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Abstract

The research reported in the thesis entitled *Optical properties of thin layers of transition metal
dichalcogenides’ focuses on physical phenomena which emerge in the limit of two-dimensional
(2D) miniaturisation when the thickness of fabricated films reaches an atomic scale. The im-
portance of such man-made structures has been revealed by the dynamic research on graphene:
a single atomic plane of carbon atoms arranged in honeycomb lattice. Graphene is intrinsically
gapless and therefore mainly explored with respect to its electric properties. The investigation
of semiconducting materials which can also display the hexagonal crystal structure and which
can be thinned down to individual layers, bridges the concepts characteristic of graphene-like
systems (K-valley physics) with more conventional properties of semiconductors. This has
been indeed demonstrated in a number of recent studies of ultra-thin films of semiconducting
transition metal dichalcogenides (sc-TMD). Particularly appealing, from the point of view of
optical studies, is a transformation of the bandgap alignment of sc-TMD films, from the indi-
rect bandgap bulk crystals to the direct bandgap system in single layers. The presented thesis
work provides a comprehensive optical characterisation of thin structures of sc-TMD crystals.
The manuscript is divided into five parts: three main chapters with a preceding introduction
and the appendix reporting the supplementary studies of another layered material: hexagonal

boron nitride.

Introduction. The fundamental properties of the investigated crystals are presented, es-
pecially those which are important from the point of view of optical studies. The discussion
includes information on the crystal structure, Brillouin zone and electronic band structure.
Also, the general description of the samples’ preparation process and experimental set-up

is provided.

Chapter 1. Basic optical characterisation of excitonic resonances in mono- and

multi-layers of sc-TMDs. The optical response, as seen in the reflectance and lumines-
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cence spectra of thin sc-TMDs is analysed (mostly for MoSe, and WSey materials). The
impact of the number of layers and temperature on the optical resonances is studied and

interpreted in details. The complementary time-resolved study is also presented.

Chapter 2. Zeeman spectroscopy of excitonic resonances in magnetic fields. The
evolution of the optical resonances in an external magnetic field, applied perpendicularly to
the layers of sc-TMD materials is investigated. Based on these results, a phenomenological
model is developed aiming to describe the linear with magnetic field contributions to the
energy of individual electronic states in fundamental sub-bands of sc-TMD monolayers.
Furthermore, the effects of optical pumping are investigated in WSe, monolayers, which

can be tuned by tiny magnetic fields.

Chapter 3. Single photon sources in thin sc-TMD flakes. The uncovering of lo-
calised narrow lines emitting centres at the edges of thin exfoliated sc-TMD flakes is dis-
cussed. The optical investigations provide information on their fundamental properties.
The presented study covers a broad range of topics, such as the impact of temperature and
magnetic field on the optical response of the emitting centres, analysis of their polarisation

properties and excitation spectra as well as photon correlation measurements.

Appendix A. Single photon emitters in boron nitride crystals. Hexagonal boron
nitride also belongs to the family of layered materials, but it exhibits much larger band
gap than semiconducting transition metal dichalcogenides. Narrow lines emitting centres
have been observed in boron nitride structures, which reveal multiple similarities to defect
centres in wide gap materials. They are characterised in a similar manner as the emitting

centres in WSes.



Résumé

[’étude intitulée « Propriétés optiques des couches minces de dichalcogénures de métaux de
transition » vise les phénomeénes physiques émergeant a la limite de la bidimensionnalité, lorsque
I’épaisseur du composé ciblé est a I’échelle atomique. Les effets de la dimensionnalité réduite sur
les propriétés physiques furent initialement explorés dans le graphéne. Les études concernant
ce composé se concentrent surtout sur ses propriétés de transport puisque le graphéne lui-
méme n’a pas bande interdite. Les sc-TMD, en plus de présenter une structure atomique et
électronique similaire au graphéne (vallée aux points K dans la zone de Brillouin), peuvent
également étre produit sous forme de couche monoatomique. Ainsi, plusieurs études révélérent
que ces composés en couche mince combinent des propriétés découlant de leur caractere 2D
en plus des caractéristiques typiques des semi-conducteurs. De plus, la dimensionnalité de ces
composés joue un role important dans la structure électronique. Plus précisément, les sc-TMD
présentent dans le régime tridimensionnel un gap indirect qui devient direct lorsque les composés
sont sous la forme d'une monocouche. Cette thése est une étude compléte des propriétés
optiques des composés sc-TMD. Le manuscrit en question est divisé en cinq parties : trois
sections principales précédées par une introduction. L’ensemble est complété par une annexe

présentant des études complémentaires sur un autre composé lamellaire : le nitrure de bore

hexagonal (h-BN).

Introduction : Les propriétés fondamentales des composés étudiés sont présentées en met-
tant 'accent sur celles qui jouent un role important dans la réponse optique de sc-TMD.
Plus précisément, on y retrouve des informations sur la structure cristalline et la structure
de bandes électroniques. Cette section détaille également le processus de préparation des

échantillons ainsi que les divers montages expérimentaux utilisés.

Chapitre 1 : Caractérisation optique de base des excitons en résonance dans les

couches et les multicouches de sc-TMD. La réponse optique des composés (surtout le
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MoSe, et le WSe,) obtenue par spectroscopie de réflexion et par spectroscopie d’émission est
interprétée. En particulier, I'impact du nombre de monocouches et de la température sur
celle-ci est discuté. De plus, une étude complémentaire de ces propriétés optiques résolue

temporellement y est insérée.

Chapitre 2 : Spectroscopie Zeeman des excitons résonants sous champ magné-
tique. L’évolution des résonances optiques en fonction d’un champ magnétique appliqué
perpendiculairement aux couches est I’'objet de cette section. Un modéle phénoménologique
décrivant la dépendance en champs magnétique de I'énergie des états électroniques est dérivé
directement des résultats expérimentaux présentés dans cette section. L’effet de pompage
optique est également étudié dans la monocouche de WSes, effet qui est trés sensible aux

champs magnétiques.

Chapitre 3 : Emetteurs de photons uniques dans les couches minces de sc-TMD.
La découverte de raies d’émission fines et localisées sur de minces cristallites de sc-TMD
est présentée, suivie d’une étude approfondie sur leur nature et leurs propriétés. Entre
autres, leur évolution en fonction de la température, leur sensibilité aux champs magnétiques
appliqués et leur polarisation sont discutées. Finalement, la spectroscopie de corrélation de

photon est utilisée pour vérifier le caractére « source de photon unique » de ces émetteurs.

Annexe A : Emetteurs de photons uniques dans le nitrure de bore hexagonal.
Le h-BN partage de nombreuses caractéristiques avec les sc-TMD tout en se distinguant de
ceux-ci par la présence d’un gap électronique significativement plus grand. Certaines régions
cristallines se comportent comme des défauts ponctuels, dans les matériaux caractérisés par
leur large gap, en présentant des raies d’émission fines. Ces régions partagent une similarité

frappante avec les émetteurs de photons uniques observés dans le WSe,.



Streszczenie

Badania opisane w rozprawie pod tytutem "Optyczne wtasnoéci cienkich warstw dichalkogenkow
metali przejsciowych" dotycza zjawisk fizycznych, ktére pojawiaja sie w granicy dwuwymiarowe;j
miniaturyzacji, gdy grubos$é¢ struktur osiaga skale atomowa. Znaczenie takich wytworzonych
przez czlowieka struktur dla zrozumienia podstawowych wtasno$ci materialéw ujawnilo sie
podczas dynamicznie rozwijajacych sie badan nad grafenem: pojedynczej warstwie atomow
wegla utozonych w strukture heksagonalna. Grafen, jako materiatl bez przerwy energetycznej,
byt rozpatrywany gtéwnie pod katem wtasnosci elektrycznych. Badania materialow potprze-
wodnikowych, réwniez charakteryzujacych sie struktura heksagonalng, dla ktérych udalo sie
odizolowa¢ pojedyncze warstwy, tacza nowe idee wywodzace sie z odkrycia szczeg6lnych cech
grafenu (fizyka dolin w punkcie K strefy Brillouina) z wiedza o bardziej typowych wtasciwosciach
polprzewodnikéw. Rzeczywiscie, nowego typu zjawiska zostaly zademonstrowane w licznych,
prowadzonych ostatnio, badaniach ultra-cienkich warstw potprzewodnikowych dichalkogenkow
metali przej$ciowych. Szczegdlnie interesujace, z puntu widzenia badan optycznych, wydaje sie
odkrycie zmiany charakteru przerwy energetycznej, ktora jest skosna w krysztalach objetos-
ciowych, ale staje sie prosta dla pojedynczej warstwy materitu. Opisane w tej pracy badania
wykorzystuja szczegétowa charakteryzacje optycznych wlasnosci cienkich struktur dichalko-
genkow metali przejsciowych jako podstawe do rozwazan na temat ich wtasnosci elektronowych.
Manuskrypt sktada sie z pieciu czesci: trzech gtéwnych rozdziatow poprzedzonych wstepem i
uzupetionych dodatkiem, w ktérym omowione zostaly badania dotyczace innego przedstaw-

iciela materiatow warstwowych: heksagonalnego azotku boru.

Wstep. Przedstawione zostaly podstawowe wtasnosci badanych krysztalow, szczegolnie is-
totne z punktu widzenia badan optycznych. Dyskusja obejmuje informacje o strukturze
krystalicznej, strefie Brillouina i elektronowej strukturze pasmowej. Ponadto oméwiono

ogo6lnie proces wytwarzania probek i gléwne cechy uktadow doswiadczalnych.

XI



Rozdzial 1. Podstawowe wtasnosci optyczne rezonansow ekscytonowych w poje-
dynczych warstwach i1 wielowarstwach potprzewodnikowych dichalkogenkow met-
alt przejSciowych. Przeanalizowano optyczng odpowied7 cienkich struktur dwuselenku
molibdenu (MoSes) i dwuselenku wolframu (WSes), badana poprzez pomiary widm odbicia
i luminescencji. Szczegbltowo zinterpretowano dane do$wiadczalne dotyczace wpltywu liczby
warstw oraz temperatury na energie i szerokos¢ optycznych rezonansow. Uwzgledniono

takze uzupelniajace badania rozdzielone w czasie.

Rozdzial 2. Spektroskopia Zeemana rezonansow ekscytonowych w polu magne-
tycznym. Zbadano wplyw pola magnetycznego, przytozonego prostopadle do powierzchni
badanych struktur, na przejscia optyczne. Na podstawie otrzymanych wynikoéw opracowano
fenomenologiczny model majacy na celu opis liniowych z polem magnetycznym wktadow do
energii indywidualnych stanow elektronowych w podstawowych podpasmach pojedynczych
warstw dichalkogenkow metali przejsciowych. Ponadto przeanalizowano efekty zwigzane
z pompowaniem optycznym w pojedynczych warstwach WSe,, ktorego wydajno$é mozna

zwiekszy¢ poprzez przytozenie niewielkiego pola magnetycznego.

Rozdzial 3. Zrddta pojedynczych fotonéw w cienkich warstwach pétprzewodnikowych
dichalkogenkow metali przejsciowych. Przedyskutowano odkrycie centréw emitujacych
Swiatlo w postaci cienkich linii widmowych w eksfoliowanych strukturach dichalkogenkow
metali przejéciowych. Optyczne badania dostarczyty informacji o ich podstawowych wtas-
no$ciach. Przedstawione badania dotycza wplywu temperatury i pola magnetycznego na
optyczna odpowiedZ emitujacych centrow, whasnosci polaryzacyjnych oraz widm pobudza-

nia jak réwniez pomiaréw korelacji fotonow.

Dodatek A. Emitery pojedynczych fotonow w krysztatach azotku boru. Heksago-
nalny azotek boru roéwniez nalezy do rodziny materialow warstwowych, lecz charakteryzuje
sie znacznie wieksza przerwa energetyczna niz dichalkogenki metali przej$ciowych. Centra
emitujace waskie linie widmowe takze zostaly zaobserwowane w strukturach azotku boru.
Wykazuja one cechy upodabniajace je do barwnych centréw w innych materiatach szeroko-
przerwowych. Emitery w azotku boru zostaly scharakteryzowane podobnie jak emitery w

krysztatach WSe,.



