity map in (a) along the
black line. (d) - Spatial intensity profile (blue spheres) extracted from the RL map in (b) along the
black line. The profiles were fitted with Eq. 3.2 (red curves). From the fits, the FWHM of the laser

and white light beam was estimated to be around 1 and 2 pm, respectively.

An example of a low temperature (~ 5 K) PL intensity map of two PEPI flakes
encapsulated in hBN is presented in Figure 3.4 (a). The map shows the integrated PL
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3.1. Steady-state optical spectroscopy

intensity from 2.340 eV to 2.350 eV and enables the observation of the changes in the PL
intensity throughout the perovskite flakes. In Figure 3.4 (b), I present an example of a room
temperature RL intensity map of PEPI/MoS, stack encapsulated in hBN. The map shows
the integrated RL intensity from 1.90 eV to 1.96 eV.

Apart from giving information about the optical response of the sample, the spatial
mapping experiment can be used to estimate the size of the excitation laser or illumination
white light spot on the sample. The spatial profile of the PL or RL signal is a convolution
of a Gaussian profile G(x) of the beam and the Heaviside step function H(x) describing the

substrate-flake interface:

I(y) = Ga) * H(z) = Acr/(x/2)(1 — exf((wo — ) /(cVD)), (3.2)

where the spatial profile of the beam is given by

G(x) = Aexp(—z?/(2¢%). (3.3)

and

0 for x < zg
H(z) = (3.4)

1 for x > z,

where the xy parameter represents the position of the flake edge. The A is the
maximum intensity of the Gaussian profile and the ¢ parameter is related to the
full-width-at-half-maximum (FWHM) of the Gaussian profile by relation:

FWHM = 2¢/In(2) (3.5)

To calculate the beam size, I analyze the spatial profiles of the PL or RL signal obtained
from the maps shown in Figure 3.4. The regions of profile extraction are indicated by black
lines in Figure 3.4 (a) and (b). The spatial profiles (green spheres in Figure 3.4 (c¢) and blue
spheres in (d)) are fitted with Eq. 3.2 (red curves in (c¢) and (d)). The obtained parameters
c are used to estimate the beam sizes in both experiments using Eq. 3.5. The estimated laser
spot is ~ 1 pm and the white light beam spot is ~ 2 pm. Therefore, the white light spot is

only 2 times larger than the laser spot.

3.1.5 PL excitation

In the PLE experiment, the PL spectra are collected while tuning the excitation photon

energy. The experiment was conducted on the same setup as the PL experiment. The
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Figure 3.5: The false color map showing the PL spectra in monolayer WSy encapsulated in hBN
as a function of the excitation photon energy. The color scale represents the emission intensity
with red being the highest and blue - the lowest PL intensity. The PL spectrum excited at
2.45 eV is shown in the panel above the map. The PL intensity of the T peak (as a function of the
excitation energy) is presented in the panel on the right side of the map. The black horizontal and
pink vertical lines indicate at which excitation and detection energy, respectively, the spectra in the

top and right panels were extracted.

excitation source was: (i) frequency-doubled output of Ti:sapphire, (ii) frequency-doubled
output of OPO, or (iii) white light supercontinuum generated in the range from 450 nm
to 2000 nm. The spectral resolution of the experimental setup determined by the spectral
bandwidth of the source was: ~ 1 nm for (i) and ~ 2 nm for (ii). In case (iii), the white light
beam passed through the 0.3 m-long monochromator. In this case, the spectral resolution
was dictated by the monochromator output slit and was ~ 1 nm.

In Figure 3.5, I present a false color map showing the PL spectra in the hBN-encapsulated
monolayer WS, as a function of the excitation energy. In the panel above the map, the PL
spectrum extracted from the map at the excitation energy of 2.45 €V is presented. The peaks
of the neutral (X,), charged (T) and localized (L) excitons can be clearly distinguished.
The PLE spectrum of T is presented in the right-side panel. A peak with the maximum at

~ 2.45 eV corresponds to the excitation via exciton B (Xp).
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3.2 Time-resolved PL spectroscopy

In the time-resolved PL (TRPL) experiments, I used two different methods with different
detection devices. In the experiment in nanosecond time scale (ns-TRPL) the detector was
a single photon avalanche photodiode (SPAD). In the picosecond scale (ps-TRPL), a streak
camera was used. In Figure 3.1, the excitation and detection part of the ns-TRPL setup is
enclosed by yellow and black boxes, respectively. The excitation (detection) section in the

ps-TRPL setup is shown in the pink (magenta) box.

3.2.1 Nanosecond time domain

In the ns-TRPL experiment, the excitation source was a pulsed laser diode emitting at
Aeze = 400 nm with a pulse width of 70 ps and tunable repetition frequency from 2 Hz to
100 MHz. In Figure 3.6, I present the laser pulse profile based on which the overall temporal
resolution of the setup was estimated to be ~ 1 ns. To ensure that the emission signal from
the sample fully decayed back to the background level before the next incoming laser pulse,

I have chosen the repetition frequency of 200 kHz.

exc: 400 nm

Laser intensity (arb. u.)

Time (ns)

Figure 3.6: Temporal profile of a pulsed laser with ez = 400 nm.

The silicon SPAD (shown in the black box in Figure 3.1) was used as a detector.
The SPAD is a semiconducting photodetector device based on a pn junction with an
applied reverse bias, i.e. negative potential is connected to the electron-deficient p-type
semiconductor part. The schematic diagram of SPAD is presented in Figure 3.7. An active
area (which is a charge depletion region) is located in the central part of the device, where
incoming photons generate electron-hole pairs. The reverse bias in SPAD is usually larger
than the breakdown voltage which creates a large electric field across the junction. The
absorption of a single photon can, thus, start a self-sustaining avalanche of atomic ionization

which quickly increases the current to the macroscopic levels. The swiftly reduced bias
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voltage quenches the avalanche and prevents the destruction of the device. The return of
the bias to the level before the photon absorption makes SPAD ready for the next incoming
photon. In the ns-TRPL experiments, the active area diameter of SPAD was 180 pm with
a dead time of 22 ns and the photon detection efficiency at 650 nm of 65 %.

Photon

Depletion region %

Self-sustaining ionization
-| |+
Anode | Iathode

Figure 3.7: Schematic diagram of SPAD. The hw is the photon energy. The green spheres represent

electrons. The blue spheres indicate neutral atoms and the + superscript indicates cations.

Time-Correlated Single Photon Counting (TCSPC) system was used to resolve the PL
signal in the time domain. The dynamics was measured in the following way. First, an
electrical excitation pulse from the laser driver entered one channel of TCSPC. The arrival of
the pulse at time ¢, triggered the start of time measurement. Following the photon detection,
an electrical pulse from SPAD entered the second channel of TCSPC unit at time 1, stopping
the measurement. This way, the TCSPC unit built a histogram of the number of photons in
time intervals t; — ¢3. The histogram represented the PL decay.

It is important to note that in the ns-TRPL experiment, the SPAD was placed behind
the monochromator which allowed the selection of the detection wavelength. Before the
measurements in the time domain, the PL spectrum was first collected by directing the
signal to the CCD camera by the rotating mirror placed at the end of the monochromator
(red box in Figure 3.1). The collected PL spectrum enabled the assessment of the sample

optical response before the time-resolved experiment.

3.2.2 Picosecond time domain

In the ps-TRPL experiment, a streak camera was used as a detector. An important
advantage of the streak camera over SPAD is not only the possibility to probe the signal
on shorter time scales (on the order of ps) but also to simultaneously obtain a time- and

spectrally-resolved PL intensity distribution.
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3.2. Time-resolved PL spectroscopy

For excitation, I used the frequency-doubled output of OPO. The repetition rate of
Ti:sapphire used to pump OPO was 80 MHz. The temporal resolution of the setup determined
by the excitation pulse jitter was ~ 34 ps.

In the ps-TRPL, a Ti:sapphire pulse passed through a beamsplitter to a p-i-n photodiode
(PD) and was reflected towards the entrance of OPO (pink box in Figure 3.1). The PD was
connected with the delay unit that generated a trigger pulse for the sweep unit in the streak
camera. The output of OPO was directed to the sample and the signal from the sample was
dispersed by a monochromator and entered through the slit to the streak camera (magenta
box in Figure 3.1).

The schematic diagram of the streak camera operation is shown in Figure 3.8. The
adjustable slit was used to control the temporal resolution of the system. Behind the slit,
a set of lenses focused the signal on the photocathode, where photons were converted to
electrons. These photoelectrons were then accelerated by a constant electric field generated
by an accelerating mesh. The electron stream was guided toward the sweep unit where
a sinusoidal high voltage (triggered by the pulse from PD) was applied to the sweep electrodes.

The generated alternating electric field deflected the electrons at an angle depending on their

Trigger
@
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Photocathode otoeigctrons Phosphor screen
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Microchannel CCD camera
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Figure 3.8: Operation principle of the streak camera.

time of arrival in the direction perpendicular to their original flight path. The electrons
were then directed to a microchannel plate, where their number was multiplied. Finally, the
electrons were converted back to photons on the phosphor screen. The CCD camera was
used to image the generated photons. This experimental setup enabled the collection of the
streak image representing the PL intensity as a function of wavelength and time.

In Figure 3.9, I present an example of the streak camera image in monolayer WSe,
encapsulated in hBN. Time-integrated PL spectrum showing the neutral (X,4) and charged
(T) exciton is presented above, and a spectrally integrated PL decay of X4 - on the right
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Figure 3.9: The streak image at 5 K in monolayer WSes encapsulated in hBN. Time-integrated
PL spectrum is shown above the image and a spectrally integrated signal (PL decay) is presented
on the right side of the image. The black horizontal and red vertical lines indicate the integration

range for the PL spectrum and the PL decay, respectively.

side of the image. Both plots were acquired from the same streak image by integrating
a temporally resolved signal between the black horizontal lines (PL spectrum) and a spectrally

resolved signal between red vertical lines (PL decay).
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Sample characterization

In this Chapter, I will present the results of the characterization of the invesitgate
heterostructures. The employed experimental techniques include optical microscopy,

reflectance and photoluminescence spectroscopy.

4.1 Introduction

The aim of this Chapter is to discuss the RL and PL spectra of the constituent materials
and identify the observed PL peaks. The optical characterization provides also information
about the quality of the samples.

After synthesis and fabrication of PEPI/WS,, PEPI/MoSe; and BAPI/MoSe, stacks, the
quality of each sample was examined with an optical microscope. In particular, the presence
of contaminants potentially introduced during the stacking procedure was investigated by
this technique. The optical microscope studies were conducted by Minpeng Liang from the
University of Groningen (PEPI/WS, stack) and by Jonas Ziegler from the University of
Regensburg (PEPI/MoSe; and BAPI/MoSe, stacks).

The RL and PL techniques were used to identify the excitonic transitions in three
characteristic regions in each stack, i.e. bare TMD - WS, and MoSe, (where monolayer
TMD is in contact with hBN from the top and bottom side), bare 2D perovskite - PEPI and
BAPI (where 2D perovskite is in contact with hBN from the top and bottom side), and the
HS region (where TMD is in contact with 2D perovskite from one side and hBN from the
other side). The experimental data presented in this Chapter will be analyzed in Chapters 5

and 6 from the point of view of the potential excitation transfer.
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4.2. PEPI/WS,

4.2 PEPI/WS,

4.2.1 Optical microscopy

The microscope image of PEPI/WS, stack, provided by Minpeng Liang from the
University of Groningen, is presented in Figure 4.1. The blue and green broken lines enclose
the PEPI and WS, flakes. The HS region is pointed by the black arrow. The blue, green
and black dots roughly indicate places of the RL and PL spectra collection on bare PEPI,
bare WS, and the HS region, respectively.

The estimated dimensions of each part of the stack are as follows: PEPI flake with
a roughly triangular shape - each side is ~ 30 pm long, equilateral triangular monolayer WS,
flake - each side is ~ 25 pm long, the hBN flakes have dimensions of ~ 80 pm x 50 pm and
the HS region ~ 15 pm x 3 pm. Uniform optical contrast indicates that the surface of the

constituent flakes is mostly flat with no wrinkles or holes.

Figure 4.1: Optical microscope image of PEPI/WSy stack. The blue and green broken lines
encircle the PEPI and WS, flakes, respectively. The yellow horizontal bar represents a distance
of 20 pm. The blue, green and black dots indicate the places, where the PL and RL spectra were

collected.

4.2.2 Reflectivity in WS,

In stacks composed of thin films the light that is partially reflected at the boundaries
between different materials undergoes either constructive or destructive interference [237].

The interference depends on the phase difference between the light waves reflected at the
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Figure 4.2: The RL spectrum collected on hBN in PEPI/WS, stack.

interfaces which is determined by the angle of light incidence, the thickness of the film
and the refractive indices of the film and surrounding material. In PEPI/WS, stack, the
interference of the reflected light resulted in the appearance of very strong oscillations,
as presented in the RL spectrum in Figure 4.2. The spectrum was collected in the spot,
where top and bottom hBN flakes are in contact. As the intensity and positions of the
observed oscillations strongly depended on the position on the sample, I could not collect
the appropriate background spectrum which is required to calculate the reflectance contrast
(RC). To extract the absorption transition energies in PEPI/WS, stack, I subtract the
background contribution from the as-measured RL spectra and calculate the first derivative.
The transition energies are found in the inflection point of the first derivative RL spectrum.

The first derivative RL spectra on bare WS, and in the HS region in PEPI/WS, stack are
presented in Figure 4.3 as the green and black curves, respectively. On bare WSs, I observe
the absorption transition at ~ 2.07 eV. According to the literature, the absorption energy
of the exciton A (X,) in monolayer WS,y placed on SiO,/Si substrate is ~ 2.1 ¢V [238].
As T discussed in Chapter 1, the dielectric environment influences the energy of excitonic
transitions in atomically thin materials such as monolayer TMDs. When monolayer TMD
is in contact with a material with a lower dielectric constant (€), such as air, vacuum or
Si0Os film, the excitons generated in TMD are subjected to the weak dielectric screening in
the out-of-plane direction. The reduced screening increases the strength of the electron-hole
interaction resulting in the increased exciton binding energy (E;) and bandgap (E}**") in
monolayer TMD [44]. As the exciton energy is given by a difference EJ**"° — Ej,, the relative

changes of these two values will determine either an increase or decrease of the exciton
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Figure 4.3: The first derivative RL spectra on bare WSy (green curve) and in the HS region (black

curve). Grey dashed lines are guides for the eye.

energy [44, 115]. In PEPI/WS, stack, monolayer WS, is encapsulated by hBN flakes that
have a larger dielectric constant (e = 4.35 [115]) than vacuum (¢ = 1) and SiOs (e = 2.1
[44]). Therefore, the change of the X4 transition energy in the hBN-encapsulated WS, with
respect to WS, on SiOy (due to the change of dielectric environment) is expected.