Introduction

The investigations of atomically thin layers of semiconductor materials, together with the pre-
ceding study of (practically) gapless graphene, constitute a new domain in physics, recently
emerging in solid state science [1]. This turning point in the general study of condensed matter
comes from a simple observation, that at the limit of 2D miniaturisation (when the thickness
of structures reaches atomic scale) the material properties may undergo drastic changes. This
finding laid the groundwork for a dynamic activity aiming to revisit often widely explored areas
of research, which seemingly appear to be developed to a degree that everything is perfectly
understood. One example of such tendency is related to the optical studies of semiconducting
transition metal dichalcogenides (sc-TMD). The bulk crystals of these materials were inves-
tigated a few decades ago in context, e. g., of their potential utility for photovoltaic and

photocatalitic applications [2, 3].

Now, several years have passed since the processing of sc-TMD materials has been mas-
tered to a degree, that individual layers can be isolated and incorporated into heterostructures.
The importance of this technological step, suffice it to say, is already seen in discovery of nu-
merous appealing features demonstrated uniquely by single and/or a few layers of sc-TMD.
The understanding of the electronic properties of these new systems, together with the related
physical phenomena, is challenging. It often requires extension of the conventional approach
of Schrédinger quantum physics to incorporate new ideas characteristic of quantum electro-
dynamics (such as massive Dirac electrons [4]). Fortunately, a lot of relevant concepts have
already been developed during the ’graphene period’ and the investigations of sc-TMD struc-
tures clearly benefit from them. Still, the introduction of these ideas into semiconductor sys-
tems is never straightforward, therefore the vast majority of current research is at the very
basic level. It is noteworthy to emphasize, that fabricating thin films of sc-TMD opened up
exploration paths extending beyond traditional methods of semiconductor physics. More and

more common become approaches inherited from other branches of science, such as soft matter

1



2 Optical properties of thin layers of transition metal dichalcogenides

physics (lnveStlgatlon of mem- Figure 0-1: The crystal structure of a Crystal structure
branes [5,6]), chemistry (bonds’ monolayer sc-TMD is demonstrated. of TMDs monolayers
It is constructed from molecules of Top view

engineering [7,8]) and surface chemical formula MX,, so that the Y\’,Y \’/Y
; ; t distributed th -
study (tunnelling and atomic atoms distributed over three sepa- | o g’ g ¢’ 9" @

) rate planes form a hexagonal config- : (

force microscopy [9’ 10])' The uration. The two outer planes con- ‘YYYYYYY Y
main driving forces behind tain chalcogen atoms (e. g., S, Se, 5 \ Y \,
Te) and the middle plane stretches Y Y Y Y Y

over metal atoms (e. g., W, Mo).

these endeavours are to un-

cover the compendious set of Due to the presence of two differ- Side view
ent atoms in an elementary cell, the

properties, search for new po- equivalence of the two triangular sub-

tential functionalities and sat- lattices is lifted, which has profound
) ) ] consequences for the band structure
isfy the intellectual craving to of sc-TMD structures. Bulk crystals

comprehend the fundamentals of sc-TMD exist in different phases.
They are distinguished by the way,

Auxiliary view

of these truly two dimensional how monolayers are stacked on top

systems. of each other.

The purpose of this thesis
is to contribute to this research in terms of comprehensive optical characterisation of me-
chanically exfoliated sc-TMD structures. The majority of this work will be devoted to the
investigation of specimen based on WSe; and MoSe, structures. However, when needed, the
analysis will include information about other compounds from sc-TMD family (MoSs, WS,,
WTey). The optical properties of semiconductor systems are inherently linked to their elec-
tronic band structure, which is related to the arrangement of atoms (or ions) in the crystal
lattice. Therefore the presentation of the crucial information on the crystal structure of the
investigated crystals and consequently the characteristics of the electronic states relevant for

the fundamental optical transitions is the main purpose of this introduction.

0.1. Crystal structure of sc-TMDs materials; important points in the reciprocal

space and thickness-dependent electronic band structure

Sc-TMDs belong to a group of layered materials, in which bulk crystal are composed of well
defined stacking units weakly bound by van der Waals forces. A single unit is built of molecules
with MX, chemical formula, where M stands for a transition metal atom and X for a chalcogen
atom, linked together to form an individual layer made of three parallel atomic planes. A

schematic representation of the configuration of atoms in such a monolayer is presented in
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Figure 0-1. If the metal and chalcogen atoms are projected onto a single plane, they form
a hexagonal lattice, however the presence of different atoms in the two triangular sublattices
lowers the symmetry of the structure. For instance, out of three rotational symmetries around
a hexagon’s centre (by 60°, 120° and 180°) which preserve a hexagonal lattice made of a single
type of atoms, only one (by 120°) remains valid for the lattice of sc-TMD monolayers. Also
the number of mirror symmetries with respect to planes perpendicular to the surface of the
monolayer is reduced from six to three. In other words, on could say that the symmetry
group Dgy, characteristic of graphene (in uniform environment) is reduced to Dg), for sc-TMD
monolayers (Dg, D Dgy). Breaking the equivalence of the two triangular sublattices in sc-TMD
crystals has profound consequences for their electronic properties. A presence of a band gap
in the range roughly from 1 to 2 eV for different materials is perhaps the most important
one. The hexagonal form of the crystal structure establishes also a hexagonal shape of the
first Brillouin zone in the reciprocal space. The extrema of the electronic bands in mono- and
multilayer structures related to the fundamental optical transitions appear at I' (hexagon’s
centre), K+ /K- (inequivalent hexagon’s corners), A (located at the line segment connecting
I’ and K+ or K- points) and M (located at the line segment connecting closest K+ and K-

points).

Sc-TMDs multilayers may be found in various possible configurations determined by the
alignment of the consecutive monolayers with respect to each other. The crystals investigated
here are in 2H phase, which is likely more stable configuration that the alternative 1T and
3R phases. For 2H alignment the metal and chalcogen atoms appear on top of each other in
adjacent monolayers. In this type of stacking the elementary cell of bulk crystals is a prism
with a rhombus base containing six atoms (two MX, molecules). Therefore, a bilayer may
be considered as a basic repeated motif for this kind of crystals. The band structure of sc-
TMD in their bulk form is well-established. They have been recognized as indirect band gap
systems with the maximum of the valence band located at the I' point and the minimum of
the conduction band at either A or K+ /K- points, dependent on a particular material. This
property alone makes the bulk sc-TMD structures very inefficient emitters of light. However,
the transition to thin films, monolayers in particular, can introduce significant changes in their
electronic properties. Figure 0-2 presents a concept behind the band structure transformation
from multi- to monolayers of sc-TMD. The basic understanding of the evolution of the elec-

tronic states in sc-TMD structures with progressively decreasing thickness is related to the
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Figure 0-2: The concept of the transition from indirect

band gap character of multilayer sc-TMD structures to a Indirect to direct band gap
direct band gap system at the limit of monolayer in pre- cross-over in TMDs structures
sented. The basic idea behind this transformation is based .

conduction
on confinement effects. By squeezing the wave function of band \/
electrons and holes in the direction perpendicular to the
layers of sc-TMD structure, the energy of electronic states (=D ML \'/
is changed. The experimental evidence points out to the y y
conclusion, that the magnitude of the energy shifts of par-
ticular states located at the band extrema appears to vary deect band g) Girect band gaD
between I'y A and K+ points in the reciprocal space. In the for multilayers for monolayers
simplest view this dependence is governed by the inverse
of the effective mass of electrons and holes for conduction A
and valence bands. Therefore, if the carriers occupying K+ o
valleys are heavier than their counterparts in other valleys, (N>1) ML A

one can always find a critical thickness, for which the band
valence band

gap becomes direct. It seems that for most sc-TMD this

happens for monolayers (perhaps MoTe, is an exception,

r A K
when the transition occurs for bilayers). L J

emerging confinement of the carriers. It a simplistic view, the alternation of the energy of the
electronic states may be described in terms of an infinite potential well with a barrier width
equal to the thickness of the sc-TMD structure. The energies of the electronic states in this
canonical problem of quantum mechanics are defined exclusively by the mass of carriers and
well thickness d. We can naively extrapolate this picture on the band structure of sc-TMD ma-
terials and describe the d-dependant energy of conduction and valence states at relevant band
extrema as: AE,/,, oc 1/ (m;‘e/hd2>, where mje/h is the out-of-plane effective mass component
of electrons or holes. The transformation of the indirect band gap of bulk crystals into a direct
band gap system at monolayer limit for most of the sc-TMD materials is strongly supported
by numerous experimental and theoretical investigations. This finding implies that the impact
of the thickness reduction on the energy of the electronic states differs starkly for the I', A and
K+ points in the reciprocal space. Based on invoked arguments, we can therefore speculate
that electrons and/or holes occupying the K+ /K- valleys have larger our-of-plane mass than
their counterparts in I" or A points. In that case, the rise of the gap between valence and
conduction states with the decreasing number of layers is least pronounced at K+ /K- points
and eventually, at certain critical thickness, the character of the band gap has to become direct.
It is currently believed than such transformation occurs in the limit of monolayer thickness for

most of the sc-TMD materials.
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Energy landscape of TMDs monolayer

around fundamental band gap

conduction
band

conduction band Figure 0-3: The schematic representation of the alignment of
spin-orbit splitting

fundamental valence and conduction sub-bands, characteris-

-0.03 - 0.04 ¢V . .
¢ I ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, tic of sc-TMD monolayers, is presented. The two inequivalent

valleys at K-+ /K- valleys host massive carriers. The valence
band gap 1-2eV and conduction states, separated by the band gap of 1 - 2 eV

for various representatives of sc-TMD family, are further split

v v
/ . . \ by spin-orbit interaction. The magnitude of this splitting is

0.15-0.50 eV different for electrons (tens of meV) and holes (hundreds of

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, meV). The negative and positive values of the conduction

valence band
spin-orbit splitting

band splitting reflect the possibility of different distribution

of spins between the states in both valleys. In this regard,

Qalence band the spin up and spin down states may be pinned to lower or

upper conduction sub-bands in a particular valley.

K+ K- /‘

0.2. Band structure of monolayers of sc-TMD around fundamental band gap

The direct band gap of sc-TMD monolayers is of vivid interest from the point of view of optical
investigations. It opens up the efficient radiative recombination channels leading to observation
of robust luminescence from such structures. The feasibility of light emission spans broad
temperature range. The low temperature studies, when the emission lines appear as relatively
narrow resonances, provide the best access to the electronic properties and are relevant for
more advanced fundamental research. Most sc-TMD monolayers exhibit also room temperature
emission, which offers attractive opportunities related to optoelectronic functionalities.

In the simplest view, one can think of the band structure of a sc-TMD monolayers around
the fundamental band gap as 'gapped graphene’. This description is by far too simplified to
confront it with realistic band structures of sc-TMD monolayers, however it may be instructive
to use it for the introduction of basic concepts. In this view, the energy of carriers can be
expressed as a function of momentum, calculated with respect to the K-point of the Brillouin
zone: k = (ky, ky) = k' — K, where k' is the actual momentum of the carriers and K is a
constant vector pointing to the K-point. Then, a Dirac Hamiltonian for a system with a band

gap can be written as follows:
) A/2  hok
i / +

hok_ —A/2

where ky =k, +1ik,, A is the value of the band gap, v is a parameter called Fermi velocity and
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h is a reduced Planck constant. In a rigorous approach one should account for the existence
of two inequivalent corners of hexagonal Brillouin zone (K+/K-), e. g. by introducing two
momentum quantities (k; and ks) corresponding to each valley. However, as far as solely the
energy dispersion is concerned, there are no consequences of this distinction. The exact solution

for the eigenvalue problem for the presented Hamiltonian are given by:

E (k)= i\/<%)2 + (hok)?