I will now check if the absorption transition at 2.07 eV observed on bare WS,
(in Figure 4.3) corresponds to the X4 transition. To this end, I calculate the X, energy
taking into account the contact of WS, with hBN from the top and the bottom. To estimate
the Ey of X4, I solve the 2D Schrodinger equation with Hamiltonian from Eq. 1.12 taking
the Keldysh-Rytova potential introduced in Chapter 1 as [101, 111, 115]:

2

V) = 2 (52) (722 o

where Hy (Yp) denotes the Struve (Bessel) function, and e and ¢, are the electron charge and
dielectric constant of vacuum, respectively. The parameter k is the mean value of dielectric
constants of the materials in contact with the top and bottom TMD surface, and ry is the
screening length (see Chapter 1). The calculations of E, are conducted with the following
parameters: £ = 4.35 [115], ro = 3.4 nm [115], and the exciton effective mass in monolayer
WS, is taken as m.sr = 0.175mg [115] (where my is the electron rest mass). The obtained
E, of X4 in the hBN-encapsulated WSy is ~ 179 meV, in agreement with the value of
180 meV found in the literature [115]. This E, is over 200 meV lower than the reported E, in
monolayer WS, placed directly on SiOq (E, ~ 410 meV) [113]. To calculate the energy of the
X 4 transition in the hBN-encapsulated WS,, I estimate also the bandgap of monolayer WS,

(Egom?). The calculations are performed according to the method from Ref. [108] based on

o4



4.2. PEPI/WS,

Ref. [239], where the bandgap of bulk WS, is considered as a reference system. The bandgap
of monolayer WS, is estimated as:
2 Ly + Ly3)
oo _ it ¢ [t L)y o TS (= Ll 4.2
g g T emomd \ VLol anh™ (v/ Li2L13) — In( 12L13) ¢ (4.2)
where EZ“”“ is a bandgap of bulk TMD at K point of the Brillouin zone, €,,,,, (d) is a dielectric

constant (thickness) of monolayer TMD and Lj,, = zeme= (where n = 2, 3, and €, (€3) is

€monote€n

a dielectric constant of material at the top (bottom) of monolayer TMD). In calculations
of Egene of the hBN-encapsulated monolayer WS,, I use the parameters: €,,0,, = 14 [240],
ErF = 2.1 eV [44] and d = 0.612 nm [240].

The obtained Ef"" is 2.225 eV which gives the energy of X, of 2.046 eV. This value
agrees well with the reported experimental X4 absorption energies in the hBN-encapsulated
monolayer WS, which are in the range from around 2.05 eV to 2.06 eV [108, 115]. The
discrepancy between the observed here (~ 2.07 V) and reported values of X4 energy may
be a result of a weak adhesion of WS, to the top and/or bottom hBN flakes. In such
a case, the dielectric screening induced by the presence of hBN would be weaker than in fully
encapsulated WS, (there would be a gap between WS, and hBN flake) which would result in
a smaller energy shift. Importantly, the observed here X4 energy in the hBN-encapsulated
WS, is around 30 meV lower than in WSy on SiOy [44, 241]. This shows a very strong
impact of the dielectric screening on the excitonic transitions in monolayer TMDs. Based on
the analysis presented above, I conclude that the observed absorption transition at 2.07 eV
corresponds to X 4.

Going back to the first derivative RL spectrum in Figure 4.3, on bare WS, I do not observe
a low-energy absorption transition of the charged exciton. This implies that the doping level
in WS, in PEPI/WS, stack is low [44, 82, 123].

Now, I will discuss the RL in the HS region of PEPI/WS, stack. In the first derivative
RL spectrum in Figure 4.3, I observe that the absorption transition of X4 in the HS region is
redshifted with respect to X4 on bare WS, by around 10 meV. To investigate if the observed
energy shift of X, in the HS region is caused by the change of dielectric screening due to
the presence of PEPI perovskite, I estimate the X4 energy using Eq. 4.1 and 4.2. In the
calculations, I use the dielectric constant of PEPI estimated as the average of dielectric
constants of inorganic slab (e, = 6.1 [242]) and PEA™ organic spacer layer (e, = 3.32 [243,
244]) according to the following formula [242]:

L€y + Lyey

€pero = m;

where L,, and L, is the thickness of the inorganic slab (taken as 0.636 nm [242]) and organic
spacer layer (taken as 0.982 nm [242]), respectively. The obtained €, of PEPI is 4.41 and

(4.3)
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4.2. PEPI/WS,

it is almost the same as the € of hBN [242]. Therefore, the dielectric screening 'felt" by
excitons in WS, in the HS region should be roughly the same as on bare WS,, and the X4
transition energies should be also similar. Using Eq. 4.1 and 4.2, I calculate the E, and
EZ"? for monolayer WSy in contact with hBN from the top and PEPI from the bottom.
The obtained values are 177 meV and 2.225 €V, respectively. The calculated energy of X4
in the HS region is then equal to 2.048 eV which is larger by only 2 meV than on bare
WS,. Thus, the dielectric environment of PEPI (considering its average dielectric constant)
cannot explain the observed redshift of the X, energy of around 10 meV. The origin of this
shift could be explained by the weak adhesion between perovskite and WS, flakes but more
accurate calculations are needed to better understand the impact of the dielectric screening

induced by 2D perovskites on the excitons in monolayer TMDs.

4.2.3 Emission in WS,
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Figure 4.4: (a) - The PL spectra on bare WSy (green curve) and in the HS region (black curve).
(b) - The PL spectrum on bare PEPI. Black and red arrows correspond to Ly and Ls peaks in the
HS region.

The PL spectra on bare WSy and in the HS region are shown in Figure 4.4 (a). On
bare WS,, I observe three peaks - with the highest-energy peak having the largest emission
intensity. To extract the positions and linewidths of the peaks, I fit the spectra with Gaussian
functions. The peaks are located at: 2.015 eV, 2.043 eV and 2.073 eV. To gain an insight
into the origin of these transitions, I compare the PL spectrum with the first derivative RL
spectrum on bare WS, based on which I attribute the peak at 2.073 eV to X4 transition. In
TMDs, the structural defects with low formation energy (such as sulfur vacancies in WS,)
naturally introduce an excess number of electrons to the material [116, 117, 245]. The excess
carriers interact with excitons resulting in the charged excitonic (T) transitions. The emission

peaks corresponding to T in monolayer TMDs are found ~ 30 meV below the neutral exciton
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4.2. PEPI/WS,

energy [221, 246, 247]. Since the peak at 2.043 eV is redshifted with respect to X4 by 30
meV, I ascribe this peak to the charged exciton. Finally, the peak at 2.015 eV is observed
below the X4 and T transitions and I tentatively attribute it to the defect-localized excitons
Ly [221, 246, 248|.

The linewidths of the observed PL peaks are as follows: 19 meV (X4), 28 meV (T)
and 28 meV (L;). These values are larger than in the hBN-encapsulated exfoliated monolayer
TMDs by over 10 meV [221, 246, 249, 250]. The large FWHM can be explained by a level
of disorder in the CVD-grown monolayer WS, which is usually higher than in the exfoliated
monolayer TMD flakes [250]. The disorder (defects, strain, etc.) which is distributed
randomly in the flake locally changes the bandgap of monolayer WS,y leading to broader
PL peaks [251, 252]. The other possible explanation for the large peak linewidths is the
non-uniform adhesion of WSy and hBN flakes. This causes a non-uniform dielectric screening
and subtle variations in the exciton binding energy and TMD bandgap. The much larger
linewidth of T with respect to X4 peak (by 9 meV) can be explained by the fact that in
monolayer WS, (and other TMDs with dark ground exciton state), the T peak has two
contributions - from the intervalley spin singlet and intravalley spin triplet T transitions
[221, 246, 249].

In the PL spectrum in the HS region in Figure 4.4 (a), six transitions can be distinguished.
The peaks are observed at the following energies (obtained by fitting with Gaussian
functions): 1.967 eV, 2.012 eV, 2.041 eV, 2.065 eV, 2.093 eV and 2.135 eV. To assign the
peaks to their respective excitonic transitions, I compare the PL spectrum with the first
derivative RL spectrum in the HS region, and with the PL spectrum on bare WS,. The
peak at 2.065 eV corresponds to the neutral exciton X4. The peak at 2.041 eV is redshifted
with respect to X4 by 24 meV and I attribute it to the charged exciton [221, 246, 247]. The
emission at 2.012 eV is also observed on bare WS, and I can assign it to the defect-localized
excitons in WS, (L1). The low-energy peak located at 1.967 eV (I will refer to it as Ly) is also
visible on bare PEPI (as shown by the black arrow in Figure 4.4 (b)). This suggests that the
observed peak corresponds to the excitons localized at the defect states in PEPI. I will discuss
further this hypothesis in Chapter 5. Finally, two high-energy peaks at 2.093 eV (L3) and
at 2.135 eV (L4) are also observed in the PL spectrum on bare PEPI, as shown by the red
arrow in Figure 4.4 (b). These transitions appear below the energy of neutral exciton in
PEPI (which is ~ 2.34 eV to 2.36 ¢V [166, 253-256]) and above the energy of T and X, in
WSs. I will then tentatively ascribe the Ls and L, peaks to the defect-localized excitons in
PEPI. The FWHM of the identified in Figure 4.4 (a) peaks are comparable to the linewidths
of their respective peaks on bare WSs: 45 meV (Ly), 28 meV (L;), 26 meV (T), 19 meV (X4),
42 meV (L3) and 28 meV (Ly).
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4.2. PEPI/WS,

4.2.4 Reflectivity and emission in PEPI

In Figure 4.5 (a), I present the first derivative RL spectra collected on bare PEPI and in
the HS region. On bare perovskite, I observe the absorption transition at ~ 2.34 eV. In the
literature, the absorption transition at the energy range from 2.34 eV to 2.36 eV corresponds
to the neutral exciton (I will refer to it as Xpgrpr) [166, 253-256].

' bare PEP| ' (@] bare PEP ' (b)
L ——HS 1 N HS Xpepi
] exc: 488 nm
420 nW

1st deriv. RL (arb. u.)
PL intensity (arb. u.)
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Figure 4.5: (a) - The first derivative RL spectra on bare PEPI (blue curve) and in the HS region
(black curve). (b) - The PL spectra on bare PEPI (blue curve) and in the HS region (black curve).

The Xpgp; transition energy in the HS region is the same as on bare PEPI
(~ 2.34 V). It is important to note that in PEPI/WS, stack, the thickness of the PEPI
flake is around 50 nm which corresponds to 29 perovskite layers [257]. As I discussed in
Chapter 1, in 2D perovskites, the excitons (that are localized in the inorganic slabs) are
subjected to the reduced dielectric screening induced by the spacer layers which strongly
increases the E, in these materials [140, 167, 168]. In thick 2D perovskites with thicknesses
much larger than the single perovskite layer, most of the excitons are photoexcited far from
the interface with the surrounding material. Therefore, the impact of the dielectric screening
induced by the surrounding material on the optical transitions in 2D perovskites is negligible
[140, 231, 258, 259]. The exceptions are ultrathin perovskite nanosheets with the thickness
on the order of single perovskite layers [258-260]. For instance, the calculations of Zahra et
al. [260] have shown that a thin sheet of (C¢H;3NHj3)oPbly perovskite on a silicon substrate
exhibits around 100 meV larger exciton binding energy than its thick counterpart. Overall,
no change of the absorption exciton energy on bare PEPT and in the HS region (observed in
Figure 4.5 (a)) is a signature that PEPI is not sensitive to the dielectric screening induced

by its surroundings.
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4.3. PEPI/MoSe,

The PL spectra collected on bare PEPT and in the HS region are shown in Figure 4.5 (b).
On bare PEPI, I observe a strong high-energy peak with a weak peak on its low-energy side.
To extract the positions of these peaks, I fit the spectra with the Lorentzian functions. The
Lorentzian lineshape of the peaks implies a negligible inhomogeneous broadening and a low
level of disorder in a material. On bare PEPI, the most intense peak is observed at 2.330 eV
with a FWHM of 13 meV. I compare the PL and first derivative RL spectra based on which
I ascribe the emission at 2.330 eV to the Xpgp; transition. The energy of Xpppr peak agrees
well with the previously reported studies [261-263], while its linewidth is around three times
larger than was reported previously in the hBN-encapsulated PEPI at 5 K [231]. The second,
much smaller PL peak is observed at ~ 2.300 eV with a linewidth of 17 meV. The origin of
this low-energy transition in PEPI is not yet fully understood. It was previously attributed
to the phonon replica or defect-bound excitons [253, 264—266].

In the PL spectrum collected in the HS region, I observe a strong peak at 2.330 eV with
a linewidth of 14 meV, and a long tail on its low-energy side. In an analogy to bare PEPI,
I ascribe the main PL peak to the Xpgp; exciton transition [242, 254, 264, 265].

4.3 PEPI/MoSe,

4.3.1 Optical microscopy

Figure 4.6: Optical microscope image of PEPI/MoSey stack. The green and red broken lines
surround the MoSes and PEPI flakes, respectively. The HS region is indicated by the dark-shaded
area. The black horizontal bar in the left bottom corner represents a distance of 25 pm. The red,

green and black dots indicate the places on the sample, where the RL and PL spectra were collected.
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In Figure 4.6, I present the optical microscope image of PEPI/MoSe, stack provided
by Jonas Ziegler from the University of Regensburg. The perovskite and TMD flakes are
enclosed by the red and green broken lines, respectively. The HS part of the sample is shown
as the black-shaded area. The red, green and black dots roughly indicate the places of the
RL and PL spectra collection on bare PEPI, bare MoSe, and the HS region, respectively.

The dimensions of each region of PEPI/MoSe, stack are as follows: MoSe, flake
~ 50 pm x 20 pm, PEPI flake ~ 70 pm x 40 pm and the HS region ~ 50 pm x 20 pm.
The whole stack is encapsulated by multilayer hBN flakes that can be partly distinguished
by the blue color with lighter and darker areas (corresponding to thinner and thicker parts
of the flake, respectively). The uniform optical contrast indicates that each constituent flake

exhibits a mostly flat surface.

4.3.2 Reflectivity and emission in MoSe,
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Figure 4.7: (a) - The first derivative RC spectra on bare MoSes (green curve) and in the HS
region (black curve). (b) - The PL spectra on bare MoSey (green curve) and in the HS region (black

curve).

To calculate the RC (according to Eq. 3.1) and first derivative of RC, I collect the
RL spectra on the bare part of the MoSe, flake and in the HS region. The background RL
spectrum is collected in the spot with top and bottom hBN. The transition energies are found
in the inflection points of the first derivative RC spectra. In Figure 4.7 (a), I present the first
derivative RC spectra on both parts of the sample. On bare MoSe,, I observe the absorption
transition at ~ 1.65 eV. To check if the observed transition corresponds to X4, I calculate
the exciton binding energy and bandgap of monolayer MoSe, encapsulated in hBN. T solve
the 2D Schrodinger equation with Keldysh-Rytova potential (from Eq. 4.1), taking m.r; =
0.35my [115], 7o = 3.9 nm [115] and k = 4.35 [115]. To estimate the bandgap of monolayer
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4.3. PEPI/MoSe,

MoSe; according to Eq. 4.2, I use the following parameters: € of monolayer MoSe, = 16.8
[240], monolayer thickness = 0.649 nm [240] and the bandgap of bulk MoSe;, = 1.773 eV
(calculated as the sum of the neutral exciton energy at K point at 5 K [125] and bulk exciton
binding energy of 150 meV [267]. In the calculations, I obtain the E; of 234 meV and Egrene
of 1.890 eV which gives the energy of the X4 exciton transition in the hBN-encapsulated
MoSe; of 1.656 eV. This value agrees well with the experimental observations and with the
literature (where X4 is observed from around 1.64 eV to 1.66 eV) [115, 268-271]. Therefore,
I attribute the observed at 1.65 eV absorption transition to the X 4.

In the HS region in Figure 4.7 (a), I observe two absorption transitions: at ~ 1.62 eV
and 1.65 eV. Based on the comparison of the first derivative RC spectra on bare MoSe; and
in the HS region, I attribute the high-energy transition to X4. The comparable X4 energy
in both parts of the stack suggests that the dielectric screening induced by hBN and PEPI
has a similar impact on the exciton binding energy and the bandgap of monolayer MoSes.
To check the impact of the presence of PEPI and hBN on the X4 energy, I estimate the E,
and E"" of MoSey in the HS region according to Eq. 4.1 and 4.2, respectively. Taking
the €,¢,0 of PEPI as 4.41 (see the subsection 4.2.2), I obtain the exciton binding energy of
233 meV and bandgap of 1.890 eV which are comparable to those in bare MoSe,. Therefore,
the energy of the X4 absorption transition almost does not change (1.656 €V on bare MoSe,
vs. 1.657 eV in the HS region) which is observed in the experiment.

According to the literature, the low-energy transition at ~ 1.62 eV corresponds to the
charged exciton transition (T) [270, 272]. The reason for the appearance of this transition in
the HS region will be discussed in Chapter 6.

In Figure 4.7 (b), I present the PL spectra collected on bare MoSe; and in the HS
region. On bare MoSes, I observe two narrow peaks. To extract the transition energies
and linewidths of the peaks, I fit the spectra with Lorentzian functions. Note that in the
case of the CVD-grown WS, flake (subsection 4.2.3), the lineshape was Gaussian. The
Lorentzian lineshape of the MoSe, peaks implies that the level of disorder in the exfoliated
monolayer MoSe, flake is much lower than in the CVD-grown WS,. The peaks are detected
at: 1.619 eV and 1.646 eV. Based on the comparison of the PL and first derivative RC
spectra, I attribute the high energy peak to the neutral exciton X, transition. According
to the literature, the emission energy of X4 in the hBN-encapsulated monolayer MoSe, is
in the range from 1.64 eV to 1.66 eV which is comparable to the obtained experimental
results [186, 270, 273-275]. Like monolayer WSy, monolayer MoSe, is also an intrinsically
n-doped material so I attribute the low-energy peak to the negatively charged exciton (T
[186, 270, 273, 274]. The binding energy of T can be defined as E, = Ex, — Er (where Ex,
and Er is the energy of neutral and charged exciton, respectively) [120]. In Figure 4.7 (b)
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4.3. PEPI/MoSe,

on bare MoSe,, the binding energy of T is 27 meV which is comparable to the previously
reported values in the hBN-encapsulated MoSes [273, 276, 277]. The linewidths of X4 and
T peaks are 7 meV and 9 meV, respectively. This is several meV larger than reported
linewidths of X4 and T peaks in the hBN-encapsulated MoSe, (which are on the order of
2 meV to 5 meV ) [273, 277]. The absence of localized excitons below the energy of X4 and
T peaks is an indication that in monolayer MoSe; the ground exciton state is optically bright
[73]. The exciton recombination rate from the optically-allowed lowest state is much faster
than the rate of carrier scattering to the defect states which explains the lack of low-energy

defect-localized excitonic transition peaks in the PL spectrum.
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Figure 4.8: Power dependence of the integrated PL intensity of X4 (green spheres) and T (red
spheres) on bare MoSey. The green (red) solid lines represent the fit of the PL intensity of the X4

(T) peak to the power law relation.

The additional piece of evidence confirming the assignment of the observed PL peaks on
bare MoSe, to the excitonic transitions was obtained in the excitation power-dependent PL
experiment. In Figure 4.8, I present the integrated PL intensity of X4 (green spheres) and
T (red spheres) peaks on bare MoSes as a function of the excitation power. The data were
fitted to the power law function I = aP’ (solid green and red lines), where I (P) stands for
the PL intensity (excitation power), a is the coefficient and b is the parameter dependent on
the type of electronic or excitonic transition [278]. The PL intensity of both X4 and T peaks
exhibits an approximately linear dependence on the excitation power (b = 0.93 for X4 and
1.04 for T) which implies that X4 and T correspond to the excitonic transitions. The faster
increase of the PL intensity of T with power compared to X4 (evidenced by a larger exponent
b) can be ascribed to the photodoping effect [120, 279]. In this effect, the excitation photons
photoionize carrier traps and increase the concentration of free carriers in a material. The

ionization results in the increased density of charged excitons with respect to the neutral
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excitons which is observed in the power-dependent PL experiment as a larger exponent b for
T than for Xy4.

In the PL spectrum in the HS region presented in Figure 4.7 (b), I observe three peaks.
The PL intensity of two high-energy peaks, previously attributed to X4 and T transitions, is
reduced by over 10 times. Interestingly, a new and very broad peak denoted as IX emerges on
the low energy side of X 4 and T. The position and linewidths of X4 and T peaks were obtained
in the fitting procedure with Gaussian functions. The Gaussian spectral lineshape implies
that the level of disorder is higher in the HS region than on bare MoSe, (where spectra were
fitted with Lorentzian functions). This is usually observed in van der Waals stacks, where
the non-homogeneous adhesion of the constituent flakes leads to the local variations of the
dielectric screening [215]. The resulting local changes in the exciton energy are evidenced by
the increase of the peak linewidths. In the HS region, the T and X4 peaks are observed at
1.620 eV with FWHM of 21 meV and 1.650 eV with FWHM of 26 meV, respectively. The
assignment of the IX peak at ~ 1.54 eV will be discussed in Chapter 6.

4.3.3 Reflectivity and emission in PEPI

The first derivative RC spectra on bare PEPI and in the HS region are shown in
Figure 4.9 (a). In both parts of the sample, I observe the absorption transition at ~ 2.35 eV
which corresponds to the neutral exciton Xpgpr [166, 253-255]. As in the case of PEPI/WS,
stack discussed in Section 4.2, the same exciton energy on bare PEPI and in the HS region
suggests a similar impact of the dielectric screening induced by hBN and MoSe; on the E,
and bandgap of PEPI. The PL spectra on bare PEPI and in the HS region are presented
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Figure 4.9: (a) - The first derivative RC spectra on bare PEPI (blue curve) and in the HS region
(black curve). (b) - The PL spectra on bare PEPI (blue curve) and in the HS region (black curve).
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in Figure 4.9 (b). On both parts of the stack, I observe a very intense peak with a weak
sideband on its low-energy side. To obtain the positions of the peaks, I fit the spectra with
Lorentzian functions. The main peak is observed at almost the same energy in both parts of
the sample (2.350 eV on PEPI and 2.351 €V in the HS region). I attribute the high-energy
peak in both parts of PEPI/MoSe, stack to Xpgp; transition [242, 265]. The Xpgpr peaks
exhibit very similar linewidths - 9 meV on bare PEPI and 8 meV in the HS region which is
comparable to the previously reported linewidths in the hBN-encapsulated PEPI [231]. On
bare PEPI and in the HS region, a small, low-energy peak is observed at ~ 2.300 eV. As
was discussed in the previous Section, the origin of this transition in PEPI is not yet fully
understood [265, 266, 280].

4.4 BAPI/MoSe,

4.4.1 Optical microscopy

Figure 4.10: Optical microscope image of BAPI/MoSes stack. The green and red broken lines
encircle the MoSes and BAPI flakes, respectively. The HS region is indicated as the dark-shaded
area. The white horizontal bar in the top right corner of the image represents the distance of
25 nym. The red, green and black dots indicate the places on the sample, where the RL and PL

spectra were collected.

The optical microscope image of BAPI/MoSe; was provided by Jonas Ziegler from the
University of Regensburg. The image is presented in Figure 4.10. The BAPI flake is
surrounded by red, and MoSe, - by green broken lines. The HS region of the sample is
indicated by the black-shaded area. The whole structure is placed between the top and
bottom multilayer hBN flakes, visible as a light blue background. The red, green and black
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dots roughly indicate the places of the RL and PL spectra collection on bare BAPI, bare
MoSe; and the HS region, respectively.

The estimated size of the MoSey flake is ~ 30 pm x 75 pm, BAPI flake is ~ 25 pm
x 60 pm, and the HS region is ~ 25 ym x 50 pm. The BAPI and MoSe, flakes appear to be

of good quality, exhibiting flat surfaces with little imperfections.

4.4.2 Reflectivity and emission in MoSe,
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Figure 4.11: (a) - First derivative RC spectra on bare MoSes (green curve) and in the HS region

(black curve). (b) - The PL spectra on bare MoSey (green curve) and in the HS region (black curve).

The PL spectrum in the HS region was multiplied by 10 for clarity.

In Figure 4.11 (a), I present the first derivative RC spectra collected on bare MoSe, and
in the HS region. On bare MoSey, I observe the absorption transition at ~ 1.64 eV which
corresponds to the exciton A (X4) [115, 186, 269, 270].

In the HS region, two absorption transitions can be distinguished: at ~ 1.62 eV and
1.65 eV [270, 272]. These transitions correspond to T and X4, respectively. The reason for
the appearance of the T transition in the HS region will be discussed in Chapter 6. To check
if the observed difference of the X4 transition energy in both parts of BAPI/MoSe, stack (by
around 10 meV) is caused by the dielectric screening induced by BAPI perovskite, I estimate
the exciton binding energy and bandgap in MoSe; in contact with hBN and BAPI using
Eq. 4.1 and 4.2. In the calculations, I use the average dielectric constant of the BAPI
perovskite €y, = 4.92, estimated according to Eq. 4.3 by taking the dielectric constant of
the inorganic well (e, = 6.1 [242]) and BA™ organic spacer layer (e, = 4 [243, 244]) [242]. The
well L,, and barrier L, thicknesses are taken as 0.56 nm [168]) and 0.71 nm [168]), respectively.
The calculated E, and EJ*" in MoSe; adhering to hBN and BAPI are 221 meV and
1.884 €V, respectively, and the energy of X, transition is 1.663 eV. Therefore, according

to the calculations, the exciton energy in MoSes in the HS region is blueshifted with respect
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to the energy on bare MoSes by 7 meV. This agrees well with the experimental results, where
a shift of around 10 meV is observed.

The PL spectra on bare MoSe, and in the HS region are shown in Figure 4.11 (b). On bare
MoSe,, I observe two narrow peaks with the low-energy peak having approximately 4 times
larger PL intensity than the high-energy one. To obtain the positions and FWHM of the
observed peaks, I fit the spectra with Lorentzian functions. The peaks at 1.616 eV and
1.644 eV correspond to T and X4 transitions, respectively [186, 273, 274, 277].
The dissociation energy of T of 27 meV agrees well with the values found in the literature
(~ 30 meV) [270, 274-277]. The X4 and T peaks exhibit linewidths of 6 meV and 8 meV,
respectively which are comparable to the linewidths observed before in the hBN-encapsulated
MoSey [273, 277]. Interestingly, the T peak exhibits an asymmetric shape with a long
tail at its low-energy side. This was previously attributed to the electron recoil effect
[122; 123]. Due to the conservation of momentum, the recombination of T with a given
center-of-mass momentum k, generates a photon and the momentum is then transferred to
an electron. Consequently, the energy of the emitted photon (hw) is lower than in the case

hk2 Mx ,

of recombination of T with zero momentum (hwy): hw = hwy — 5553 =

electron effective mass and My, (Mr) is the effective mass of X4 (T). The resulting PL

, where m} is the

lineshape is a convolution of a symmetric lineshape and a low-energy exponential function
which is observed in the experiment.

In Figure 4.11 (b) in the HS region, I observe three peaks: a very broad, low-energy peak
denoted as IX and two weaker X4 and T peaks. Importantly, the PL intensity of X, and
T peaks is reduced by around 30 times compared to bare MoSe,. To obtain the positions
and linewidths of X4 and T peaks, I fit the spectra with Gaussian functions. The obtained
T and X, peak positions are 1.619 ¢V (with FWHM of 16 meV) and 1.646 ¢V (with FWHM
of 16 meV), respectively. A discussion about the origin of the IX peak at ~ 1.48 eV will be
presented in Chapter 6.