For large values of k% = k§+k§, away from the K point of the Brillouin zone, the linear dispersion

appears in the same form as for graphene. On the other hand, for small k (|k| < A/hv) one

can consider a first order approximation of the exact dispersion relation to recover parabolic

A 2+21.2
E(k)%:l:(—%—vhk)

character of bands:

2 A

For the values of k, which satisfy the condition necessary to obtain the parabolic dispersion,
an effective mass (the same for electrons and holes) can be introduced as m* = A/2v%. Unlike
the actual gapped graphene systems (such as graphene deposited on boron nitride with a band
gap of tens of meV), the value of the band gap for sc-TMDs is large (1-2 eV). Therefore, the
parabolicity of the bands, in this case, is sustained practically for the whole range of momentum
relevant for the optical transitions involving K-point states. In is noteworthy to stress, that the
consequences of 'gapped graphene’ model for sc-TMD monolayers reach beyond the introduction
of parabolic bands at K+ /K- points of the Brillouin zone. This simple Hamiltonian supports
also the basic idea of valley selectivity exploiting the coupling of circularly polarised light with
transitions at K+ and K- points [11]. In other words, the optical transitions at K+ point
are active only in ot polarisation, while the transitions at K- point are active only in o~
polarisation. Therefore, the optical studies are rightfully designated for exploration of concepts

of so called ’valleytronics’.

Any further understanding of the realistic band structure of sc-TMD monolayers requires
compilation of experimental investigations with theoretical calculations, which are realised in
multiple more or less advanced tight binding or k.p models. The first major divergence from
conventional Dirac fermions on a honeycomb lattice is the orbital contribution to the wave func-
tions of electrons and holes in the fundamental sub-bands. They are constructed predominantly

from d-orbitals of the transition metal atoms: d; in the conduction and d4 in the valence band.
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Figure 0-4: The large spin-orbit splitting in sc-TMD monolayers,

The origin of A and B type
optical transitions

particularly robust in the valence band, can be used to classify the

optical transitions into two groups. The origin of the distinction
between so called transitions A and B is depicted in the scheme.
The lower energy transitions A (green arrows) are related to the

upper valence band states whereas the higher energy transitions

B (orange arrows) are related to the lower valence band states.

optical transitions A

optical transitions B The spin-orbit splitting for electrons is neglected here in order to

emphasize, that the alignment of conduction sub-bands is irrele-

vant for the introduction of A and B transitions (it may, however,

influence their exact energy). Both transitions can typically be
observed in absorption-type experiments for most sc-TMD mono-
and multi-layers. They appear as two resonances separated ener-
getically by hundreds of meV. It is also important to stress the
existence of valley-selective polarisation rules. The helicity of the

circularly polarised transitions is determined exclusively by the val-

ley, in which the transition takes place, regardless of it being A or

A

B type.

For a more accurate description, the minor contribution of chalcogen atoms’ p-states may be
considered, which originates from the admixture of neighbouring bands in models exceeding
a simple two-band approach. The relatively large value of the orbital momentum associated
with carriers hosted in K+ /K- valleys leads to a robust coupling of the orbital motion of the
carriers with their spin, which is further amplified by the presence of heavy metallic atoms
in sc-TMD crystals. As a consequence, a large spin-orbit splitting is seen in the conduction
and valence sub-bands [12—-15,18]. The invoked properties of TMDs monolayers altogether
determine their electronic band structure around the band gap. The alignment of fundamental
electronic sub-bands, which is now generally acknowledged to represent well the band structure
characteristic of sc-TMD monolayers, is demonstrated in Figure 0-3.

The splitting between the valence sub-bands is particularly large, of the order of hundreds
of meV, due to the [, = £2 orbitals. That feature leads to a classification of optical transitions
into two groups, as presented in Figure 0-4: lower energy transitions A involving holes from
the upper valence sub-band and higher energy transitions B involving the lower valence sub-
bands. Even though both types of transitions are significantly separated in energy, they still
share common valley-selective optical selection rules, which enable a straightforward distinction

between the optical transitions taking place in K+ and K- valleys.
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0.3. Comments on sample preparation, experimental techniques and set-ups

The samples investigated in this work were
prepared by mechanical exfoliation tech-
niques. A set of procedures has been estab-
lished, tested and gradually improved with
time to maximise the efficiency of isolating
large area thin sc-TMD structures (down
to monolayers) from synthetic bulk crys-
tals. The core steps in the exfoliation pro-
cess were inspired by the preceding work
regarding graphite crystals. These were af-
terwards adjusted to accommodate param-
eters (such as strength of adhesion, mag-
nitude/time of applied pressure, etc.) and
modifications (e. g., introducing additional

transfer from an adhesive tape to an elas-

Scheme of free beam micro-spectroscopy set-up

lens or
microscope sample

light source
(lasers, white lamp)

I

excitation path

beam-splitter

J

lens

spectrometer v

detection unit 2
(CCD, streak camera,

detection unit 1 avalache photodiode)

(CCD) detection path

Figure 0-5: A general scheme of optical micro-
spectroscopy set-up is presented. It may be

tentatively divided into three parts: excita-
tion/detection path and sample space. The sample
usually resides in a cryostat (flow cryostats and
helium baths were used), which may be equipped
with heaters enabling control of the temperature
or superconducting coils providing magnetic field.

Different ways of controlling the position of the

sample with respect to the excitation beam may

tomeric stamp) appropriate for particular be introduced (usually involving more or less pre-

sc-TMD materials in terms of the resulting cise piezo-stages).

quality, size and yield of thin exfoliated flakes [16]. The final step in the exfoliation procedure
is the deposition of the flakes on the target substrate, Si/SiO5 in our case. The substrates are
always cleaned beforehand by oxygen plasma ashing. Usually, they also have lithographically
defined golden markers (with a thin titanium layer underneath for better adherence), which act
as a reference when finding the position of the most interesting flakes.

The newly created samples undergo an initial inspection under an optical microscope. The
most promising specimen are preliminarily selected based on their optical contrast with respect
to the substrate. In the early stages of development, the thickness of the flakes was verified by
atomic force microscopy (AFM) characterisation of the exfoliated flakes. However, the emerg-
ing correlation between the actual colours of the flakes appearing in the optical images and
their thickness turns out to be surprisingly accurate. The exact correspondence is further sup-
ported by the calculations of reflectivity spectra of realistic dielectric stacks by transfer matrix

methods, combined with the calibration of the colour palette characteristic of the particular

microscope. Eventually, the thinnest structures (monolayers, bilayer, trilayers, etc.) can be
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identified exclusively by analysing their optical contrast.

The experiments performed on these samples can generally be labelled as optical micro-
spectroscopy study. The choice of realising microscale investigations is not dictated by the
small size of the exfoliated flakes as the best exfoliation approaches yielded flakes of lateral
dimensions reaching up to hundreds of micrometres. Actually more relevant (almost certainly)
is a rather poor quality of the currently available crystals of sc-TMD materials. The exfo-
liated flakes appear to be strongly inhomogeneous with respect to the the exact energy and
intensity of particular resonances seen in the optical spectra and that inconvenience may be
avoided/limited by minimising the excitation and/or detection area. Certain attempts have
been made to improve the optical signal by chemical treatments (e. g. by passivating the flakes
with superacids [17]). These approaches lead to the observation of the enhancement of the
emission intensity for some sc-TMD materials (mostly sulfur based compounds), however the
quality of the optical response is still far from perfect.

Nonetheless, the optical examination brings plentiful of information about the electronic
states and related physical phenomena in sc-TMD structures. A general scheme of a standard
free beam micro-spectroscopy experimental set-up is presented in Figure 0-5. It may be divided
into separate excitation and detection segments, as well as a part, where the excitation beam
and the signal (luminescence or scattered/reflected light) coming from the sample spatially
overlap. The main unit in the excitation module is a light source. For the study of reflection it
is a white lamp. In case of luminescence measurements it is an appropriate laser. Different lasers
are used based on the properties of the system (mostly the spectral range of light emission) and
desired type of investigation to be performed. In this work we took advantage of the following

set of lasers:
e Ar' lasers (lines 488.0 nm and 514.5 nm) were used usually for non-resonant excitation.

e Multiple diode lasers, each with a specific emission energy, offer functionalities similar to

ArT laser.

e Rhodamine dye laser was used as a tunable source covering roughly the central part of

the visible spectral region (560 - 610 nm)

e Continuous wave Ti:Sapph lasers, also tunable, provided excitation at lower energy (690 nm

and longer wavelengths). This laser can be used for resonant or quasi-resonant excitation

of some sc-TMD materials (e. g. WSes, MoSes).
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Figure 0-6: A scheme of the fibre-based optical set-up Fibre-based micro-spectroscopy set-up

is presented, which can be compactly realised inside

detection path excitation path

a probe adequate for measurements in high magnetic
fields. Different kinds of fibres based on the desig-
nated purpose of the particular probe may be used. dC%Cl;?rtiOH ngigiéon
The probe optimised for measurements of luminescence
is usually equipped with monomode excitation fibre
(5 um of core diameter) and multimode detection fi-
bre (50 pm of core diameter). If the excitation fibre is

changed into a multimode one with a larger core, then

reflectance and luminescence may be measured in the

same set-up at the cost of spatial resolution. The sam- dichroic filtre

ple is mounted on z-y-z controlled piezo-stages in order T
to provide precise control of its position with respect lens

to the laser beam. The volume inside the probe is filled
with helium exchange gas, which mediates the heat sample
transfer. Therefore the sample can be cooled down
(to about 10 K) by placing the probe in a helium bath.

e Pumped optical parametric oscillator (OPQO), tunable in broad spectral range in visible
region, was used for some of the time-resolved study, mostly involving detection with a

streak camera.

The excitation path may also be used to introduce optical elements useful for the control of
the geometry of the beam (lenses, diaphragms/pinholes, etc.) and the polarisation properties

of light (polarisers and half/quarter wave-plates).

The main component of the detection part is a spectrometer, containing gratings of different
density (300, 600, 1800 or 2400 grooves/mm), which spectrally resolves the optical signal coming
from the sample. Each spectrometer can be equipped with up to two detectors. Usually one
of them is a charged coupled device (CCD) camera (or InGaAs camera for detection of near-
infrared light, useful for instance for the study of MoTe, structures). The other detector, which
can be an avalanche photodiode (APD) or a streak camera, usually provides better temporal
resolution and/or higher sensitivity than a standard CCD camera. The polarisation properties
of the optical signal may be studied by introducing a proper set of wave plates and polarisers

before the entrance to the spectrometer.

The application of a magnetic field is possible in a free-beam set-up. It can be realised with

split-coil superconducting magnets, but such solution limits the maximum value of the magnetic
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field that can be obtained. More complex con-

Scheme of photon correlation detection set-up

structions are needed to reach higher fields.

The highest fields used in this work (30 T)

beam-splitter
were generated by resistive magnets with an

outer Bitter coil. In case of such magnets,
the samples need to be placed in a specially
spectrometer

designed probes with fibre-based optics. The SR

general concept of the set-up is the same as deloy ine

discussed before, but all the elements must be

.. . Figure 0-7: A scheme of a detection set-up for
miniaturised to fit a tube of roughly 50 mm & .. P
the study of photon correlations is presented. It

diameter. A scheme of such compact configu- basically consists of a doubled detection unit,

. ) . . . which was used in standard photoluminescence
ration of optical elements is presented in Fig- .
measurements. However, here the lumines-

ure 0-6. cence signal is detected by avalanche photodi-
odes (APDs). The generated electrical signals

are further processed by a specialised photon

A significant part of this work is devoted

counting module, which is used to measure tem-

to the investigations of the properties of iso- poral separation between detection events from

o . both detectors. A delay line, in form of a long
lated emitting centres found in sc-TMD and

coaxial cable, is introduced into one of the detec-
boron nitride structures. Both of them re- tionarms in order to access negative time delays.
veal single photon emission character, which is studied by designated techniques of optical
spectroscopy. A detection set-up used for photon correlation measurements is realised in the
Hanbury Brown and Twiss (HBT) configuration, as presented in Figure 0-7. In this case, the
luminescence signal is divided into two paths by a beam splitter. Each path ends with a stan-
dard detection unit: a spectrometer equipped with an avalanche photodiode (APD). A set of
slits, combined with high density gratings in the spectrometer, provides a spacial selection of
photons of particular energy, which are directed towards the APDs. Therefore, the APDs can
be sensitive to photons corresponding exclusively to a chosen well isolated spectral line origi-
nating from the investigated emitter. Upon detecting a single photon, APD sends an electrical
signal transmitted to a photon counting module. This device basically works as a high reso-
lution stopwatch, triggered by the electrical signal from the APD in one detection path and
stopped by the electrical signal from the APD in the other path. Such measurement is repeated
multiple times to investigate the statistical distribution of the time, which elapses between the
detection of single photons in the two paths. The result of such a study is de facto a histogram

of the measured time intervals, which is afterwards confronted with a second-order correlation

INTRODUCTION



12 Optical properties of thin layers of transition metal dichalcogenides

function formally defined as g2 (1) = (I, () Iy (t + 7)) / (I (t) I (t)) where (...) may generally
be any temporal statistical average, I, (t) and I, (t) represent the intensity of light measured by
detectors a and b. In case of emitters in solids, the exact formula for the correlation function
depends, e. g., on the alignment of the involved electronic levels and dynamical parameters
(rates) describing transitions between them. Let us note, that if the emitting specimen is a
single photon source, then consequently both APDs cannot detect photons at the same time.
In such a case an antibunching appears at zero time delay in the correlation function (g2 (0) =0

for a perfect source).
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Chapter 1

Basic optical characterisation of the
excitonic resonances in mono- and

multilayers of sc-TMD

The possibility of fabricating sc-TMD structures with the precision of individual layers [1]
offers an unprecedented opportunity to investigate systematically the impact of dimensionality
on the fundamental optical excitations. The appearance of resonances of excitonic nature in
the optical spectra not only grants insight into the evolution of the sc-TMD band structure
with the number of layers, but more importantly reveals a non-trivial influence of the Coulomb
interaction [19—28].

A lot of attention has been brought to the fact that the optical response of thin sc-TMD
structures critically depends on the number of layers. A very first appealing observation is
related to the efficiency of light emission. It is now well established that in the limit of a mono-
layer (the most basic ’stacking unit’ of the thickness of a single MXy molecule) the PL signal
increases dramatically, practically in all sc-TMD materials [29-34]. Such easily fabricated
bright light sources, capable of room temperature operation, constitute an attractive research
topic, especially if a diverse optical response of various members of sc-TMD family is taken into
account. Figure 1-1 presents a miscellany of low temperature PL spectra of most commonly
investigated sc-TMD monolayers, which cover a broad spectral range in the visible and near-
infrared region. The same crystal structure of various representatives of sc-TMD materials
in a monolayer form implies that the value of the band gap is determined predominantly by

the strength of the inter-atomic bonds. In this regard, the presence of a chalcogen atom in
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a particular compound seems to be a leading fac-
tor. The atomic number of sulfur, sellenium and
tellurium progressively rises, which elevates the
valence electrons to higher orbits (3s23p?, 4s24p*
and 5s%5p* for S, Se and Te respectively) with
smaller binding energy. As a consequence the
inter-atomic bonds in the corresponding sc-TMD
materials become weaker, a feature which is ac-
companied by the increase of the lattice constant
and the reduction of the band gap.

Apart from revealing the light emission at
different energies, the PL spectra also exhibit
distinct characteristics for particular materials.
For instance, the relatively simple PL spectra

of MoSe; and MoTe, monolayers clearly con-

Emission spectra of TMDs monolayers

tellurides selenides sulfides

’;; MoTe, MoSe, MosS,

. | molibdenum 1
8 compounds
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Figure 1-1: Low temperature PL spectra of
commonly investigated sc-TMD monolayers
illustrate the diversity of the optical response
of different materials. One of the tendencies
that emerges from this comparison is a clear
correlation between the type of the compound
based on the presence of particular chalcogen
atoms (S, Se, Te) and the energy of emission

originating from monolayer form of the corre-

sponding material.
trast with multi-peak extensive PL bands seen

for WSe; and WS, monolayers. Surely, there is plenty of room for exploration in search for
common properties as well as differentiating features of materials belonging to the sc-TMD

family.

1.1. Optical signatures of thin structures of sc-TMD

We commence the analysis of the optical response of sc-TMD structures with the comparison of
the PL and reflectivity spectra of WSe, flakes of various thickness (1-4 monolayers and bulk).
Since the very first observation of robust luminescence from monolayer sc-TMD flakes [29], in
contrast to weak emission coming from thicker structures, the arguments have been brought up
that the sudden enhancement of the PL signal in monolayer limit comes from a particular change
of the band structure. It has been speculated that the indirect band gap between I' and A or I'
and K points of the Brillouin zone established for sc-TMD in the bulk form [35—37] undergoes
a transformation so that monolayers become direct band gap systems with the fundamental
optical transitions at the K point of the Brillouin zone. This prediction has been tested against
multiple band structure calculations [14,38-47] or angle-resolved photoemission spectroscopy

(ARPES) studies [48], which seem to support the initially proposed explanation. The optical

CHAPTER 1. BASIC OPTICAL CHARACTERISATION OF THE EXCITONIC
RESONANCES IN MONO- AND MULTILAYERS OF SC-TMD
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Figure 1-2: The reflectivity spectra (red curves) are

Thickness-dependent optical response confronted with photoluminescence spectra (blue

of exfoliated WSe, structures curves) for exfoliated WSey structures of thick-

ness varying from one to four layers and also
in the bulk limit. The reflectance was mea-

sured by detecting the light of a white lamp, ini-

tially focused on the surface of the sample to a

spot of several um size, reflected from the WSe,;
flake and from nearby Si/SiO, substrate. Af-
terwards the reflectivity contrast was established

as: (Rflake - Rsubstrate) / (Rflake + Rsubstrate)- The pre-
sented reflectivity spectra do not share the verti-

cal axis for comnsecutive graphs, partially because

it is difficult to compare the absorption strength

of the excitonic resonances between different struc-

tures, as the shape and intensity of absorption lines
strongly depends on interferences which are always

present in realistic structures. On the contrary,
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the luminescence spectra, obtained for non-resonant

514 nm laser excitation, are better comparable.

They are presented in the same scale, but a multi-

- A plying factor was used (which serves also as a mea-

L6 1.7 sure of the quenching of the emission intensity) to

Energy (eV) flesh out the detailed structure of the PL spectra.

spectra for WSe, material presented in Figure 1-2 also favour this scenario.

Let us note that the reflectivity spectra in the spectral region, where the absorption band
edge appears, are dominated by a single line (in some cases accompanied by lower or higher
energy shoulders, which origin is discussed later on), commonly attributed to the resonance
related to the lowest energy optical transition at the K point of the Brillouin zone. The position
of this resonance is only weakly dependent on the number of layers. It is progressively red-shifted
for thicker structures so that the difference in the transition energy between the monolayer
and bulk flakes does not exceed 30 meV. In view of the expected significant band structure
alternation with the number of layers, especially when the transition from the indirect to
direct band gap system appears for monolayers, the observation of almost thickness-independent
energy of the fundamental resonance in the absorption-type experiments seems puzzling at first
sight. However, the energy of this resonance, excitonic in nature, corresponds to the energy
difference between the apparent value of the band gap at the K-point of the Brillouin zone and
the exciton binding energy. Clearly, the experimental data hints that the shrinkage of the gap

with the increasing number of layers is compensated by the reduction of the exciton binding
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Figure 1-3: The reflectivity contrast spec-
tra for WSe, structures of different thickness Basic resonances and signatures
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energy. The question whether such accurate compensation of these two effects is accidental or
originates from specific attributes of the crystals (such as, e. g. symmetry properties) is still
up for debate.

More can be said about the band structure changes if the PL and reflectance spectra are
comparatively analysed. In case of the WSe, material the emission spectra are quite com-
plicated, composed of multi-peak PL bands exhibiting different shapes for flakes of different
thickness. Surely, more in-depth studies are needed to comprehend the detailed characteris-
tics of each spectrum, however our main goal is to bring attention to the general tendency
of progressively growing energy separation between emission and absorption resonances with
the increasing number of layers. Particularly, for monolayer flakes the fundamental absorption
resonance is also seen in the emission spectrum, which is a strong argument in favour of a direct
band gap system. However, that is no longer the case for structures with the number of layers
equal to or larger than two. Instead, the emission signatures appear below the absorption reso-
nance by about 0.15 eV for two layers thick flakes and this shift continuously increases reaching
up to about 0.5 eV in the bulk limit. Another feature, also indicative of the direct-indirect
band gap cross-over, is the progressive and significant quenching of the PL signal intensity with

the increasing number of layers. Overall, the invoked observations and interpretation of the
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experimental data provide decent understanding of the band structure evolution for sc-TMD
structures and also underline the emerging importance of Coulomb interaction.

Now, we will proceed to the analysis of the reflectivity spectra in a wider spectral range,
which are presented in Figure 1-3. The most prominent features in these spectra are three
robust resonances. The two lower energy lines, labelled as A and B, are commonly attributed
to the transitions at the K point of the Brillouin zone originating from two valence band states,
which are significantly split by spin-orbit interaction. The resonance A for monolayer flakes is
typically accompanied by a low energy shoulder, which arises due to a charged exciton state
(labelled as CX). The third main resonance, subsequently labelled as C, does not have a well-
established interpretation, however its energy position in monolayer flakes and the following
evolution when increasing layer thickness shows a good correspondence with band structure
calculations for a transition at the M point of the Brillouin zone [49] (if certain assumptions

are made about excitonic effects).

1.2. Appearance of the excited excitonic states in absorption-type experiments

In order to get a complete insight into the excitonic character of these main resonances, they
have to be analysed with the inclusion of the information about the excited states. Unfortu-
nately, the contribution of the excited states to the optical spectra in absorption-type experi-
ments performed on exfoliated sc-TMD structures is only weakly pronounced. In our data we
observe a type of higher energy shoulder accompanying both A and B resonances (labelled as
A* and B*), for which we can assign an energy position by cautiously fitting the reflectivity
spectra. Our interpretation is that these additional shoulders arise mostly due to the excited
state with a quantum number n = 2, but their spectrally broad signature probably comes from
merging of higher energy states with n > 2 into a single feature. As a standalone statement, the
assumed attribution is rather weakly justified, however confrontation with reports on similar
experiments, which sometimes enable resolving excited states with higher quantum numbers
for monolayer WSe, flakes, e. g. by introducing modulation in reflectivity measurements [21]
and /or protecting the WSe, films by encapsulation [50], shows reasonable agreement.

The energy separation between the A and A* as well as B and B* resonances is very large.
It reflects relatively low static dielectric constant (e; ~ 7) [51-53] and high effective masses of
electrons (m}) and holes (m} ) leading to reduced mass roughly in the range u ~ (0.2; 0.4) - mq

[54] (my is a free electron mass in vacuum) in sc-TMD materials, which determine the exciton

CHAPTER 1. BASIC OPTICAL CHARACTERISATION OF THE EXCITONIC
RESONANCES IN MONO- AND MULTILAYERS OF SC-TMD



18 Optical properties of thin layers of transition metal dichalcogenides

Fundamental absorption resonance

Figure 1-4: The temperature impact on the .
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The excitonic effects in bulk form of sc-TMD can be described in terms of hydrogen-like model,
which is usually valid for Wanier-Mott excitons, i. e. when the Bohr radius is significantly
larger than the size of the crystal’s elementary cell. The enhancement of the binding energy
for excitons in thiner structures is clearly not the only factor that determines the energy of
excitonic resonances in thin sc-TMD films. That is revealed by the initial enhancement of
the energy separation between the A and A* resonances when increasing the thickness from
one to two monolayers. For stacks thicker than a bilayer the energy difference progressively
decreases until it reaches the value corresponding to the bulk limit. The current understanding
of this observation is related to the uncovering of a discrepancy between the energy of excitonic
resonances with low quantum numbers n (roughly n < 3) and the energies corresponding to a
Rydberg series for monolayer sc-TMD flakes, which arise most likely due to a non-local character
of the screening of Coulomb interaction. This deviation from the hydrogen-like model, most
prominent in monolayer structures, pushes the excited states with low n significantly closer

to the exciton ground state. With the increase of the number of layers, the Rydberg series of
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exciton excited states is recovered, therefore the influence of the transition between two systems
of different dimensionality dominates for thicker structures. The presented interpretation of
the most important features seen in reflectivity spectra provides some understanding of the
excitonic resonances on a qualitative level. More studies are needed on both experimental and
theoretical ground, e. g. to expand the comprehension of the influence of different dielectric
environments (which can be tuned to a large degree for instance by fabricating suspended
films, heterostructures, etc.) on the electron-hole interaction in the thinnest sc-TMD flakes
or to learn about the consequences of spin-spin (exchange) interactions on the optical and

electronic properties.