4.4.3 Reflectivity and emission in BAPI

The first derivative RC spectra collected on bare BAPI and in the HS region are shown
in Figure 4.12 (a). In both parts of the sample, I observe the absorption transition at
~ 2.53 eV. According to the literature, the absorption at ~ 2.53 eV corresponds to the neutral
exciton transition (I will refer to it as Xgaps) [168, 281]. Like in PEPI perovskite, the same
absorption transition energy on bare BAPI and in the HS region suggests low sensitivity of

the E; and bandgap of BAPI to the dielectric screening induced by its environment.
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Figure 4.12: (a) - The first derivative RC spectra on bare BAPI (blue curve) and in the HS region
(black curve). (b) - The PL spectra on bare BAPI (blue curve) and in the HS region (black curve).

The PL spectra on bare BAPI and in the HS region are presented in Figure 4.12 (b). In
both parts of the sample, I observe three peaks - a strong high-energy peak and two weak,
low-energy peaks. To obtain the peak positions, I fit the spectra with Lorentzian functions.
On bare BAPI, the peaks are observed at: 2.528 eV with FWHM of 9 meV, 2.507 eV with
FWHM of 15 meV, and 2.475 eV with FWHM of 41 meV. Based on the comparison of the
PL and first derivative RC spectra, I attribute the highest energy emission to the neutral
exciton Xpapr [168, 281]. The linewidth of Xgap; peak is comparable to the previously
reported values at low temperature [168, 281]. The origin of two other peaks is still not fully
understood and I will not focus on them further in this thesis.

In the HS region, the peaks are observed at the following energies: 2.527 eV (FWHM
~ 9 meV), 2.509 ¢V (FWHM ~ 13 meV), and 2.478 eV (FWHM ~ 41 mev). As on bare
BAPI, T attribute the highest energy peak to the exciton transition Xgap;.

4.5 Conclusions

In this Chapter, I presented an analysis of the quality and optical properties of PEPI/WS,,
PEPI/MoSe; and BAPI/MoSes van der Waals stacks. The characterization of each structure
with an optical microscope has shown that the constituent flakes exhibit flat and homogeneous
surfaces with a low level of contamination or macroscopic imperfections. The observed
features in the RL and PL spectra were identified based on the literature. Understanding
the origin of the excitonic transitions in the constituent materials will be the basis for an

analysis of the mechanism of excitation transfer in the HS region in each stack.
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Spectroscopic studies of excitation
transfer in PEPI/WS» stack

In this Chapter, I will present a theoretical and experimental investigation of the
optoelectronic properties of PEPI/WSy van der Waals stack. Based on this analysis, I will

propose the mechanism of excitation transfer in 2D perovskite/TMD heterostructures.

5.1 Introduction

In Chapter 1, I pointed out that the research on 2D perovskite/TMD stacks is still
in its infancy. In particular, the understanding of fundamental physics, crucial for device
application, is far from complete. The limited number of studies that address the subject
of excitation transfer in 2D perovskite/TMD stacks has given different results [32, 33, 282].
In 2020, Wang et al. [35] fabricated PEPI/monolayer WS, photodetector that exhibited
better performance than the device based only on WS,. The improvement of parameters,
such as photocurrent and photoresponsivity, was attributed to the charge transfer (CT) from
the photoexcited perovskite towards WS,. On the other hand, based on the PL excitation
(PLE) experiment, Zhang et al. [32] concluded that the nonradiative energy transfer (ET)
takes place from perovskite to monolayer TMD in PEPI/WS, stack.

The understanding of the excitation transfer mechanism in 2D perovskite/TMD
heterostructures is not yet conclusive and it is my motivation to shed more light on this
important topic. Based on the spectroscopic experimental analysis of PEPI/WS, stack
supported by theoretical calculations, I will show that 2D perovskite/TMD stacks exhibit
a particular band structure that enables both charge and energy transfer to occur.

The contents of this Chapter were published in Karpinska et al., ACS Appl. Mater.
Interfaces 2021, 13, 28, 33677-33684.
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5.2. Prediction of band alignment in PEPI/WS, stack

5.2 Prediction of band alignment in PEPI/WS, stack

A theoretical investigation of the electronic structure in PEPI/WS, stack was conducted
by the group from the Technical University of Dresden. The density functional theory (DFT)
calculations of the band structure and the projected density of states (PDOS) were performed

by Roman Kempt and Kati Finzel under the guidance of Agnieszka Kuc.

Figure 5.1: (a) - Schematic atomic structure of PEPI/WS, stack along the stacking axis.
Blue, yellow, green, violet, red, black, and cyan spheres represent W, S, Pb, I, N, C, and
H atoms, respectively. The inorganic Pblé_ slabs are marked by alternating dark and light grey
octahedra. Black dots indicate multiple perovskite layers. Based on data from Ref. [154] and [283].
(b) - Brillouin zone in PEPI/WSs stack with high symmetry points shown in red. A broken blue
line represents the k path. (c) - Electronic band structure in PEPI/WS, stack. The contributions
of PbIé*, PEA™ and WS, orbitals are marked by a violet, blue and yellow color, respectively. The
red dashed line indicates the Fermi level. The red arrow indicates the fundamental bandgap in the

structure. The grey dotted lines are guides for the eye.

The atomic structure of PEPI/WS, stack along the stacking direction is schematically
shown in Figure 5.1 (a). The structure was visualized in VESTA software [284] based on
data from Ref.[154, 283]. Importantly, in the calculations, all three components - PbIé’
octahedra slabs, PEA™ organic spacer layers and monolayer WSy, were taken into account.
The PEPI/WS, heterostructure consisted of 239 atoms.

The Brillouin zone in PEPI/WS, stack is presented in Figure 5.1 (b). The band structure
and PDOS were calculated along the wavevector (k) path, shown as a blue broken line. The
selected path included high symmetry points of the Brillouin zone and contained information

about a whole energy landscape in the investigated structure.
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5.2. Prediction of band alignment in PEPI/WS, stack

Figure 5.2: (a) - Left panel: The PDOS in PEPI/WS; stack. The dotted curve shows the total
DOS. The contributions of Pblé_, PEA™ and WS; building blocks are shown in violet, blue and
yellow colors, respectively. The grey dashed lines indicate the energy range of PDOS magnification.
The red dashed line marks the Fermi level. The orange arrow indicates the PEA™ states in the CB.
Right panel: Magnification of a part of PDOS in the VB. The black arrow indicates the finite DOS
introduced by PEA™ orbitals between states of WSy and PbI~. (b) - Schematic diagram of the
band alignment in PEPI/WS, stack. The color coding of the bands is the same as in (a).

The electronic band structure in PEPI/WS, stack is presented in Figure 5.1 (¢). The
violet, blue and yellow colors represent the bands with main contributions of Pbl‘é_, PEAT*
and WS, building blocks, respectively. The valence band maximum (VBM), located at
I' point, is mainly composed of perovskite Pblé_ orbitals. The conduction band minimum
(CBM) which is in-between H; and X points - originates from WS, orbitals. Therefore, I can
infer that PEPI/WS, stack exhibits type II band alignment with the momentum indirect
bandgap (as shown by a red arrow).

The Pbli~, PEAT and WS, band alignment can be deduced from the PDOS integrated
over the entire k path. In Figure 5.2 (a), the PDOS and the magnification of its part in the
VB are shown on the left and right panels, respectively. In the CB, the orbital contribution
from WS, exhibits the lowest energy, followed by higher energy states of Pblg~ inorganic
slab and even higher energy states of PEA™ organic spacer (indicated by the orange arrow).
Considering that PEA* is physically in-between Pbl§~ and WS, layers, this implies that
an energy barrier is introduced for electrons. In the VB, a finite density of PEA™ states
is located between the states of Pbl;~ and WS,, as shown by the black arrow in the right
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panel in Figure 5.2 (a). Therefore, the orbital contributions of WS,, PEA* and PbI;~ form
a cascade of electronic states with Pbl;~ states having the lowest, and WS, - the highest
energy.

A simplified diagram of the band alignment concluded from the DFT calculations is
presented in Figure 5.2 (b). The band colors correspond to the colors in PDOS. The horizontal
lines represent the VBM and CBM states in each constituent layer. According to the DFT
calculations, in the CB, the states of PEA™ introduce a high energy barrier (of around 1 eV)
for electrons. Since the distance from the center of WS, to the center of Pblg~ slab is large
(~ 1.1 nm), I suspect that the electron transfer from PEPI to WS, is blocked [240, 257]. In
the VB, the alignment of electronic states of WS,, PEA™ and PblI;~ layers forms a suitable
environment for the transfer of holes from WS, to PEPIL

In the following Sections of this Chapter, I will show the experimental evidence of the
CT and ET in PEPI/WS, stack.

5.3 The signatures of CT in PEPI/WS, stack

I will start with presenting the experimental evidence of the hole transfer from WS, to
PEPI. To demonstrate that the CT occurs in PEPI/WS,, I will compare the concentration
of excess electrons in WS, on the bare part of the flake and the part that is in contact with

PEPI. To this end, I will investigate the PL intensity of neutral and charged excitons in WSs.
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Figure 5.3: The PL spectra on bare WSy (green curve) and in the HS region (black curve).
In the PL experiment, PEPI/WS, stack was excited at A.;e = 540 nm. The chosen

excitation wavelength was below the energy of the PEPI bandgap in order to generate excitons
only in WS, [166, 253-256]. The low probability of excitonic absorption in PEPI reduced
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5.3. The signatures of CT in PEPI/WS, stack

also the risk of perovskite degradation by laser-induced heating.

In Figure 5.3, I show two PL spectra collected on bare WSy and WS, in the HS region.
On bare WS,, I observe the emission of the localized (L), negatively charged (T) and neutral
(X4) excitons. On the HS, the peaks of the localized excitons in PEPI (L), L;, T, X4 and
another peaks of localized excitons in PEPI (L and Ly), are resolved (see Chapter 4 for
peak identification). Overall, the PL intensity of X4 and T in the HS region is lower than
on bare WS,. This is an initial indication of the excitation transfer from WS, to PEPI
[28, 123, 185, 205]. Importantly, in the HS region, the integrated PL intensity of T is larger
than that of X 4, whereas on bare WS,, the PL intensities of T and X4 are similar. To estimate
the PL intensity of X4 and T in both areas of PEPI/WS, stack, I fit the PL spectra with
Gaussian functions. Then, I determine the change of the concentration of excess electrons in
bare WS, and in the HS region by calculating the charged-to-neutral exciton PL intensity
ratio T/X 4 [7, 8, 120, 186]. For the spectra shown in Figure 5.3, on bare WS, the T/X 4
ratio is ~ 1.7, while on the HS the ratio is ~ 3.4. Based on this observation, I conclude that

the concentration of excess electrons in WS, is larger in the HS region than on bare WS,.

PL intensity from 2.04 eV to 2.08 eV

exc: 540 nm
20 uW
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Figure 5.4: False color PL intensity map of PEPI/WS, stack in the energy range from 2.04 eV
to 2.08 eV. The pink and yellow broken lines encircle WSs and PEPI flakes, respectively. The HS
region is indicated by the white arrow. The black arrow indicates the region discussed at the end

of this Section.

In order to draw more robust conclusions about the change of excess electron
concentration in PEPT/WS, stack, I conduct the PL spatial mapping experiment. The
excitation energy is the same as in the PL experiment described above. In Figure 5.4,

I present the false color PL intensity map of PEPI/WS, stack, obtained by integration of the
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5.3. The signatures of CT in PEPI/WS, stack

PL spectra from 2.04 eV to 2.08 eV. This energy range mostly covered the neutral and charged
exciton transitions in WS,. In the map, I observe the overall reduction of PL intensity in
the HS region compared to bare WSy. This is consistent with the observation made in the
analysis of two PL spectra presented above.

To investigate the change of the PL intensities of neutral and charged excitons in WS,
the spectra on bare WS, and on the HS were extracted from the map. It is well known that
the edge of a flake is usually a place of high concentration of structural defects [285-287].
Consequently, in the proximity of the flake edges the free-exciton emission may be largely
obstructed by the defect-bound exciton peaks. To conduct the most reliable analysis, the PL
spectra were selected at a distance of at least 1 pm from any edge. I have chosen 28 spectra
on bare WS, and 10 spectra on the HS that fulfilled this criterion. The spectra were fitted

with Gaussian functions in order to estimate the T/X, PL intensity ratio in both parts of

the sample.
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Figure 5.5: (a) - The PL spectrum collected in the HS region (grey curve) with fitted six Gaussian
functions (yellow, black, green, blue, cyan and pink curves). The red curve represents the cumulative
fit. (b) - The T/X 4 emission intensity ratios (excluding the outliers) on bare WSs (green spheres)
and on the HS (black spheres). The green and black dashed lines indicate the average T /X4 values
on bare WSy and in the HS region, respectively.

An example of the fit is shown in Figure 5.5 (a), where the PL spectrum collected in the
HS region (grey curve) was fitted with six Gaussian functions (yellow, black, green, blue, cyan
and pink curves). The red curve indicates the cumulative fit, i.e. the sum of the constituent
peaks.

The T /X 4 values extracted from the analyzed spectra (after discarding the minimum and
maximum values) are presented in Figure 5.5 (b). The average T/X4 ratios on bare WSy
and in the HS region are indicated by the green and black dashed lines, respectively. On
bare WS,, the average ratio is 0.83 4+ 0.50. In the HS region, the mean T/X, is 2.9 £+ 1.6.
Therefore, the T/X 4 ratio is larger in the HS region with respect to bare WS, by a factor
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of 3. The large standard deviation of T /X4 values in the HS region is a signature of a high
level of disorder which is often present at the contact area between the constituent layers in
van der Waals stacks [215]. The above analysis is in agreement with the rough interpretation
of two PL spectra shown in Figure 5.3. From the experimental results, I conclude that the

concentration of excess electrons in WS, is increased in the HS region.