1.3. Impact of temperature on the optical response of sc-TMD

For the sake of completeness of the basic optical characterisation, we turn to the analysis of the
impact of the temperature on the excitonic resonances seen in reflectivity spectra. Figure 1-4
illustrates the reflictivity contrast spectra in the energy range corresponding to the A neutral
exciton resonance in the temperature range from 5 K up to 300 K. A clear tendency appears in
form of progressive red-shift and linewidth broadening of the absorption line with the increase
of temperature. This is a well-known effect often seen in various semiconductor structures. A
detailed analysis of the energy and linewidth of the resonance line, done here for monolayer,
bilayer and bulk flakes, allows us to test their temperature evolution against commonly used
models developed during studies of more conventional semiconductors [56,57]. The energy
shift of the resonances is usually described as a consequence of the band gap closing at higher
temperature, which originates from the increase of the average interatomic distance due to
the crystal’s expansion or from the modulation of the atomic bonds caused by the appearance
and /or enhancement of vibrational modes (phonons) which can effectively couple with the
electrons occupying the orbital states. This approach holds only if the exciton binding energy
remains insensitive to the temperature changes. Such assumption is usually accepted if the
temperature dependence of the energy of the excitonic resonances is reasonably well reproduced
exclusively by the band gap shrinkage. We use the following formula, which expresses the band
gap dependence on the temperature in terms of the mean phonon energy (hw) and an electron-

phonon coupling parameter S:

E,(T) = E, (0) — S (hw) (coth (%) - 1)

CHAPTER 1. BASIC OPTICAL CHARACTERISATION OF THE EXCITONIC
RESONANCES IN MONO- AND MULTILAYERS OF SC-TMD




20 Optical properties of thin layers of transition metal dichalcogenides

Let us note, that the above formula fits acceptably the experimental data for both thin struc-
tures (mono- and bilayer) and the bulk crystal, establishing that the presented formalism de-
veloped for semiconductors with conventional band structure extrapolates well on sc-TMD
materials. The linewidth broadening with the increasing temperature for the exciton ground
state resonance (for n—1) is typically accounted for when the coupling of electronic states with
longitudinal optical (LO) phonons is considered, proportional to the number of these phonons
given by Bose-Einstein distribution. A linear with temperature term, which can be derived
for acoustic phonons, is usually of negligible magnitude. Therefore, the formula we used to

describe the linewidth changes with temperature was the following;:

Q@
Y(T)=~(0) + o (B2) — 1

The agreement with experimental data for the three investigated structures is also decent. In
this case, it may be interesting to discuss the dependence of the value of the a parameter,
which reflects the probability of the scattering of the excitonic state with the involvement of an
LO phonon of the energy 250 cm~! ~ 31 meV in WSe, material [31], on the thickness of the
structure. The value of the o parameter for thin structures was found to be similar, 78 meV for
the monolayer and 75 meV for the bilayer), but in the bulk limit it was noticeably increased up
to 105 meV. Our interpretation of this tendency is that due to the enhancement of the exciton
binding energy in 'more two dimensional’ systems, the scattering events can occur only within
the ground excitonic state with n=1, so that the process involving the absorption of a phonon
elevates the exciton to higher energy states with larger center of mass momentum. However,
this limitation may be lifted, when the exciton binding energy decreases in the bulk form of the
crystal, eventually opening up an additional scattering channel to the excited states, for which

the energetic distance from the ground state becomes comparable with the energy of the LO

phonon.

We have explored the topic of the basic optical characterization of sc-TMD structures based
on our reflectivity contrast measurements, but now we would shift the focus of our discussion
back to the light emission study in order to address the aforementioned diversity of the PL re-
sponse for different materials belonging to sc-TMD family. Figure 1-5 presents the temperature
dependence of the emission spectra of monolayer MoSe, and WSe, flakes. These two materials
are representative of the two different types of the emission signature at low temperature. The

monolayer MoSe, flakes give rise to relatively simple spectra composed of two lines, which were
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Temperature impact on TMDs monolayer PL spectra Figure 1-5: The temperature evolution of the

PL spectra for monolayer MoSe; and WSe;

flakes reveals features indicative of qualita-

tively different character of the PL response
of both materials. The discrepancy starts at
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recognized as neutral and charged exciton resonances. With the increase of temperature the
intensity of both lines exhibits a progressive and significant quenching, which is a typical impact
of the temperature on the PL signal seen in most of the light emitting semiconductor systems.
The case of WSey monolayer is much more complex. In the low temperature spectra, apart
from the two free exciton lines, a type of broad multi-peak PL band appears covering an exten-
sive energy range below the free neutral exciton state (often overlapping with the free charged
exciton line in our samples). These lower energy resonances have been tentatively baptised as
bound/localized excitons based mostly on the time-resolved experiments [58-60], which reveal
orders of magnitude longer PL decay times for these 'bound’ states (tens of nanoseconds) than
for free excitons (single picoseconds). The possible routes to investigate the fast dynamics
of free exciton complexes in monolayers of sc-TMD is the measurement of time-resolved Kerr
rotation [59] or PL transients on a streak camera [60]. The latter approach is taken here
and allows us to observe the PL decay profiles of the free neutral exciton and the PL band of
'bound’ excitons in a WSes monolayer, which are presented in Figure 1-6.

The initial increase of the temperature, roughly from 10 to 100 K causes the decrease of the
overall integrated emission intensity due to disappearance of the low energy PL band of "bound’

excitons. However, the free neutral exciton line, which at low energy contributes only weakly
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Figure 1-6: The PL transients of a WSe; monolayer were mea-

quite an unusual feature. In or- sured with a streak camera coupled with a tunable femtosecond

der to provide an interpretation pulsed laser. They reveal a stark contrast between the dynam-
ics of free and ’bound/localised’ excitons. A straightforward

of qualitatively different impact consequence of significant differences in their decay times is a

of the temperature on the PL possibility to observe the PL response separately for free and
’bound /localised’ resonances. In the left panel of the figure,

spectra of sc-TMD monolayers, three low temperature (T=6.5 K) PL spectra of the same WSe;

monolayer are presented. The blue and red curves correspond
we need to come back to the o
to the PL spectra accumulated over disjoint time intervals af-

analysis of the possible config- ter the arrival of the laser pulse, which are marked on the PL

trations of the electronic sqb. 4ecay profiles presented in the right panel. For comparison,
the PL spectrum for the continuous wave (CW) excitation is
bands in the vicinity of the K- shown (black curve).
point of the Brillouin zone. As long as the emission of light is concerned, we may neglect
transitions of B type, because the spin-orbit splitting in the valence band (hundreds of meV)
significantly exceeds the thermal energy at room temperature (kT ~ 25 meV) therefore the lower
valence sub-band can not be occupied in the investigated range of temperature. The spin-orbit
splitting in the conduction band is, on the contrary, very much relevant as the alignment of
spin in the conduction sub-bands will determine which transitions will be optically allowed.
Therefore, the electron involved in the recombination process may come from either the lower
or upper conduction band state. We will argue that the existence of two types of optical transi-
tions lies at the origin of the different PL response of sc-TMD monolayers, which can be used to
classify the materials into 'bright’ and ’darkish’ families. For MoSe, monolayers, their optical
properties indicate that the electron from the lower conduction band state participates in the
recombination process, which makes MoSe, a ’bright’ material. In that case, the ground state

exciton gives rise to the PL signal, what accounts for the general robustness of the emission

(the PL signal from MoSe,; monolayer is probably the strongest among all sc-TMD materials).
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Optical selection rules for TMDs monolayers

Figure 1-7: The alignment of spin in the conduc-
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‘ 3 3 ‘ particular for the character of their PL response.
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PL intensity is progressively quenched with the increase of the temperature as the occupation
of the excitonic ground state becomes progressively depopulated and the nonradiative processes
gain over the radiative recombination.

The properties of WSe, monolayers discussed so far are indicative of a ’darkish’ character
of this material with the electron from the upper conduction state involved in recombination.
Particularly, the free neutral exciton resonances seen in the PL spectra is in fact an excited
excitonic state, whose occupation is increased at higher temperature. As a consequence, the
free neutral exciton resonance would be accompanied by lower energy dark states. Even though,
in the first approximation, the recombination of the dark states is forbidden, one can think of
multiple brightening mechanisms (activation by disorder/defects, mixing of states with different
spin/orbital momentum or recombination with emission/absorption of phonons). The existence
of radiative channels for dark excitons, which reside below the free neutral exciton resonance,
could potentially be related to the low energy broad PL band seen in low temperature WSe o
spectra. In this view, the peculiar temperature evolution of the PL spectra of WSe, monolayer
could be a consequence (at least partially) of the redistribution of electron population between

dark and bright states.
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Chapter 2

Zeeman spectroscopy of excitonic

resonances in magnetic fields

2.1. Empirical model for the magnetic field evolution of the electronic states in a

sc-TMD monolayer

The investigation of the magnetic field influence on the excitonic resonances appearing in the
optical spectra of the thin layers of sc-TMD constitutes a versatile tool capable to further
develop the understanding of their electronic properties. Due to the 2D confinement of the
electrons, especially robust in sc-TMD in the monolayer form, the coupling of the orbital
motion of the carriers with the external magnetic field is expected to be strongest when the
direction of the magnetic field is perpendicular to the surface of the sc-TMD flake. Indeed,
the measurements of the magneto-reflectance and magneto-luminescence in such configuration
allowed the observation of a Zeeman-type effect [67—70,96], i. e. the splitting of the excitonic
resonances into two circularly polarised components. The energy separation, linear with the
magnetic field, between the two components is usually used to define a fundamental parameter
relevant for the analysis of the electronic states in a magnetic field, which is called a g-factor.
Here, we will use the following convention to evaluate the Zeeman energy: AE = E;+ — E;- =
gupB, where E_1/ is the energy of the resonance in a spectrum detected in o/~ polarisation,
g is a g-factor, ug is the Bohr magneton constant (= 0.058 meV/T) and B is the value of a
magnetic field. It is important to note, that the g-factor defined in this way is related to a
particular optical transition between the electronic states in a valence and conduction bands.

However, one can assign a g-factor value to any individual electronic state as well. Therefore,
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Figure 2-1: Reflectivity contrast spectra are pre-
Magneto-reflectivity of a MoSe, monolayer

sented as a function of the magnetic field ap-

plied perpendicular to the surface of a monolayer Neutral exciton A Neutral exciton B

MoSe; flake. A circualar polarisation analiser
was placed in the detection path and the particu-
lar component of the polarisation (ot vs 07) was
chosen by the direction of the field vector. The
spectra show two fundamental resonances seen
in monolayer sc-TMDs flakes: the lower energy
neutral exciton A (left panel) and the higher en-
ergy neutral exciton B (right panel). The fit-

ted curves come from the same procedure, which

was applied in the analysis of zero-field spectra
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the g-factor obtained directly from the magnetic field evolution of the excitonic resonances, as
they are seen in the optical spectra, can be considered as a differential g-factor between two
electronic states. Nevertheless, we will argue that the detailed analysis of the magneto-optical
data can also provide an estimation for the g-factors of individual electronic states. There are
three parameters, i. e. spin and orbital momentum as well as valley degree of freedom which
determine Zeeman effects of electronic states (and optical transitions) in sc-TMD monolayers.
Notably, the ot and o~ optical transitions in sc-TMD monolayers are valley selective but at

the same time involve also the electronic states with different spin and orbital momentum.

The presentation of the magneto-optical study of sc-TMD monolayers will be focused on the
properties of the most fundamental transitions. Our initial goal will be to establish a description
of the magnetic field evolution of the relevant electronic states. It is important to stress, that
the incorporation of all possible contributions to the Zeeman effect into a single self-consistent
band model, either in k.p or tight-binding theory, is complicated. Various approaches may yield
significantly different values of calculated g-factors [72,73], which in most basic cases can even
lead to a complete disappearance of the excitonic Zeeman effect [70]. As the discrepancies be-

tween the band models and the experimental results still remain controversial, we here propose
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an alternative route to construct an empirical [ Tl L | s
description of the Zeeman effects based on the g-factor g-factor

experimental findings and symmetry properties. PICS, [y ciance) BB cctunce)
MOSﬁ:2 472 (reflectance) 4.2 (reflectance)

Let us begin with a remark that even though MOTC2 —4.8**(reﬂectance) —3.8**(reﬂectance)
the excitons in sc-TMD are spatially strongl —4.3  (transmission) —4.3" (transmission)
p Y &Y WSZ -3.9 (reflectance) —4.0 (reflectance)
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* - data from A. V. Stier, et al., Nat. Comm. 7, 10643 (2016)
*%* - data from A. Arora, et al., Nano Lett. 16 (6), 3624 (2016)

scribe the optical transition as if they were orig-

inating only from the states located exactly at
. . Table 2.1: The values of the g-factors of neu-
the corners of the Brilloun zone in the K+ /K— .
tral excitons A and B measured for monolayers
of different sc-TMD materials are presented
in the table.
tion type experiments, in which reflectance

The back-

ground colours indicate, whether the particu-

points. The theoretical estimations of the con-
. . . The data come from absorp-
tribution to the g-factor value coming from the

surrounding states show that it can be treated or transmission was measured.

as a small perturbation and in the first approx- lar matieral is classified as ’darkish’ or bright.

imation can be neglected. In this view, we can The case of MoS; is exceptionally highlighet

by dual-colour background, as multiple theo-

commence the construction of our description retical predictions suggest significantly smaller

by considering 2 sub-bands composed altogether conduction band spin-orbit splitting in MoS-

of 4 non-degenerate individual electronic states with respect to other sc-TMD representatives.
around both K+ and K— corners of the Brillouin zone, essential to account for all A and B
transitions appearing in the optical spectra of sc-TMD monolayers. A straightforward way to
establish a relation between the magnetic field evolution of the electronic states at the K-+ and
K— points comes from the consideration of time reversal symmetry properties. As the time
reversal transformation changes the direction of the momentum, spin and the magnetic field
(p— —p, T — |, B— —B), the arguments have been put up (based on the analysis of the
properties of the Hamiltonian in either k.p or tight binding theory) that the linear with the
magnetic field energy shift of the corresponding states in both valleys (i. e. of the same energy
in the absence of a magnetic field) must be of an equal magnitude and an opposite sign. This
condition may be expressed in a following manner: AEEZ{(:M(U (B) = —AE?&MW (B), where
AEE:{(j)(;()i) (B) is the energy shift in a magnetic field B of the conduction (c¢) or valence (v)
band state with a spin up (1) or down (] ) in the K+ or K— point of the Brillouin zone. This

allows us to parametrize the magnetic field evolution of the electronic states in one valley only.

We could introduce 4 parameters now and carry on with the analysis of their impact on the

CHAPTER 2. ZEEMAN SPECTROSCOPY OF EXCITONIC RESONANCES IN
MAGNETIC FIELDS



28 Optical properties of thin layers of transition metal dichalcogenides

magneto-optical properties, nevertheless we will take advantage of a simple experimental ob-
servation, based on the investigation of the excitonic resonances appearing in the reflectivity

spectra, to further simplify that description.

In the absorption spectra of sc-TMD monolayers, which can be studied either by the mea-
surements of reflectivity [74] or transmission [75-77], the two most robust resonances arise due
to the neutral exciton A and B states. In Figure 2-1 the magnetic field evolution of the reflec-
tivity contrast spectra are presented for a MoSe, monolayer, which reveal the presence of the
neutral exciton A at the energy ~1.65 eV and neutral exciton B at ~1.86 eV. These two reso-
nances exhibit a similar behaviour in the magnetic field. They split into two circularly polarised
components so that the g-factor value may be obtained by the analysis of the magnitude of the
splitting in a broad rage of the magnetic field. For a MoSe, monolayer, the g-factor values for
both neutral exciton A and B were found to be equal to —4.2. The equal value of the g-factors
of these two resonances in monolayer structures seems to be a common property for major-
ity of materials belonging to sc-TMD family which can be seen in the data originating from
the measurements of magneto-reflectance and magneto-transmission, summarized in Table 2.1.
That property allows us to introduce an additional constraint for the magnetic field evolution
of the particular electronic states, namely AE?Ti (B) — AEfff (B) = AEfff (B) — AEVKf (B).
Thus, symmetry arguments and the experimentally observed similar g-factors for excitons A
and B imply that the number of parameters used in the description of Zeeman effects in sc-
TMD monolayers can be reduced to three. However, these condition are not strong enough to
impose a unique parametrization. Our strategy will be to choose one that satisfies the rela-
tions, for which the appearing parameters may be related to physical quantities. Therefore we
will express the magnetic field evolution of the energy of the electronic states in the following

manner:

;

AEXS (B) = £Ey + Es

AESS(B) = +Ey — Eg
.
AESS (B) = £Ey + Es + Ey,

|AES [ (B) =+Ev — Es £ Eq,

where we assume that Eg, Ey and E,, are all positive and introduce the corresponding set of

associated g-factors:
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(

Ey = gyupB
 Es = gsupB
Ed2 - gdzﬂ’BB

0

In this representation Ey is a valley selective Zeeman term. It shifts equally all the states
in one valley in the same direction towards higher or lower energy in K+ or K— valleys,
respectively. Eg is a spin term, which acts on the electronic states accordingly to the orientation
of their spin with the convention that spin up (7) states are shifted to higher energy and spin
down states (]) are shifted to lower energy in a magnetic field. Finally, Eq4, is an orbital term
which acts in the same way as the valley term but only in the valence band. The reason
behind this is the composition of the valence and conduction band wave functions. In the first
approximation, they are created from d-orbitals with a projection of the orbital momentum
I, = 2 in the valence band and 1, = 0 in the conduction band. Therefore in the simple
approach we can neglect the influence of the orbital effects on the magnetic field evolution
of the conduction states. Figure 2-2 offers a pictorial illustration of the energy landscape for
the fundamental sub-bands of monolayer sc-TMD in a magnetic field. The general knowledge
about the magneto-optical properties of various representatives of sc-TMD [67—70,75-77,96]
makes us believe, that the described picture is valid on a qualitative level for monolayers of
most of these materials (perhaps with the exepction of MoTe,, for which the condition of
equal g-factors for the excitons A and B does not hold). However, it is noteworthy to stress
that the two possible spin alignments in the conduction sub-bands for ’bright’ and ’darkish’
monolayers [61—63] may lead to distinct properties of particular materials. In the next section
we will compare the properties of 'bright” MoSe, and ’darkish” WSe; monolayers to illustrate the
possible impact of different spin configurations on the magneto-optical spectra and ultimately
take advantage of their analysis to obtain an estimation of the 3 parameters we have introduced

to describe the magnetic field evolution of the electronic states.

2.2. Estimation of the orbital, spin and valley terms

The introduced description of the Zeeman effects in sc-TMD monolayers offers a straightforward
way to determine one of the parameters. The value of the neutral exciton A and B g-factor,

e. g. obtained from the splitting of the resonance in the reflectivity spectra, comes exclusively
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Figure 2-2: The linear with magnetic field Impact of valley, spin and orbital terms on the energy of
contributions to the energy of the fun- electronic states in monolayers of sc-TMD
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valleys, when all three contributions are
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the ’bright’ and ’darkish’ materials comes

from the alignment of spin in the conduc-

tion band. The configuration of spin im-

pacts the circularly polarised optical tran-

sitions for both excitons A and B, which

are represented here by red and blue ar-

TOwWS.

from the orbital term: gxo = gxo = —2Eq,. The spin and valley term alter the energy of the
electronic states in valence and conduction bands in the same manner, therefore they cancel
out when the excitonic (i. e. differential) g-factor is considered. The same argument applies for
the charged exciton resonance, which in the first approximation has the same g-factor value as
the neutral exciton resonance. Therefore we will need to gain access to the g-factor value of
individual electronic states, if we are to estimate the other 2 parameters.

A possible route to investigate the state of a single electron is through the measurements of
the negatively charged exciton absorption resonance [64—66], e. g. in the reflectance spectrum.
In the absorption process, when the charged exciton is created, a single carrier is present in the
initial state of the transition. If the application of a magnetic field induces a splitting of its
state, then the redistribution of its population will lead to the enhancement of the absorption
strength of the transition in the presence of the carrier in its lower energy state (seen in one

circular polarisation) at the cost of the transition in the presence of the carrier in the higher
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.. Figure 2-3: The magneto-reflectance spec-
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energy state (seen in the opposite circular polarisation). Indeed, the experimental data for
monolayer MoSe, and WSe; flakes reveal such tendency, as can be seen in Fig. 2-3. The
charged exciton resonance in the reflectance spectra appears as a rather weak absorption line
at the lower energy tail of the neutral exciton resonance. It is seen at 1.628 eV for a MoSe s
monolayer and at 1.713 eV for a WSes monolayer. It is important to note that even though
there is an apparent difference in the quality of the optical response of the charged exciton state
between the 2 materials, as the width of absorption line for MoSes is significantly smaller than
for WSe, material, a careful fitting of the spectra allows us to determine the magnetic field
dependence of the oscillator strength of the charged exciton transition in o /0~ polarisations
for both materials. A striking finding comes out from this analysis, as for the MoSe, monolayer
the lower energy o™ transition gains in intensity with the increase of the magnetic field while for
the WSes monolayer the opposite transition - the higher energy o~ one is enhanced at higher
fields. Apart from this clear qualitative difference, also the rate at which the charged exciton
becomes polarised in a magnetic field varies strongly for both materials. That is vividly seen
in the magnetic field dependence of the polarisation degree of the charged exciton resonance.
In order to interpret these observations we will consider how a charged exciton state can be

constructed given the electronic states structure in sc-TMD monolayers.

Firstly, let us note the pair of electrons in the considered system can form a singlet
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or a triplet state in a
intra- or inter-valley con-
figuration. As a conse-
quence, the existence of
4 qualitatively different
negatively charged exci-
tons A may in principle
manifest itself in the op-
tical spectra. However,
the measurements of re-
flectivity reveal the sig-
nature of only one reso-
nance which we can as-
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exciton state, therefore
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tion that it arises due to
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forming a charged exciton
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Figure 2-4: Schematic representation of the absorption process lead-

ing to the creation of negatively charged exciton A in sc-TMD mono-
layers, presented separately for ’bright’ and ’darkish’ materials. The
assumptions regarding this process, based on the experimental data
from the magneto-reflectivity measurements, include the formation
of a singlet state of a pair of conduction band electrons. Addition-
ally, due to the low temperature of the sample (about 10 K) we take
into account solely the occupation of the lower energy conduction
band states for the additional electron. The highlighted thermalisa-
tion process of the additional electron, originating from the Zeeman
splitting of its state, plays a crucial role for the magnetic field evo-
lution of the absorption strength of circularly polarised transitions.
Noteworthy is the fact, that in the presented picture, the transitions
of opposite helicity are enhanced for ’bright’ and ’darkish’ materials.
Moreover, the rate of the increase of the polarisation degree should
be substantially different due to much larger magnitude of the Zee-
man splitting of the additional electron’s state for ’bright’ than for

’darkish’ monolayers.

surely the two possible alignments of conduction sub-bands are relevant for this problem. We
will argue that in ’bright’ and ’darkish’ systems a different charge exciton state is seen in
the absorption. This claim originates from the strikingly different magnetic field evolution of
polarisation-resolved reflectivity spectra of the "bright” MoSe, monolayers and ’darkish” WSe,

monolayers.