Figure 5.6: The proposed mechanism of CT in PEPI/WS; stack. The red wavy arrow denotes the
excitation photon. The green curved arrows represent the transfer of holes (blue dots) from WS,

to PEPI. The electrons are represented by green dots.

According to the band alignment presented in Figure 5.2 (b), the enhancement of excess
electron concentration in WS, is a consequence of a transfer of photoexcited holes from
WS, to PEPI. This process is schematically depicted by green curved arrows in Figure 5.6.
The transfer of charge results in the dissociation of neutral and charged excitons which is
evidenced by the reduced PL intensity of X4 and T peaks in the HS region. Additionally,
the increased concentration of electrons leads to an increased T /X4 ratio in WS,.

Let me now make a short comment about a particular region indicated by the black arrow
in the PL intensity map in Figure 5.4. Namely, there is a PL intensity enhancement in the
part of bare WS, that is close to the edge of the PEPI flake. In Figure 5.7 (a), I present
the extracted from the map PL spectra that were collected at the center of bare WS, and
WS, close to the PEPI edge. Importantly, the PL intensity of defect-localized exciton peak
L; is over 2 times larger in WS, in the proximity of the PEPI edge than at the center of
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Figure 5.7: (a) - The PL spectra on bare WS; in the center of the flake (red curve) and close to
the edge of PEPI (black curve). The PL intensity map obtained by integration of the PL spectra
in the range (b) - from 2.009 eV to 2.017 €V and (c) - from 1.950 eV to 1.985 eV.

WS,. In Figure 5.7 (b), I show the PL intensity map obtained by integration of L; peak from
2.009 eV to 2.017 eV. It is clear that the L; peak exhibits the largest PL intensity along the
edge of PEPI and it is much weaker in other parts of WS,. Additionally, in the PL spectrum,
the T and X4 peaks exhibit an energy redshift (of ~ 10 meV) with respect to peaks at the
center of WS,. The observed features (energy redshift of T and X4, and the PL intensity
enhancement of L; peak) could be related to the presence of tensile strain in WS, - I recall
that in PEPI/WS, stack, the WS, flake is put on top of around 50-nm-thick PEPI flake. The
strain could increase the concentration of structural defects at the interface PEPI-WS, which
would result in an enhancement of the PL intensity of L; peak [248]. Another effect of the
tensile strain in monolayer TMDs and their heterostructures is the redshift of energy bands
[288-291]. The excitons photogenerated in a strained material drift towards lower energy
states and recombine at lower energy which explains the observed redshift of T and X4
peaks. Wang et al. [292] reported that sufficiently large tensile strain (in monolayer WS, of
~ 2.5 %) can modify the band structure and enable the formation of momentum-indirect
excitons next to momentum-direct excitons. The authors have shown that under the strain
of 2.5 %, the emission peak of momentum-indirect excitons is redshifted with respect to the
X4 peak by around 40 meV. In the PL spectra, I observe a similar energy difference between
the Ly and X4 peaks (~ 45 meV) which implies the indirect exciton character of the L; peak.
Note that L; peak is visible even far from the perovskite edge, where the strain should be
minimal and the momentum-indirect excitons should not be formed. This suggests that more
than one effect contributes to the PL intensity of L; peak, namely, the exciton localization
at the structural defects and the additional recombination of momentum-indirect excitons.
Another feature observed in the PL spectrum of bare WS, close to the edge of PEPI is

a low-energy tail denoted as Ly in Figure 5.7 (a). Importantly, this tail is not present in
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any other part of WS, flake but it is visible, albeit weakly, on bare PEPI flake (see Chapter
4). Since Ly appears upon photoexcitation below the PEPI bandgap, I can assume that it
originates from the localized states or defects in PEPI perovskite. In Figure 5.7 (¢), I present
the PL intensity map obtained by integration of Ly in the energy range from 1.950 eV to
1.985 eV. I observe that the low-energy tail Lo exhibits large PL intensity along the edge
of PEPI and it is the largest when PEPI is in contact with the WS, flake. Zhang and
collaborators [32] have suggested that in PEPI/WS, stack the states are formed at the
interface PEA™ organic spacer layer-WS, which was evidenced by the low-energy emission
peak in the HS region. Therefore, the increased PL intensity of Ly at the edge of PEPI in
contact with WS,y compared with bare PEPI and its edge may be explained by the increased
number of localized states formed as a result of the coupling of PEA™ with WS,. Note that
the presented above conclusions are just preliminary results. To gain a better insight into

the origin of the observed emissions more studies are needed.

5.4 Energy transfer in PEPI/WS, stack

In this Section, based on the results of the PLE experiment, I will present the evidence
for the ET in PEPI/WS, stack.

In Figure 5.8, 1 present the PLE spectra obtained on bare WS, and in the HS region.
On bare WS,, the PL intensity of neutral (X54%F) and charged (TBAEE) excitons are shown
as red full and empty squares, respectively. In the HS region, the PL intensity of neutral
XHAS (charged TH9) exciton is depicted as blue spheres (circles). The PL intensities were
normalized at the low energy end of the excitation energy range at 2.32 eV. The normalization
enabled a direct comparison of the PLE spectra on bare WS, and in the HS region.

First, I will focus on the analysis of the PLE spectra on bare WS,. Starting from the

BARE
XA

low excitation energy and moving toward high energies, the PL intensities of and

TBARE are initially reduced. This is a result of shifting of the excitation energy away from
the absorbing excitonic states in WSy [204, 293]. When the excitation energy is increased
from around 2.40 eV, I observe an enhancement of neutral and charged exciton PL intensity
with the maximum at around 2.48 eV. According to the literature, the absorption energy at
~ 2.46 ¢V in the hBN-encapsulated WS, corresponds to the exciton B (Xp) transition [294].

XEARE and TBARE via the

Hence, I can attribute the observed PLE peak to the excitation of and
Xp state in WS,y. Note that the PL intensities of both XZARE and TBAEE follow the same
dependence implying that the excess electron concentration does not change with varying

excitation energy.
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Figure 5.8: Normalized PLE spectra in PEPI/WSy stack. On bare WSy, the integrated PL
intensities of neutral (charged) excitons are shown as red full (empty) squares, and on the HS - as
blue spheres (circles). The RL spectrum on bare PEPI is presented as a black curve. The cyan
rectangle indicates the region, where the new PLE peak corresponding to Xpgps is observed. The

dashed vertical lines are guides for the eye.

Now, I will present the analysis of the PLE spectra obtained in the HS region. Overall,
the shape of the PLE spectrum is similar to the spectrum of bare WS,. The PL intensity of
XI5 and TH9 initially decreases and above 2.42 eV starts increasing, reaching the resonance
with Xpg. Crucially, the important difference is the appearance of an additional, small peak
at 2.36 eV (indicated by the cyan rectangle in Figure 5.8). This energy corresponds to the
Xpgpr transition as evidenced by the RL spectrum shown as a black curve. I can interpret
the observed PLE peak as a consequence of the excitation of X% and T in WS, via PEPL.
Importantly, the shapes of the PLE spectra of X% and T# are analogous which indicates
a negligible change of excess electron concentration when WS, is excited via PEPI. Therefore,
the peak at 2.36 eV can be interpreted as a fingerprint of ET from PEPI to WS,. Note that
an analogous argument was used by Kozawa et al. [204] as evidence for ET between MoSe;y
and WSs. In the HS region, I observe also that the photoexcitation via Xpg results in the
PL enhancement of X% and T#% by a factor of 3 compared to bare WS,. This indicates
another ET channel that couples the exciton B in WS, to a higher exciton state in PEPI.

In Figure 5.9, I present the schematic diagram of the pathways of ET in PEPI/WS,
stack. In Chapter 4, I have shown that the absorption energy of X, in the HS region is
~ 2.07 eV. According to the calculations presented in Chapter 4, the binding energy of X4
in WS, in contact with hBN and PEPI is around 177 meV. Therefore, the bandgap in WS,
in the HS region is ~ 2.247 eV. In the PLE experiment, the enhancement of the PL intensity

of charged and neutral exciton in the HS region corresponding to Xpgps, is observed at
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Figure 5.9: The suggested pathways of excitation transfer in PEPI/WSs stack. The dispersion
relations of the ground (n = 1) and excited (n = 2, 3...) X4, Xp and Xpgp; states, are schematically
depicted as parabolas. The continuum (co) of electronic states in PEPI and WS; is indicated by
violet and yellow colors, respectively. The red and green dotted arrows represent the two possible
pathways of ET from PEPI to WS,. [0) is the ground state in WSy and PEPI. k| denotes the

in-plane wavevector.

~ 2.36 eV. This implies that one of the pathways of ET in PEPI/WS, stack is from Xpgps
state to the continuum of states in WS,, as shown by the red dotted arrow in Figure 5.9.
The reported binding energy of Xpgp; is ~ 274 meV and the bandgap of PEPI is ~ 2.63 eV
[295]. In the PLE experiment, the Xz state in WS, is observed at around 2.48 V. Therefore,
another pathway of ET in PEPI/WS, stack involves the transfer from one of the excited
Xpepr states to the Xp state in WS,. This pathway is schematically depicted by the green
dotted arrow in Figure 5.9.

I will now discuss the possible mechanism of ET in PEPI/WS, stack. As was discussed
in Chapter 1, the ET can take place via a radiative or non-radiative pathway. The radiative
ET involves the emission of a photon by an energy donor (D) and its absorption by an energy
acceptor (A). The distance (d) between A and D on which this type of ET occurs has to be
larger than the wavelength of the emitted by D (here PEPI) photon, i.e. d > %, where n is
the refractive index of D [206]. Taking n of PEPI as 2.1, this distance is ~ 252 nm [242, 296].
In PEPI/WS, stack, the thickness of PEPI is ~ 50 nm so the transfer of energy from PEPI

to WS, via radiative mechanism is unlikely.
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Figure 5.10: The schematic diagram showing the established mechanism of ET in PEPI/WS,
stack. Red curved arrows represent the transfer between individual Pblé_ inorganic slabs, and
between PbI;~ and WSy. The given distances are calculated based on Ref. [257] and [240].

Apart from radiative ET, there are also two types of non-radiative ET mechanisms (see
Chapter 1). In Dexter ET, the wavefunctions of D and A have to overlap to enable an
exchange of carriers between the states in D and A [214]. Therefore, the spatial separation
of D and A has to be lower than ~ 1 nm [209]. In PEPI, the distance between the
centers of the subsequent inorganic slabs separated by two layers of PEA™ organic spacer is
~ 1.7 nm, as shown in Figure 5.10. Considering that WS, adheres to one layer of PEA™
organic spacer and that excitons are localized at the center of WS, flake and PbI3~ slab,
the D-A separation is ~ 1.1 nm. As the Dexter ET rate depends exponentially on the
D-A distance (see Chapter 1), the efficiency of this process in PEPI/WS, stack should
be low [29, 206]. Importantly, in Dexter ET both electron and hole are transferred from
D to A which is facilitated by the type I band alignment [29, 206]. According to the DFT
calculations discussed in Section 5.2, the band alignment in PEPI/WS, stack is of type II,
where the transfer of holes from PEPI to WS, and transfer of electrons through the PEA™
layer are energetically unfavorable. Based on this analysis, the ET via Dexter mechanism in
PEPI/WS, stack is unlikely.

The non-radiative Forster resonant ET (FRET) takes place via dipole-dipole interactions,
provided that the states in D and A are in resonance. In PEPI/WS,, the requirement of
energy resonance is fulfilled between the excitonic states in PEPI and free electron and hole
states/exciton B state in WS,. The typical distance on which the coupling between dipoles
in D and A occurs is between ~ 1 nm and ~ 10 nm [209]. In PEPI/WS,, this implies that the

transfer to WS, is possible from up to the first six PbIé_ slabs. Importantly, in structures,
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where the transition dipoles have 2D character (like in PEPI/WS,) the rate of FRET
is ~ d™* [211]. If T take into account the distance from the center of the first and second
PbI;~ slab to the center of WS, as 1.1. nm and 2.8 nm, respectively, then the ET rate from
the second slab would be reduced with respect to the rate from the first slab by a factor of
~ 42. This suggests that in PEPI/WS, stack the ET involves mostly the PbI~ slab that is
most adjacent to WSy, Zhang et al. [32] have shown that in PEPI/WS, stack the ET first
takes place between the individual perovskite layers before being transferred to WS,. This
process is schematically depicted by the red curved arrows in Figure 5.10. The contribution
of multiple perovskite layers to the E'T implies a larger PL intensity enhancement of WSy
than if the transfer involved only a single inorganic slab.
To estimate the efficiency of the ET from PEPI to WS, observed in the PLE experiment,

I consider the PL intensity of neutral exciton on bare WSy (Ij4e) and in the HS region (Iys)
as [32]:

Lare = (1 = 1074 ) [,QY e

Is = (1= 107" ) LQY™S 4 T3 (1 — 1074 8, B [yQY S,

where AWS2 (APEFPI) and QYbere (QYH¥) is the absorbance of WS, (PEPI) and the PL
quantum yield of bare WSy (WS, in the HS region). The Iy and T"®2 denote the intensity of
the incident light and the transmittance of WS,, respectively. The 3;, and (,,; is the efficiency

(5.1)

of ET between the individual perovskite layers in PEPI (assuming that the efficiency of each
layer is the same) and the efficiency of ET from PEPI to WS,, respectively. The effective PL

enhancement of neutral exciton in WS, normalized by a quantum yield is then given by [32]:

Ins/QYHS (1 —10"4"7) + TWS2(1 — 10-4"""") B, Bout

" hare/QY 00 (1= 10-A"%) -
W S. 7APEPI ( ° )

1+ T 2(1 - 10 )5inﬁout

(1 —10-4""2) ’

The factor n can be estimated from the normalized PLE spectra shown in Figure 5.8 by
dividing the PLE intensity of X4 in the HS region by its intensity on bare WS, (at 2.36 eV
n ~ 1.35). Assuming that (;, is 1, the lower limit of the efficiency of ET from PEPI to WS,

can be calculated as:

I Ui B O U (1-1074")(y — 1) .
Bout = TWS2(1 _ 1O_APEPI) = (1 ~AWSs _ RWS2)(1 — 10—APEPI)’ ( . )

where R"*2 is the reflectance of WS,. I estimate the R"V*2 and A" taking the real
and imaginary components of dielectric constant at A.;e = 488 nm from Ref. [297]. The
calculations of R"*2 and A"z are conducted based on Ref. [237], considering that WS, is

in contact with semi-infinite hBN flake from one side and with semi-infinite PEPI flake from
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5.4. Energy transfer in PEPI/WS, stack

the other side. The estimated reflectance and absorbance of WS, are 1.5%107% and 0.035,
respectively. The absorbance of PEPT is taken as AP#T = (.12 [137]. The obtained lower
limit of the ET efficiency at 2.36 eV is ~ 12 % which is comparable to the efficiency estimated
by Zhang et al. (~ 10 %) [32].