The task of uncovering the state of the charged exciton created in the absorption process
basically comes down to indicating, which electron accompanies the photo-created electron-hole
pair. As our experiments are performed at low temperature of about 10 K, we can expect that

only the lower energy conduction band state is occupied. Nevertheless, still two possibilities,
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of creating either a singlet or a triplet state, remain. We do not have solid arguments ac-
counting for the observation of only a single charged exciton state in the reflectance spectra,
therefore we will undertake a phenomenological approach. In order to stay consistent with the
experimental data we will assume that the experimentally identified charged exciton resonance
is formed from the singlet state of electrons. If that is the case, then for ’bright’ monolayers
the two electrons are located in the opposite valleys as the photo-created electron occupies
the lower energy conduction band state. On the other hand, for 'darkish’ monolayers the two
electrons should be in the same valley. The Figure 2-4 shows a schematic representation of
how the singlet state of the charged exciton is created in the absorption process in 'bright’ and
"darkish’ sc-TMD monolayers within the framework of our description of the magnetic field
evolution of the electronic states. This simple illustration of the considered electronic configu-
rations of carriers may be useful for understanding the polarisation properties of the charged
exciton resonance in the reflectivity spectra. As it was mentioned before, the charged exciton
resonance becomes polarised in the magnetic field due to the redistribution of charge between
the two valleys induced by the thermal population of excess electrons. Therefore the Zeeman
splitting of the state of the excess electron, which constitutes the initial state of the absorption
process determines which transition is enhanced at higher magnetic field. As we can see in
the scheme (Fig. 2-4), the choice of constructing a singlet charged exciton state ensured that
the o' polarised transition is enhanced for ’bright’ monolayers and o~ polarised transition
is enhanced for 'darkish’ monolayers, consistently with the experimental data. Moreover, the
presented description accounts also for the significant difference between the rate at which the
charged exciton becomes polarised in the magnetic field in ’bright’ and ’darkish’ systems. Its
value is governed directly by the magnetic-field-induced splitting of the single electronic state,
which can be conveniently expressed by a g-factor. In the framework of our description of the

magnetic field evolution of the electronic states, this g-factor is equal to:

g = gs + gy, for 'bright” monolayers

g = gs — gy, for 'darkish’ monolayers

Indeed, the condition grright > G'darkisn’ €xplains the much faster polarisation rate of the charged
exciton in MoSe, monolayers with respect to the WSey monolayers. Therefore, this observation
will be our gateway for estimating the value of the spin and valley terms. The information about

the value of the g-factor will be obtained from the analysis of the magnetic field evolution
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Experimental data/assumptions Parameters

MoSe, | £ Mose, | &, Mose, | 2.1 (xp) 1.84@p| . . [1.03]0.81] 2.1
1 = =

WSe, Ev.wse, | &s.wse, | 1.9 xp) | 0.22 (exp) 1.03/0.81| 1.9

MoSe, |~ . 2.1 (exp) 1.84 @p| . . |0.84] 1 |2.1
2 1 (assump.)

WSe2 1.9 (exp) 0.22(exp) 1221 1 [1.9

MOSe2 2.1 (exp) 4.4 @ssump) [ 1.3 1 |2.1
3 .::::I::‘ 1 (assump.) _:3"1::‘

VVSG2 1.9 (exp) 4.4% (exp) 1.5 1 |19

MOSe2 gy, MoSe, g, MoSe, 2.1 (exp) gyt B 4.6 (assump.) [1.45|1.15| 2.1
4 — = - =8.7(exp)

WSe, |8y wse, | &swse, |1.9@p |8V Es 4.4% exp)  [1.45]1.15]1.9

* - based on the interpretation of SdH oscillations data from B. Fallahazad, et al., PRL 116, 086601 (2016)

Table 2.2: Four different approaches of estimating the linear with magnetic field contributions
to the Zeeman splitting in sc-TMD monolayers are presented. The combination of the analysis
of experimental (exp) data (reflectivity spectra or Shubnikov-de Haas oscillations) with certain
assumptions allows the determination of valley, spin and orbital terms for WSe; and MoSe;
materials. The detailed discussion of all four methods can be found in the main text. The key
conclusion is that regardless of the types of experiments used to access information about the
Zeeman splitting of individual electronic states in sc-TMD monolayers, the interpretation of the

results may lead to the determination of similar values of the three introduced contributions.

of the polarisation degree of the charged exciton. As we lack the knowledge of the value
of the Fermi energy in our samples, we cannot use the exact expression for the occupation
of the electronic states given by Fermi-Dirac statistics. Instead, we will apply a Boltzmann
distribution approximation to describe the number of carriers in the conduction band (which
is valid as long as the Fermi energy is smaller than the thermal energy of carriers (Ep < kT)).
This allows us to determine the formula for the spin polarisation degree, which yields in such
case:

I

oy I(L

Io, + 15

gupB
= tanh
an ( e )

where ¢ is the g-factor of the adequate individual electronic state, pup is a Bohr magneton, B is
the magnitude of the magnetic field and kT is the thermal energy. The fitting of this formula
provides the ratio g/T separately for WSe, and MoSe, materials. For our data we obtained

the values:
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g/T =~ 0.184 K1, for MoSe, monolayer
g/T ~ —0.022 K~!, for WSe, monolayer

There are multiple ways to use our experimental data for the estimation of the values of
the valley, spin and orbital terms. However, all of them are unavoidably based on certain
assumptions, which are rather speculative. Therefore we will consider four different approaches
to demonstrate that independently on the chosen route, the values of the estimated parameters
are similar to a reasonable extent. Table 2.2 summarises the data and/or assumptions used
in every approach and presents the resulting values of the valley, spin and orbital parameters.
For each scenario, the value of the orbital term comes directly from the measurements of the
Zeeman splitting of the neutral exciton A seen in the reflectance spectra. We will now discuss

the four possible routes to estimate the remaining two parameters:

1. We assume that the temperature of the electron gas in the investigated sc-TMD mono-
layers is the same as the sample bath temperature, and equals 10 K, as we estimated in
multiple experiments using our experimental arrangements. This assumption allows us
to obtain the g-factors of an individual electronic state separately for WSe, and MoSes

monolayers. In such a case, we have a simple linear equation:

gs + gy = 1.84 , for MoSe, monolayer

gs — gv = —0.22 | for WSe, monolayer

which we can solve if we assume that the gg and gy parameters are the same for WSe,

and MoSey; monolayers. Under such conditions:

( (

gv = 1.03 gv = 1.03

{95 = 0.81 (MoSe,) gs =0.81 (WSe»)

9d, = 2.1 9dy = 1.9

\ \

2. The assumption about the same values of spin and valley parameters for WSe, and MoSe,
materials may seem to be excessively rigid. In order to avoid it, we can take an alternative
approach, in which the spin contribution takes the form adequate for a free electron in

vacuum. Therefore, we set the value gg = 1 and keep the assumption about the electron
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gas temperature being equal to 10 K. Then, we can estimate the valley terms separately

for WSe, and MoSe; monolayers. Such approach provides:

gy = 0.84 gy = 1.22

gs =1 (MoSe;) gs =1 (WSe»)

9d, = 2.1 9dy = 1.9

3. The information on the Zeeman splitting of individual electronic states is accessible in

transport measurements as well. Recent report on the observation of Shubinkov-de Haas
(SAH) oscillations in p-doped WSe, monolayers [78] provides a way to estimate the value
of the g-factor of the upper valence sub-band state. The level of doping in the investigated
samples was rather high with the hole concentration p = 7.9 * 10'? cm™2. Therefore the
position of the Fermi energy in the valence band implied the occupancy of multiple Landau
levels even at higher magnetic fields (the data up to 14 T is presented, with the smallest
Landau level filling factor v = 26). The appearance of even values of the filling factor
numbers in the investigated field range, consistent with the Hall voltage measurements,
reveals the double degeneracy of the Landau levels. This results reminds the typical
observations for two dimensional electron gas in GaAs structures. In conventional systems,
such as GaAs quantum wells, the Zeeman splitting of the hole state is much smaller
than the cyclotron energy (gupB < hwe = heB/m*), which accounts for the double
degeneracy. However, our previous findings point out to rather high value of the Zeeman
spitting of the upper valence sub-band state in sc-TMD monolayers therefore the condition
gupB = (g9s + ga, + gv) psB ~ Nhwe may in fact hold not for N = 0, but for an even
integer number (N = 2,4,...). For the sake of our analysis we will assume that the
condition (gs + ga, + gv) upB = 2hwc is realised, which is most likely valid unless the
valley term Ey is anomalously large. For the effective mass of holes equal to m* = 0.45 my,
estimated from the temperature dependence of the amplitude of SAH oscillations, we can
obtain a new formula (gs + ga, + gv) = 4.4 for WSey monolayer. With this information,
we can repeat the assumptions about the spin term (gs = 1) and equal values of the valley

terms for WSe, and MoSe; monolayers to provide estimation for all three contributions:
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( (

gy = 1.3 gy = 1.5
gs =1 (MoSe,) gs =1 (WSe,)

9d, = 2.1 9dy = 1.9

\ \

4. In our final approach we will attempt to utilise mostly the experimental data. The
only assumption will be an equal value of the spin and valley term in WSe, and MoSe,
monolayers. Then, the information about the Zeeman splitting of the upper valence
sub-band state coming from the SAH oscillations combined with the ratio between the
g-factors of the upper and lower conduction band states, which we know directly from
the analysis of the charged exciton polarisation rate in WSe, and MoSe, monolayers, is

sufficient to obtain the values of the three parameters. In this case:

( (

gs = 1.15 (MoSey) gs =1.15 (WSe,)

9d, = 2.1 9dy = 1.9

\ \

As summarised in Table 2.2, the general conclusion from the presented analysis is that, inde-
pendently on the chosen method, the obtained values of the valley, spin and orbital terms are
reasonably similar. The rough estimates yield By ~ lupB, Es ~ lupB and E,, ~ 2upB.
The consistency of the results coming from different approaches supports the validity of the

proposed description of the Zeeman effects in sc-TMD monolayers.

2.3. Magneto-photoluminescence studies

Now we proceed to the analysis of the magneto-PL data, which provide a complementary test
for our proposed description of Zeeman effects in sc-TMD monolayers. Unlike the reflectance
spectra, which qualitatively share the same features among various representatives of sc-TMD
family, the PL response of MoSe; and WSe,; monolayers differs starkly. The main zero-field
discrepancies have been discussed in the previous chapter, but here we will extend the presented
view by analysing the impact of the magnetic field on the emission lines. The spectra detected
with circular polarisation resolution in the magnetic field range 0 - 30 T for MoSe, and WSe,

monolayers are demonstrated in Figure 2-5. In case of a MoSey monolayer, the PL spectrum
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Magneto-luminescence of TMDs monolayers
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Figure 2-5: The results of magneto-PL investigations are presented for MoSe, (left panel) and
WSe; (right panel) monolayers. The demonstrated PL spectra are measured for non-resonant
excitation with linearly polarised 514 nm argon laser line. A circular polarisation analyser was
present in the detection path. The spectra were fitted with gaussian profiles to determine the
energy of the resonances and in case of free exciton resonances (except for charged exciton in
WSe, monolayer) also the PL intensity. The energy of 0" /0~ components are presented as the
red/blue dots and their avarage value 1/2(F,+ + E,-) is denoted by open circles. The value of
the g-factor for each resonance is given. The PL lines, especially in MoSe; monolayer, become
polarised at higher field. The magnetic field evolution of the polarisation degree, defined as
I+ —Is-)/ Us+ +15-), is presented for neutral and charged excitons in MoSe; monolayer and

neutral exciton in WSe; monolayer.

consists of two robust emission lines. Their energetic positions correspond well to the resonances
observed in the reflectivity spectrum. Following the previous attribution, we note that the
higher energy line comes from the recombination of the neutral exciton A and the lower energy
one from the recombination of the charged exciton A. The application of the magnetic field,
similarly to the resonances observed in reflectivity spectra, leads to the splitting of both lines.
The values of the g-factors are obtained by fitting Gaussian line shapes to both lines. We
find the values of gy = —4.24+ 0.4 and gx- = —3.7 £ 0.5. In this case, however, both lines
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T L I e Wl [ igure 2-6: Two simple diagrams demonstrate the examples
LEVE SRR EIVAVIES BN of optical transitions in ’darkish’ sc-TMD monolayers, which
NMisTeiom Rkl Spin forbidden could possibly exhibit large g-factor values. These recombina-