The presence of ET in PEPI/WS, could be also evidenced as the quenching of the PL
intensity of Xpgpr. To check this possibility, I conduct the PL experiment. In Figure 5.11,
I present the PL spectra collected on bare PEPI and in the HS region. Importantly, the PL
intensity of Xpgps is reduced by about 17 % on HS compared to bare PEPI.

" bare PEPI
[ HS Xpepi

[¢2)

N

N

PL intensity (arb. u.)

exc: 488 nm
420 nW

2.25 2.30 2.35 2.40
Energy (eV)

Figure 5.11: The PL spectra collected on bare PEPI (red curve) and in the HS region (black

curve).

To draw more reliable conclusions about the changes in the PL intensity of Xpgpr,
I conduct a PL spatial mapping experiment. In Figure 5.12 (a), I present a false color
PL intensity map of PEPI/WS, stack. The map was obtained by integrating the Xpgps
peak from 2.325 eV to 2.340 eV. From the map, it is evident that the PL intensity in the HS
region is lower than on bare PEPI. To assess the observed PL intensity difference, I analyze
the distribution of the PL intensity of Xpgp;. In Figure 5.12 (b), I show the histogram of
the PL intensity distribution on bare PEPI (orange bars) and in the HS region (green bars).
The histogram intensities were normalized to the mean PL intensity on bare PEPI which
allowed to enable a quick estimation of the HS/bare PEPI PL intensity ratio. On average,
the PL intensity of Xpgp; is reduced on the HS by ~ 14 % compared to bare PEPI.

Since the PL intensity difference on bare PEPI and in the HS region is not large, it is
important to first check if the absorption and reflection by WSy (which is on top of PEPT)

are not the cause for the observed PL intensity reduction in the HS region. To this end,
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Figure 5.12: (a) - The false color PL intensity map of PEPI/WS; stack. The PL spectra were
integrated from 2.325 eV to 2.340 eV. The perovskite flake is enclosed by the yellow and WS, flake
- by the pink broken lines. The HS region is indicated by a white arrow. (b) - Histogram of Xpgpr
emission intensity distribution on bare PEPI (orange bars) and in the HS region (green bars). The
PL intensities were normalized to the average PL intensity on bare PEPI. The average PL intensity

on bare PEPI and in the HS region is given in the form: mean value + standard deviation.

I consider the PL intensity of Xpgp; on bare PEPI (I4.) and in the HS region (Igg) as:
Tyure = (1 o 10—APEP1 ) Iy APEP]beare
Iig = (1 N 107APEPI)[O(TWSQAPEPI _ APEPIBmBout)QyHS’
where QY (QYH5) is the PL quantum yield on bare PEPI (PEPI in the HS region). The

HS/bare PEPI emission intensity ratio normalized by a quantum yield is given by:

(5.4)

HS
% = TWS2<1 _ Bmﬁout) — (1 _ AW52 . RWSz)<1 B ﬂinﬁout)- (5'5)

Neglecting the ET and taking the previously calculated parameters R and A"*2, the
PL intensity ratio is ~ 0.96. In the PL experiment, I observe the average ratio of ~ 0.86
as presented in the histogram in Figure 5.12 (b). Therefore, the decrease of the average PL
intensity can be only partially attributed to the reduction of the effective excitation power
that reaches PEPI due to the absorption and reflection in WS,. The large impact of the ET
on the PL intensity of Xpgp; is surprising since there is no actual excitonic state in WS, that
is in resonance with the ground Xpgpy state. In this case, the absorption dipole moment for
the acceptor (WS,) is small which should lead to weak dipole-dipole interactions and weak
ET. In consideration of the Xpgp; PL intensity, it is important to take into account that
the HS region is highly disordered. This is evidenced by a larger standard deviation in the
HS region (almost by a factor of 2) compared to bare PEPI, as shown in Figure 5.12 (b).
Therefore, the effect of the ET on the PL intensity of Xpgp; in the HS region can be hidden

in the broad distribution observed in the histogram.
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Based on the ET efficiency obtained in the PLE experiment (f,,), I can also estimate
the expected Xpgpr PL intensity decrease in the HS region. Considering that the efficiency
of ET from PEPI to WSy is ,,; = 12 % and taking (;, as 1, I obtain the intensity reduction
of ~ 15 %. This is comparable to the average Xprpr PL intensity reduction observed in the

PL spatial mapping experiment.

5.5 Conclusions

In this Chapter, I presented the results of the studies of the excitation transfer between
WS, and PEPI in PEPI/WS, van der Waals stack. The DFT calculations have predicted
a band alignment that allows a transfer of holes from WS, to PEPI, whereas a transfer of
electrons from PEPI to WS, is blocked.

In the PL experiment, I observed that the PL intensity ratio of the charged exciton to
neutral exciton in WS, is increased in the HS region compared to bare WS,. This observation
implies that the concentration of excess electrons in WS, is increased which is in line with
the theoretical predictions of the hole transfer from WS, to PEPIL.

The analysis of the charged and neutral exciton PL intensity in WS, in the PLE
experiment has indicated that there is also an excitonic ET from PEPI to WS,. The ET
process involves a transfer from the ground (excited) exciton state in PEPI to the continuum
of free carrier states (Xp) state in WSs.

Previous reports have shown that in TMD/TMD stacks the electronic coupling between
the constituent materials enables the excitation transfer either through charge or energy
transfer [8, 29, 195, 204]. In this Chapter, I have shown that a particular band alignment in
2D perovskite/TMD heterostructures enables the excitation transfer via both mechanisms.
The important advantage of this type of structures is the possibility to easily manipulate the
transfer mechanism. In the next Chapter, I will show that in 2D perovskite/TMD stacks
the transfer mechanism can be engineered by the proper selection of the organic spacer

compound.
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Spectroscopic studies of excitation
transfer in PEPI/MoSe> and
BAPI/MoSe;y stacks

In this Chapter, I present an investigation of the optical properties in PEPI/MoSes and
BAPI/MoSey van der Waals stacks. The experimental results are confronted with theoretical
predictions based on which I suggest the mechanism of excitation transfer and discuss the

possibility of its manipulation in 2D perovskite/TMD heterostructures.

6.1 Introduction

An understanding of the physical properties of a single material or the heterostructure is
crucial for future applications in devices. In Chapter 5, I discussed that the consensus about
the dominating mechanism of excitation transfer in 2D perovskite/TMD stacks has not yet
been reached. Another important aspect - the possibility to control this mechanism, is also
mostly unexplored in this type of structures.

In this Chapter, I will investigate these issues in PEPI/MoSe; and BAPI/MoSe;
stacks. Importantly, the employed 2D perovskites, PEPI and BAPI, consist of the same
Pblé_ octahedra slabs and differ only by the organic spacer compound. Using various
optical spectroscopic methods and comparing the experimental results with the theoretical
predictions of band structure, I will show that in 2D perovskite/TMD stacks, the VB
alignment facilitates the transfer of holes from perovskite to TMD leading to the formation
of interlayer excitons (IXs). This CT can be accompanied by the excitonic ET, provided
that the condition of resonance of the exciton states in 2D perovskite and TMD constituents
is fulfilled. I will demonstrate that fabricating stacks composed of 2D perovskites with the
same inorganic framework but different organic spacers enables turning on or off the excitation

transfer process via the ET mechanism.
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The results presented in this Chapter were published in Karpinska et al., Nanoscale, 2022,
14, 8085-8095.

6.2 Band alignment in PEPI/MoSe; and BAPI/MoSe-

stacks

Let me first introduce the results of the DF'T calculations and propose the band alignment
in PEPI/MoSe, and BAPI/MoSe, stacks. The presented band structure and PDOS were
calculated by Roman Kempt under the guidance of Agnieszka Kuc at the Technical University

of Dresden.

Figure 6.1: The schematic atomic structures of (a) - PEPI/MoSey and (b) - BAPI/MoSes
stacks along the stacking axis. The colors represent the following atoms: Mo (orange), Se (cyan),
Pb (green), I (violet), N (red), C (black) and H (pink). Black dots indicate multiple perovskite
layers. Based on Ref. [154, 155, 298]

In Figure 6.1, I present the schematic atomic structures of (a) - PEPI/MoSe, and
(b) - BAPI/MoSe, stacks visualized in VESTA software [284] based on Ref. [154, 155, 298].
In the calculations, the orbitals of all the layers, i.e. PEAT or BA*, Pbl;~ and MoSe,, were
taken into account. The PEPI/MoSes; and BAPI/MoSe, heterostructures consisted of 345
and 207 atoms, respectively.

The DFT calculations were conducted along the k path shown in Figure 6.2 (a). The
band structures in PEPI/MoSe; and BAPI/MoSe, stacks are presented in Figure 6.2 (b)
and (c), respectively. The colors of the bands indicate the largest orbital contribution of
the following constituents: PEA* (red), BA* (orange), PbIz~ (green) and MoSe, (blue). In
both structures, the VBM is located in the inorganic Pbl§~ octahedra slab at high symmetry
I' point of the Brillouin zone. Interestingly, while the CBM in both stacks is in monolayer
MoSes, it is located at different points of the Brillouin zone - in PEPI/MoSe; stack, the CBM
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Figure 6.2: (a) - The Brillouin zone with high symmetry points in PEPI/MoSes and BAPI/MoSe,
stacks. The red broken line indicates the k£ path along which the calculations were performed. The
band structure in (b) - PEPI/MoSes and (c) - BAPI/MoSe;y stack. Red, orange, green and blue
curves indicate the contributions of the orbitals of PEAT, BAT, Pblg_ and MoSes components,

respectively. The black arrows indicate the fundamental bandgap in each structure.

is at a low symmetry point in-between I' and Y points, and in BAPI/MoSe, stack, the CBM
is at a low symmetry point between the H; and X points. In Chapter 1, I discussed that
the size of the perovskite bandgap is strongly influenced by the organic spacer compound.
Despite being composed of the same inorganic octahedra slabs, the bandgap of PEPI and
BAPI differ by over 400 meV - in PEPI the bandgap is around 2.61 eV, while in BAPI around
3.02 eV [166, 168]. The analysis of the band structures presented above has revealed that the
organic spacer compound not only impacts the electronic properties of the 2D perovskite but
of the whole 2D perovskite/TMD stack. I will take advantage of this fact when studying the
differences in the excitation transfer mechanism in PEPI/MoSe; and BAPI/MoSe, stacks in
the subsequent parts of this Chapter.

To conclude the band structure analysis, both PEPI/MoSe; and BAPI/MoSe, stacks
exhibit type II band alignment, where the fundamental bandgap is momentum indirect, as
presented by the black arrows in Figure 6.2 (b) and (c).

The contribution of the constituent layers to the band structure is more clearly visible
in the PDOS in Figure 6.3. The qualitative results observed for (a) - PEPI/MoSe,
and (b) - BAPI/MoSe, stacks were similar. In the VB, the states of Pblg~ exhibit the
lowest, and of MoSey - the highest energy. Interestingly, a small density of PEA™ or
BA* states can be discerned in the VB between the states of MoSe, and Pbl;~ layers,
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Figure 6.3: The PDOS with specified contributions of each of the building blocks in
(a) - PEPI/MoSes and (b) - BAPI/MoSes stacks. The insets show the magnification of the part of
PDOS in the VB. Red, orange, green and blue colors indicate the orbital contributions of PEAT,
BAT, PbIé_ and MoSes, respectively. Dotted curves represent the total density of states. Blue
arrows indicate the density of states of PEAT or BAT in-between states of MoSes and Pblgf in the
VB. Black arrows indicate the PEA™' or BAT states in the CB. (c) - Schematic diagram of the band
alignment in PEPI/MoSes and BAPI/MoSes stacks. The color coding of the bands is the same as

in (a).

as indicated by the blue arrows in the inset of Figure 6.3 (a) and (b). In the CB,
the states introduced by MoSe; have the lowest energy, followed by states of Pblg~ and
PEA*T or BA™ (indicated by black arrows). Based on these results, I can deduce the
band alignment in PEPI/MoSe; and BAPI/MoSe, stacks which is shown schematically in
Figure 6.3 (c¢). The band colors correspond to the colors in PDOS and the horizontal lines
represent the VBM and CBM states in each constituent layer. In both structures in the
VB, the electronic states introduced by each building block are aligned in a cascade-like
manner with the lowest-energy states located in Pblg~. Therefore, this band alignment
should favor the transfer of holes from MoSe; to PEPI or BAPI perovskite layer. In
the CB, the high energy states are introduced by organic spacer orbitals between the
states of MoSe, and Pblg~. As a result, the energy barrier for electrons of ~ 1 ¢V and
3 eV is formed in PEPI/MoSe; and BAPI/MoSe, stack, respectively. This suggests that the
transfer of electrons from PbI;~ slab to MoSe; layer is unlikely.

In the next part of this Chapter, I will show that in both PEPI/MoSe; and BAPI/MoSe,

stacks the transfer of holes leads to the formation of IXs.
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6.3. Signatures of CT and formation of IXs in PEPI/MoSe; and BAPI/MoSe, stacks

6.3 Signatures of CT and formation of IXs in
PEPI/MoSe; and BAPI/MoSe, stacks

I will start with a discussion of the results of the steady-state optical spectroscopy

experiments. In Figure 6.4, I present the first derivative RC spectra in (a) - PEPI/MoSe,y
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Figure 6.4: The first derivative RC spectra collected on bare MoSey (green curve) and in the HS
region (black curve) in (a) - PEPI/MoSez and (b) - BAPI/MoSes stacks.

and (b) - BAPI/MoSe, stacks. Qualitatively, the results are the same in both structures. On
bare MoSes, I observe a single resonance of the neutral exciton X 4, whereas in the HS region,
two absorption transitions - of neutral (X,) and charged (T) excitons can be distinguished
[115, 186, 268-270, 272]. The presence of T in the HS region implies that the concentration
of excess carriers (and density of T absorptive states) in MoSe; is increased compared to
bare MoSe, in both investigated stacks [270, 272]. The increased excess carrier density is
the result of the transfer of charge between the TMD and perovskite flakes. According to
the DFT calculations, in both stacks, the transfer of electrons from perovskite to MoSe, is
energetically unfavorable. The other possible process that could increase the concentration of
free carriers in MoSe, is the transfer of holes from MoSe, towards PEPI or BAPI perovskite.
The hole transfer increases the concentration of free electrons in MoSe, and, as a result, the
concentration of charged excitonic absorption states.

To check if the absorption of T is observed only in the HS region, I conduct the RL spatial
mapping experiment. In Figure 6.5, I present the first derivative RC spectra extracted from
the RL map on different spots on bare MoSe, (left panel) and in the HS region (right panel)
in (a) - PEPI/MoSe; and (b) - BAPI/MoSe, stacks. It is clear that in both structures
on bare MoSe,; only the absorption transition of X4 is visible, whereas in the HS region,

the absorption of T is observed next to X4. The same qualitative results in PEPI/MoSe,
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Figure 6.5: The first derivative RC spectra extracted from the RL spatial map on bare MoSes

and in the HS region in (a) - PEPI/MoSe; and (b) - BAPI/MoSes stack.

and BAPI/MoSe, stacks are in agreement with the similar band alignment predicted by the
theory.

Another signature of the CT in PEPI/MoSe; and BAPI/MoSe, stacks was observed in
the PL experiment. In Figure 6.6 (a), I present the PL spectra collected on bare MoSe, (green
curve) and in the HS region (black curve) in PEPI/MoSes stack. On bare MoSey, I observe
two peaks that correspond to the neutral and charged excitons [186, 270, 273-275]. In the
HS region, both of these peaks have reduced PL intensities by around a factor of 10. This
significant intensity reduction is accompanied by an increase of the T/X 4 PL intensity ratio

which is ~ 3 in the HS region compared to the ratio of ~ 1 on bare MoSes. The larger T/X 4
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Figure 6.6: The PL spectra on bare MoSey (green curve) and in the HS region (black curve)
collected in (a) - PEPI/MoSes and (b) - BAPI/MoSey stacks. The PL spectrum in the HS region
in BAPI/MoSes stack was multiplied by 10 for clarity.
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ratio on the HS than on bare MoSe; is in agreement with the RL studies presented above
and suggests that the holes are transferred from MoSe; to PEPI resulting in an increased
density of free electrons and the concentration of charged excitons with respect to neutral
excitons.

In the PL spectrum in the HS region, I observe also a broad and strong peak at
~ 1.54 eV that is not visible on bare MoSe;. The observation of the signatures of CT
leads me to assign this peak, redshifted with respect to the intralayer exciton peaks, to the
interlayer excitons (IXs). The electrons that stay in the MoSes layer and holes transferred
to the PEPI layer bind across the heterostructure leading to the IX emission. The PL peaks
of the IXs in the TMD/TMD stacks are redshifted with respect to the intralayer excitons
due to the type II band alignment, where carriers relax to their respective band minima
[8, 299-301]. Below, I will present multiple arguments in favor of the assignment of peak at
1.54 eV to IX.

Qualitatively, analogous effect is observed in the PL spectra for BAPI/MoSe, stack,
shown in Figure 6.6 (b). On bare MoSe,, I observe two peaks assigned previously to the X4
and T excitons (see Chapter 4) [270, 274-277]. In the HS region, the reduction of the PL
intensities of X4 and T peaks is more prominent than in PEPI/MoSe, stack - by a factor of
30 (note that the PL spectrum in the HS region in Figure 6.6 (b) is multiplied by 10). This
large decrease in intensity is accompanied by an increase of the T/X4 ratio (~ 5 on bare
MoSes vs. ~ 18 in the HS region). I observe also a broad, low-energy peak at ~ 1.48 eV
which is absent on bare MoSe;. In an analogy to PEPI/MoSe, stack, I attribute this peak

to the IX transition.
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Figure 6.7: The false color PL intensity map of (a) - X4 and (b) - T in PEPI/MoSe, stack. The
PEPI and MoSes flakes are enclosed by orange and white broken lines, respectively. The blue and

red colors represent the lowest and the highest emission intensity, respectively. (c) - The spatially
resolved T /X4 PL intensity ratio in PEPI/MoSe; stack. Aeze = 633 nm.
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To check how robust are the observations presented above, I conduct the PL spatial
mapping experiment. In Figure 6.7, I present the false color PL intensity maps of (a) - X4
and (b) - T in PEPI/MoSe, stack. The maps were acquired by integrating the PL intensity
of neutral exciton (in the range from 1.640 eV to 1.660 eV) and charged exciton (from
1.614 eV to 1.631 eV). Both X4 and T peaks exhibit the PL intensity reduction in the
HS region compared to bare MoSes; which is consistent with the analysis of the single
PL spectrum presented above. To check how the excess carrier concentration in MoSe,
is changed in PEPI/MoSe, stack, I calculate the spatially resolved T/X 4 ratio, as shown in
Figure 6.7 (c¢). It is clear that the ratio is increased in the HS region up to around 2.7
compared to the ratio on bare MoSey which is around 1.2. This implies that the concentration
of excess carriers in MoSey is higher in the HS region than on bare MoSe; which can be
explained by the transfer of holes from MoSe; to PEPIL.
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Figure 6.8: The false color PL intensity map of (a) - X4 and (b) - T in BAPI/MoSes stack.
The white and black broken lines enclose the MoSes and BAPI flakes, respectively. The blue and
red colors represent the lowest and the highest emission intensity, respectively. (c) - The spatially
resolved T/X 4 PL intensity ratio in BAPI/MoSes stack. Aeze = 640 nm.

Similar qualitative results were observed in BAPI/MoSe, stack. In Figure 6.8, I present
the false color maps of the integrated PL intensity of (a) - X4 (from 1.636 €V to 1.650 eV) and
(b) - T (from 1.600 eV to 1.630 eV) in BAPI/MoSe, stack. I observe that the PL intensity
of both neutral and charged exciton is reduced in the HS region compared to bare MoSe,.
Simultaneously, the T/X 4 PL intensity ratio is increased - from around 8 on bare MoSe, to
around 18 in the HS region, as presented in Figure 6.8 (c¢). All these observations suggest
the presence of CT from MoSe; to BAPI.

To gain a better insight into the origin of the IX peak, I study its PL intensity in the
spatial mapping experiment. In Figure 6.9, I show the false color PL intensity maps of IX
in (a) - PEPI/MoSe; and (b) - BAPI/MoSe, stacks. The maps were obtained by integrating
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6.3. Signatures of CT and formation of IXs in PEPI/MoSe; and BAPI/MoSe, stacks

Figure 6.9: The false color PL intensity map of IX in (a) - PEPI/MoSes and (b) - BAPI/MoSes
stacks. The maps were obtained by integration of the IX peak in the range (a) - from 1.40 eV to
1.57 €V, and (b) - from 1.35 eV to 1.55 eV.

the PL intensity of IX peak from 1.40 eV to 1.57 ¢V in PEPI/MoSe; and from 1.35 €V to
1.55 eV in BAPI/MoSe, stack. Importantly, in both structures, the IX peak is observed only
in the HS region. This observation supports the early conclusion that the peak originates

from the interlayer exciton transition.
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Figure 6.10: The PL decays of T on bare MoSes (Tparp - green spheres) and in the HS region
(Twg - black spheres) in (a) - PEPI/MoSe; and (b) - BAPI/MoSe; stack. The decays were extracted
from the streak images. The IRF is shown as blue spheres. Fits with the exponential functions

convoluted with IRF are shown as red solid curves.

Another signature of the CT in PEPI/MoSe, and BAPI/MoSe, stacks was observed in
the time-resolved PL experiment. The PL decays (extracted from the streak camera images)
were obtained by the resonant excitation in the Xp state of MoSey (Aeze = 666 nm). As the

PL intensity of X4 in the HS region in both samples was too low, I could not obtain the
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6.3. Signatures of CT and formation of IXs in PEPI/MoSe; and BAPI/MoSe, stacks

PL decays of the X4 transition. In Figure 6.10, I show the PL decays of T on bare MoSe,
(Tgare - green spheres) and in the HS region (Tys - black spheres) in (a) - PEPI/MoSes
and (b) - BAPI/MoSe, stacks. To estimate the PL decay times of the charged excitonic
transitions, 1 fit the PL decays with the convolution of the instrument function response
(IRF - shown as blue spheres) with the exponential functions. For PEPI/MoSe, stack, I fit
the biexponential I(t) = Ajexp(—t/m) + Asexp(—t/m2) + Iy, and for BAPI/MoSe, stack,
I fit the monoexponential function I(t) = Ajexp(—t/m) + Iy, where A (7) is the amplitude
(decay time), Iy is the background level, and subscripts 1 and 2 denote the component 1 and
2. In PEPI/MoSe, stack, the charged exciton on bare MoSe; exhibits a biexponential decay
with a short and long component of 23 ps and 136 ps, respectively. In the HS region, the
PL decay of T is comparable to IRF and I cannot estimate the decay time of this transition.
However, it is clear that the PL decay time of T in the HS region is several times shorter
compared to T on bare MoSe;. The reduced decay time of charged exciton PL indicates
that an additional relaxation channel for T was formed in the HS region. According to the
predictions of band alignment, the channel that reduces the population of charged excitons
and increases its decay rate is the transfer of holes from MoSe; to PEPI.

The same qualitative results were observed in BAPI/MoSe; stack. The charged exciton
on bare MoSe, and in the HS region exhibits a monoexponential decay with a PL decay time
of around 125 ps and 32 ps, respectively. Therefore, the PL decay time of T in the HS region
is reduced by a factor of 4 with respect to bare MoSe,. This PL decay time shortening, like
in PEPI/MoSe, stack, implies the influence of the CT from TMD to the perovskite layer.

_l exlo: 5|22 Inml

PL intensity (arb. u.)

140 145 150 155 160 1.65 1.70
Energy (eV)
Figure 6.11: The PL spectrum in the HS region in PEPI/MoSes stack at Aeze = 522 nm. The

blue arrow indicates a weakly visible X 4 peak.

To better understand the origin of the IX peak, I also conduct the PLE experiment

employing the excitation range covering the perovskite and TMD absorption, i.e. from
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6.3. Signatures of CT and formation of IXs in PEPI/MoSe; and BAPI/MoSe, stacks

1.80 eV to 2.65 eV. Importantly, when exciting resonantly the Xpgp; or Xgaps state, in
the PL spectrum in the HS region, a strong low-energy emission of PEPI or BAPI at
~ 1.80 eV covered mostly the weak peak of the X, transition, as shown by a blue arrow
in Figure 6.11. Therefore, the PLE spectrum of X, in the HS region could not be obtained
in both samples. Hence, in the PLE experiment, [ monitor the PL intensities of X4 and T on
bare MoSes, and T and IX in the HS region. The PL intensities were obtained by integrating
the respective peaks, and normalized to the PL intensity of the corresponding peaks at
1.86 eV.
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Figure 6.12: The PLE spectra in (a) - PEPI/MoSey and (b) - BAPI/MoSe; stack. Violet empty
and full triangles indicate the PL intensities of X4 and T peaks, respectively, on bare MoSes. In the
HS region in PEPI/MoSes stack, the orange and red spheres represent the PL intensities of T and
IX, respectively. In the HS region in BAPI/MoSey stacks, the cyan and green spheres represent
the PL intensities of T and IX, respectively. Black curves are the first derivative RC spectra on
bare MoSes, bare PEPI and bare BAPI. The blue, green and red rectangles roughly indicate the

excitation energy range of Xp, Xpppr and Xpaprs, respectively.

First, I will discuss the PLE spectra in PEPI/MoSe, stack presented in Figure 6.12 (a).
For bare MoSes, starting from the low excitation energy and moving toward high energies, the
PL intensities of X4 and T are initially enhanced with the maximum at around 1.86 eV. In the
literature, the reported exciton B (Xp) absorption energy in the hBN-encapsulated MoSe, is
~ 1.86 eV [269-272]. The Xp transition at ~ 1.86 eV is also evidenced by a first derivative
RC spectrum collected on bare MoSes (shown as a black curve). Therefore, I attribute the
observed PLE peak to the excitation of X, and T via the Xp state. When the excitation
energy is increased from 1.86 eV, the PL intensity of X4 and T decreases as a result of shifting
away from the absorbing excitonic B state [204, 293]. Another small resonance of X, and

T is observed at ~ 2.05 eV. This PL intensity enhancement may correspond to the excitation
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6.3. Signatures of CT and formation of IXs in PEPI/MoSe; and BAPI/MoSe, stacks

of X4 and T via the excited state of Xp [73]. When the excitation energy is further increased,
the PL intensities of neutral and charged excitons are roughly constant.

In the HS region in PEPI/MoSe, stack, the shape of the PLE spectrum of T is similar
to the spectrum of bare MoSes. The PL intensity of T increases, as the resonance with Xpg
is approached, and above around 1.98 eV, the PLE spectrum of T is mostly flat. In the PLE
spectrum of IX, two peaks can be distinguished - at 1.85 eV and 2.36 eV. The low-energy
peak corresponds to X g, whereas the high-energy peak is attributed to the Xpgp; transition
as evidenced by comparison with the first derivative RC spectra on bare MoSe; and bare
PEPI shown as the black curves. Therefore, I can interpret the observed PLE peaks of IX
as a consequence of the excitation of IX via Xpg in MoSe, and Xpgp; in the PEPI layer.
The possibility of the IX excitation via both constituent materials in PEPI/MoSe, stack
is another indication that IX peak corresponds to the recombination of interlayer excitons
[7, 186].

Similar results were obtained in BAPI/MoSe, stack, as shown in the PLE spectra in
Figure 6.12 (b). On bare MoSes, the neutral and charged excitons PL exhibits a resonance
at 1.85 eV which corresponds to the excitation via Xp [269-271]. I observe also a resonance
at ~ 2.05 eV which may correspond to the excitation via an excited state of Xp [73].

In the HS region, the charged exciton peak exhibits a resonance at 1.85 eV which
I attribute to the excitation via the Xp state. Strikingly, the PL intensity of the T peak
exhibits another resonance with the perovskite Xgaps state at ~ 2.53 eV which is evidenced
by the first derivative RC spectrum on bare BAPI. Note that for PEPI/MoSe; stack no
excitation of the T peak via Xpgps state in PEPI was observed (see Figure 6.12 (a)). I will
discuss the potential origin of this PLE peak in Section 6.4. The PLE spectrum of IX exhibits
three resonances: at ~ 1.85 eV, ~ 2.38 ¢V and ~ 2.53 eV which correspond to the excitation
via the Xp state in MoSes, via the exciton state in the high-temperature phase of BAPI
(it is usually present even at 5 K [302]) and via the exciton state in the low-temperature
phase of BAPI (Xpapr), respectively. The excitation via excitonic states in both TMD and
perovskite is another piece of evidence that the IX peak corresponds to the recombination of
the interlayer excitons.

According to the DFT calculations of band structure and PDOS presented in Section 6.2,
the type II band alignment in PEPI/MoSe; and BAPI/MoSe; stacks facilitates the transfer of
the photoexcited holes from MoSe; to the PEPI or BAPI layer. The CT was evidenced by the
RL, PL, spatial mapping, PLE and time-revolved PL experiments and it has two important
consequences presented schematically in Figure 6.13. On one hand, the CT (indicated by
green curved arrows) leads to the increased concentration of free electrons (green dots) in

the MoSe, layer. These electrons interact with neutral excitons and form charged excitons,
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(a) PEA* . . (b) PEA* ) .
MoSe, or BA* Pbl, MoSe, or BA* Pbl,
CBM _6@. CBM Q‘Q
T
® ©
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Figure 6.13: Proposed mechanism of (a) - T and (b) - IX formation in PEPI/MoSe; and
BAPI/MoSes stacks. The blue, red and green rectangles indicate the VB and CB in MoSey, PEA™
or BAT, and PbI;~ layers, respectively. The blue (green) dots represent the holes (electrons). The
green curved arrows indicate the hole transfer from MoSes to the PEPI or BAPI perovskite layer.

The blue-green shape indicates the formation of (a) - T and (b) - IX.

as presented by the blue-green shape in Figure 6.13 (a). Additionally, the electrons located
in the MoSe, layer bind with the holes (blue dots) transferred to the PEPI or BAPI layer
and form IXs, as shown by the blue-green oval in Figure 6.13 (b).

6.4 Manipulation of the excitation transfer mechanism
in PEPI/MoSe; and BAPI/MoSe;

In this Section, I will discuss the possibility of controlling the mechanism of excitation
transfer in 2D perovskite/TMD stacks by employing different organic spacer compounds in
the 2D perovskite material.

In the PLE spectrum in Figure 6.12 (b), I observed that the PL intensity of T in the
HS region in BAPI/MoSe, stack exhibits two resonances - at 1.85 eV (corresponding to
the excitation via Xp) and 2.53 eV (corresponding to the excitation via Xpaps state).
According to the literature, I conclude that the energy of Xgap; is close to the energy
of the exciton C in the band nesting region of the Brillouin zone in monolayer MoSe,
[73, 97, 98, 235]. As the transfer of electrons from BAPI to MoSey is energetically

unfavorable, the observed resonance in the PLE spectrum of T at 2.53 eV suggests the
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6.5. Properties of IX in PEPI/MoSe; and BAPI/MoSe, stacks

presence of the ET. Therefore, in BAPI/MoSes stack, next to the transfer of holes from
MoSe; to BAPI, there is also ET from the ground exciton Xpgap; state to the exciton
C state in MoSe;. Importantly, no resonance of T via Xpgp; state was observed in
the HS region in PEPI/MoSe, stack (see Figure 6.12 (a)). This is expected since the
energy of Xpgpr is much lower than the energy of the exciton C and much higher than
the energy of exciton B in MoSey [97, 98]. These experimental results highlight the
important role that the organic spacers play in determining the optical properties of
2D perovskite/TMD stacks. By simply employing 2D perovskites with different organic
spacer cations, the excitation transfer (via the ET mechanism) can be enabled or disabled
which strictly depends on the energy resonance of the excitonic states in 2D perovskite and
TMD constituents.

6.5 Properties of IX in PEPI/MoSe; and BAPI/MoSe,

stacks

In this Section, I will discuss further the properties of IX in both investigated stacks.

u.)

——BAPI/MoSe, —fit
PEPI/MoSe, ——IRF
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Figure 6.14: The PL decays of IX in PEPI/MoSes (green curve) and BAPI/MoSey (red curve).
Fits with bi-exponential functions are shown as black solid curves. The IRF is shown as a blue

curve.

To assess the PL decay time of IX, I conduct the time-resolved PL experiment in the
ns time domain. In Figure 6.14, I present the PL decays of IX collected in PEPI/MoSe,
(green curve) and BAPI/MoSe; (red curve). The PL decays were fitted with bi-exponential

97



6.5. Properties of IX in PEPI/MoSe; and BAPI/MoSe, stacks

functions (black curves). The average IX decay time was calculated according to the formula
Tavg = (A178 + As73)/(A171 + Aama), where Ay (Az) and 7y (72) is the fitted amplitude and
decay time for component 1 (2) of the PL decay of IX. In PEPI/MoSe, stack, the short
and long decay time components are 109 ns and 618 ns, respectively, giving an average
decay time of 484 ns. In BAPI/MoSe, stack, the short and long components are 173 ns and
636 ns, respectively, with an average decay time of 515 ns. Therefore, the average decay
time of IX in both stacks is more than 3 orders of magnitude longer than the decay time of
T on bare MoSe,, as was shown in Section 6.3. The long PL decay time of IX stems from
the large spatial separation of electrons and holes that bind across the interface [7, 8, 299].
The large inter-carrier distance reduces the overlap of the carrier wavefunctions which in
turn significantly reduces the IX oscillator strength leading to an increased recombination
time. The several orders of magnitude longer decay times of IX with respect to the intralayer
excitons were previously reported in other van der Waals stacks, such as MoS;/MoSes /MoSs
or MoSe;/WSes [7, 8]. The multi-exponential PL decay of IX observed in both PEPI/MoSes
and BAPI/MoSe, stacks might be an indication that the adhesion between the TMD and
perovskite flakes is nonhomogenous and the 2D perovskite-TMD distances fluctuate across the
excitation spot. The distance variations between the electrons and holes lead to differences
in the PL decay time resulting in the multi-exponential IX decays.
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Figure 6.15: (a) - The PL spectrum in the HS region in PEPI/MoSes stack. The IX peak (black
spheres) is fitted with two Gaussian components (blue and cyan curves). The fit is shown as a red
curve. (b) - The positions of the IX components 1 and 2 as a function of the excitation power in
PEPI/MoSe; stack. (c) - The PL power dependence of the IX components in PEPI/MoSes stack.

The fits with the power law function are shown as blue and cyan solid lines.

In Figure 6.15, 1 present the results of the power-dependent PL experiment for IX
transition in PEPI/MoSe; stack. To evaluate the dependence of the peak position and
PL intensity on the excitation power, I fit the IX peak with two Gaussian functions, as
shown in the PL spectrum in Figure 6.15 (a). As presented in Figure 6.15 (b), both the
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high-energy component (I will refer to it as peak 1) and the low-energy component (peak 2)
are gradually blueshifted when the excitation power is increased - peak 1 shifts by around
13 meV, while the shift of peak 2 is on the order of 65 meV. In Chapter 1, I discussed that the
[Xs are composed of electrons and holes that bind across the interface forming a permanent
out-of-plane electric dipole [301, 303]. When the excitation power is increased, the density of
photogenerated [Xs also increases. The IX dipoles start interacting with each other and the
repulsive interactions then lead to the shift of the IX energy states towards higher energies
[8, 301]. The blueshift of the IX emission peak on the order of 10 meV to 50 meV was
previously observed in other van der Waals stacks, such as MoSes/WSe, [7, 8, 301, 303].

In Figure 6.15 (c), I present the PL intensity of the IX components as a function of the
excitation power. The fitting of the extracted PL intensities with a power law function gives
the exponent b of ~ 0.98 for peak 1 and 0.91 for peak 2. The obtained b is not typical
for IXs in TMD/TMD stacks, where the power dependence is usually sublinear [7-9, 301].
The sublinear dependence occurs as a consequence of saturating the available IX states -
an effect resulting from the fact that the CT rate is orders of magnitude faster than the
IX recombination rate - the reported CT rates in TMD/TMD stacks are in the fs regime,
whereas the IX decay times are in the ns regime [7, 8, 28, 187, 188, 204]. The almost linear
power dependence observed in PEPI/MoSe, stack suggests that the excitation power was too

low to saturate all the available IX optically active states.
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Figure 6.16: (a) - The PL spectrum in the HS region in BAPI/MoSes stack. The IX peak (black
spheres) is fitted with two Gaussian components (red and green curves). The fit is shown as a cyan
curve. (b) - The positions of IX components as a function of the excitation power in BAPI/MoSes
stack. (c) - The PL power dependence of the IX components in BAPI/MoSe; stack. The fits with

a power law function are shown as red and green solid lines.

In Figure 6.16, I present the PL power dependence studies in BAPI/MoSes stack.
Similarly to PEPI/MoSe, stack, the IX peak is fitted with two Gaussian functions, as

shown in Figure 6.16 (a). It is important to note that the low-energy component (peak
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2) emerges at a power of ~ 1 pW, while the high-energy component (peak 1) is present
in the whole excitation power range. Interestingly, the blueshift of peak 2 with increasing
excitation power is much more pronounced in BAPI/MoSe, than in PEPI/MoSe, stack which
suggests its different origin. The obtained positions of peak 1 and peak 2 show the maximum
blueshift of 73 meV (for peak 1) and 55 meV (for peak 2), as shown in Figure 6.16 (b).
In Figure 6.16 (c), I present the power dependence of the IX emission intensity. The
fitting with the power law function has given the exponent of 0.90 for peak 1 and 1.24 for
peak 2. The superlinear power dependence of peak 2 also implies that its origin is different
than the origin of the low-energy component in PEPI/MoSe, stack. Further studies are
needed to better understand the power dependence of IX in 2D perovskite/TMD stacks.

6.6 Conclusions

In this Chapter, I confronted the theoretically predicted band alignment with the
steady-state and time-resolved spectroscopic studies of PEPI/MoSe; and BAPI/MoSe; van
der Waals stacks. The DFT calculations have shown that both stacks exhibit a particular
type II band alignment, where the transfer of electrons from the perovskite to MoSe, layer
is blocked by a barrier introduced by the organic spacer.

According to the presented spectroscopic results, the main mechanism of excitation
transfer in the investigated stacks is the CT. Following this process, the electron in MoSe,
and the hole in perovskite bind across the interface giving rise to IX, observed as a broad,
asymmetric PL peak below the energy of intralayer excitons of MoSe,.

In this Chapter, I have also shown that the influence of the organic spacers on the band
structure in 2D perovskites enables the manipulation of the excitation transfer mechanism
in 2D perovskite/TMD stacks. In the PLE experiment, I have shown that by using different
organic spacers, the energy of the exciton states in 2D perovskite material can be shifted
to enable resonance with the exciton states in the TMD layer. As a result, in BAPI/MoSe,
stack the ET is observed, while in PEPI/MoSe, stack it is not.
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Conclusions and outlook

The subject of van der Waals stacks composed of 2D perovskites and monolayer TMDs
is a fairly new topic of research, where the understanding of their fundamental electronic
properties is still lacking. The results presented in this thesis obtained by means of
optical spectroscopy at low temperature provide an important insight into the mechanism of
excitation transfer and its manipulation in 2D perovskite/TMD heterostructures.

The studied heterostructures were composed of one of the most understood representative
materials from both families, namely the PEPI and BAPI perovskites, and WS, and MoSe,
monolayers.

The first principle calculations (obtained in cooperation with the University of Dresden)
have shown that all investigated heterostructures exhibit type II band alignment, where the
transfer of electrons from the perovskite to the TMD layer is blocked by a high-energy barrier
introduced by the organic spacer.

In PEPI/WS, stack, the increased charged-to-neutral exciton PL intensity ratio in the HS
region was a hallmark of an increased excess electron concentration. The ET was evidenced
in the PLE experiment - the PL intensities of neutral and charged excitons of WS,y were
increased when the ground or excited PEPI exciton states were resonantly excited.

In both PEPI/MoSe; and BAPI/MoSe; heterostructures, the signature of the transfer
of holes was the formation of IX. The IX was observed as a broad PL peak redshifted with
respect to the energy of excitons of bare MoSe, and bare PEPI or BAPI.

Apart from CT, the ET was also evidenced in BAPI/MoSe, stack. The results from
the PLE experiment have shown that the ET takes place from BAPI exciton state to the
exciton C state in MoSe;. The ET was not observed in PEPI/MoSe, stack, where the exciton
states in PEPI and MoSe; are not in resonance.

In this thesis, I have shown that the main mechanism of excitation transfer in
2D perovskite/TMD stacks is via the CT but the transfer via ET can emerge when
different organic spacer compounds are employed in 2D perovskite. The results obtained

in this work pave the way for future research of the rich family of heterostructures that is
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2D perovskite/TMD stacks. For instance, the mechanism of the ET could be further
investigated by estimating the ET rate as a function of temperature. This would enable to
distinguish FRET from Dexter ET mechanism, where the transfer of both carriers from one
material to the other in heterostructures with type Il band alignment would be a thermally
activated process. More detailed insight into the dynamics of CT and ET could be provided by
transient absorption spectroscopy. Furthermore, to investigate the possibility of the transfer
of spin, the polarization-dependent PLE spectroscopy could be employed. In the future,
the efficient CT in 2D perovskite/TMD stacks could find applications in ultrathin, wearable

photovoltaic devices.
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