: tion channels are in the first approximation forbidden, never-
: theless various mechanisms of their brightening could be con-
sidered. The left panel shows inter-valley transitions, which
are not allowed due to the conservation of momentum princi-
ple, unless these processes involve emission of phonons. The
value of the g-factor (in the framework of our description of
Zeeman effects in terms of gy = 1, gs = 1 and g4, = 2) in this
case yields: g = 2(gq, + 29v) ~ 8. In the right panel, an intra-
valley spin-forbidden transitions are presented. A possible
brightening mechanism could origin from inter-valley and/or
spin mixing of states. In this scenario the same value of the

g-factor is obtained: g =2 (g4, + 295) ~ 8.

become strongly polarised in a magnetic field, so that the lower energy component (o) gains
in intensity, while the higher energy one (0~) disappears. Such redistribution of intensity
between the circularly polarised emission lines originates from the thermalisation of the neutral
and charged exciton states in a magnetic field. This feature hinders the precise estimation of
the value of the g-factors, as the higher energy line (0~) becomes rather weakly pronounced
in higher fields. Additionally, the lower energy line progressively gains in intensity and, due
to imperfect polarisation selectivity in the experimental set-up, eventually starts to show up
in the spectrum detected in opposite polarisation. As a consequence, the values of g-factors
determined in PL. measurements are subjected to larger uncertainty than one can achieve by
analysing the reflectivity spectra. Therefore, the discrepancy between the values of the g-
factors of neutral and charged excitons, as seen in the magneto-PL spectra, may result from
lesser accuracy of the method with respect to one achievable in the absorption-type experiments.
The general conclusion from the analysis of the magneto-PL properties of MoSe, monolayer

film is that the observed features are quite typical for a 2D semiconductor system.

By contrast, the magneto-PL spectra of a WSe, monolayer are much more complex and
reveal surprising features, which make this system intriguing. Firstly, we have to note that the
lower energy band of additional PL lines in our samples is rather broad and obscures efficiently
the charged exciton line, which appears as a barely distinguishable shoulder of a more robust
lower energy line (an observation supported by the comparison of the energy of the resonances
in the reflectivity spectra with the positions of the lines in the PL spectra). The broad PL

band, residing below the neutral and charged exciton A lines and dominating the spectra at
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low temperature, is the feature which exhibits peculiar behaviour in a magnetic field. An
analysis of the positions of the lines reveals, that the values of the g-factors of all resolvable
lines in the PL band are significantly larger in magnitude than —4, in some cases even reaching
—13. As already mentioned, we speculate that numerous emission peaks appearing in optically
"darkish’ systems, such as the WSe, monolayer, may be due to recombination of dark excitons,
allowed by disorder or phonon-assisted processes. As illustrated in Figure 2-6, the imaginable
recombination processes which violate the k-vector or spin selection rules would, in accordance
with the proposed scheme of the Zeeman effect in sc-TMD monolayers, result in anomalously

large g-factors for the emission lines in ’darkish’ systems.

2.4. From high to tiny fields: optical pumping controlled by magnetic field

Optically active excitations is solids must fulfil a set of selection rules regarding the conservation
of fundamental physical quantities. One of them is the angular momentum, easily controlled
in case of photons which may be used to induce inter-band transitions leading to creation of
electrons and holes. Afterwards, depending on the conditions of the excitation determined by
the alignment of the bands and the character of electronic states, the photo-created carriers may
recombine directly or after a series of relaxation processes. Either way, upon the excitation with
circularly polarised light there is a possibility of preservation, to a certain degree, of the angular
momentum until the radiative recombination. A quantitative measure of the efficiency of the
optical orientation may be defined as a normalised difference between the emission intensity in
the co-polarisation and the cross-polarisation configurations. It is practically realised by the
measurement of two spectra in a way that excitation light is circularly polarised (o™ or 07) and
the emitted light is detected in both circular polarisations (0% and ¢~). Then, if the excitation
is, for example, o polarised, the polarisation degree, for a particular energy of emission, is

determined as follows:

Iyt (E) — Iy (E)

P = E 1 (®)

where P (F) stands for the polarisation degree (can be in principle energy-dependent), I,+ (F)
and I,- (E) correspond to the intensity of emission detected in 0" and o~ polarisation, respec-
tively. Phenomena related to the optical orientation have been widely explored in zinc-blend

semiconductors [79]. In sc-TMD structures, they may be especially important, as the circularly
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polarised light is associated

Optical pumping of bound/localised excitons in a WSe, monolayer

with the valley degree of
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freedom [80-82]. z crosscire 0T) 5 40 -
g | & i
R 2 \ = > &
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optical orientation of the i §
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ready been demonstrated L Energy (eV) Magnetic field (mT)‘

for several representatives
. . Figure 2-7: The monolayer WSe; spectra detected in o+ and o~
of sc-TMD materials, in .. . . )
polarisations without magnetic field and at a tiny field of 100 mT
some cases (for MOS2) up applied perpendicularly to its surface are shown in the left graph.
. The luminescence signal was excitated with circularly polarised
to room temperature. It is . B .
laser light of o~ helicity at the energy of 1.915 €V (non-resonant
worth noting that the con- excitation between the energy of neutral A and B excitons). A
¢ of tical . . clear impact of the magnetic field on the polarisation decgree of the
cept oI optica umping 1s
p p pumping ’bound /localised’ exciton states is observed. The precise measure-
not limited to states of pho- ment of the magnetic field dependence of the polarisation degree
. of the light integrated over the spectral region covering the entire
tons with 4+ 1 angular mo- ) . . . .
’bound /localised’ excitons band, is presented in the right graph.
mentum corresponding to The data for both directions of the field vector (negative and pos-
. . . itive values) are presented. They illustrate a progressive growth
circularly polarised light of .. ) ) ]
of the polarisation degree, untill a saturation value is reached at
ot helicity. WSe, monolay- about 100 mT. A characteristic value of a magnetic field 2B, can
. be established as a full width at half maximum (FWHM).
ers, for instance, revealed
the capabilities of preserving linear polarisation of light as well [83]. In the view of their
band structure this uncommon feature signifies that coherent superpositions of states from two
inequivalent valleys at K+ and K- points of the Brillouin zone may be created and sustained

until recombination.

Here, we would like to bring attention to the observation that the efficiency of the optical
orientation of the valley pseudo-spin may be controlled by the application of a tiny external
magnetic field [84]. Representative PL spectra of a WSey monolayer, detected in co- and
cross-polarisation configurations without magnetic field and in a presence of a tiny out-of-plane
field of 100 mT, are demonstrated in Figure 2-7. Let us say first, based on the zero field
data, that the optical pumping is effective not only for free exciton resonances, but appears to
be equally robust for the entire band of ’localised /bound’ excitons. An apparent distinction
between these two cases is seen, however, upon application of a magnetic field perpendicular

to the surface of the monolayer. A significant enhancement of the polarisation degree (roughly
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So far, it has been demonstrated that the

strong long-range electron-hole exchange interac-

Figure 2-8: The feature, revealed by the

ion is one of the reasons for the disorientation . . .
tion is one of the reasons for the disorientatio investigation of the evolution of the polar-

of the valley pseudo-spin [85—89]_ However, the isation degree of *bound/localised’ excitons
strength of exchange coupling depends on the con- :::)ilo;l::ezf E;ar;e LT:E;::n_iid’fu;i:ioif
figuration of the spins in the considered states. It mimicking similar effect observed for real
spins in conventional semiconductors. The
formula which was used, 1—«a/(1+ (B/By)?),
pling is particularly effective for bright exciton introduces two basic parameters: the am-
plitude a and characterisitic field By;. The
dependence of parameters o and B on the
ishes for the electric-dipole forbidden (optically emission energy is presented in top and bot-
tom panels, respectively. In the top graph,
the PL spectrum of the investigated WSe,
treatments reveal finite residual exchange coupling monolayer is presented as well, for compar-
ison.

has been demonstrated, that the exchange cou-

states, but, in the simplest approximation, it van-

dark) excitons. However, more detailed theoretical

even for the dark excitons, yet its strength is pre-

dicted to be orders of magnitude lower than for the bright excitons [90]. Consequently, the
sc-TMD monolayers with with an optically inactive ground state are expected to display a sig-
nificantly suppressed relaxation of the valley pseudo-spin. Indeed, the optical pumping effects
are quite robust in WSey, WS, and MoSs monolayers and practically non-existent in MoSes

and MoTe, monolayers under continuous wave (CW) excitation.

The impact of aforementioned exchange interaction on the electronic states may be con-
sidered as equivalent to a presence of an effective magnetic field oriented in the plane of the
monolayer. Therefore, the application of the out-of-plane field of a sufficient strength could com-
pensate the exchange interaction, resulting in even better preservation of the valley pseudo-spin.
Indeed, the experimental results from Figure 2-9 clearly demonstrate that the value of the char-

acteristic field By, indicative of the width of the feature seen in polarisation degree vs magnetic
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field dependence, becomes larger when
the magnetic field is applied along a di-
rection tilted from the out-of-plane axis
(z) by the angle . This finding suggests
that the observed field modulation of the
pseudospin relaxation has a similar mag-
netic anisotropy as the valley Zeeman ef-
fect, which is mostly sensitive only to the

out-of-plane component B,.

The assumption, that the exchange
coupling is the major factor responsible
for quenching of optical orientation, must
be further specified, to indicate at which
electronic level does the majority of de-
polarisation occurs. In case of the WSes
material, one can think of three possi-

bilities: bright excitons, dark excitons or

Sensitivity of the polarisation degree enhancement
to the out-of-plane component of the magnetic field
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Figure 2-9: The dependence of the circular polar-
isation degree on the magnetic field for a PL line
at 1.695 eV, arbitrarily selected from the band of
’bound /localised’ excitons in WSes monolayer, is pre-
sented in the left graph for different orientations of
the field vector.

terised by the angle o between the magnetic field vec-

Various configurations are charac-

tor and the out-of-plane direction (z). As presented
in the right graph, the inverse of the charactersitic
field B; correlates perfectly with cos(«), which im-
plies that the observed enhancement of polarisation
arises solely due to the out-of-plane component of the

magnetic field.

directly at the level of "localised /bound’ excitons. The assumption that only one of these levels
can be considered as relevant is strongly supported by experimental evidence. For instance,
as demonstrated in Figure 2-8, the characteristic field By of the polarisation degree enhance-
ment was found to be completely independent on the emission energy. Noting the fact that
particular PL lines forming the band of "localised /bound’ excitons exhibit drastically different
values of g-factors (from -5 to -13), we therefore exclude the possibility of depolarisation at the
'localised /bound’ states. Bright excitons, on the other hand, have a well established g-factors
equal to about —4. However, in 'darkish’ systems they form de facto excited states and for that
reason they are extremely short-lived. If we introduce a depolarisation rate 7gepor associated
with the exchange coupling, we would expect it to be significantly smaller than the rate of the
bright excitons recombination (Yaepol < Vigigni)- Therefore, at lower magnetic field fields the
effects of the valley depolarisation should be small (hence high degree of polarisation degree
seen for bright states) and field-independent. Eventually, the depolarisation at the levels of

dark excitons seems most plausible, especially because they constitute the ground state of the

system, occupied by the excitons for the majority of time.

CHAPTER 2. ZEEMAN SPECTROSCOPY OF EXCITONIC RESONANCES IN
MAGNETIC FIELDS



44

Optical properties of thin layers of transition metal dichalcogenides

The presented con-
cepts are based, to a
large degree, on the dy-
namics of relevant pro-
cesses. Therefore, time-
resolved optical investi-
gations seem appropriate
to further develop/verify
these ideas. Figure 2-10
illustrates the PL tran-
sients traced on a streak
camera under circularly
polarised excitation (o)
and detected in both cir-
cular polarisations (0"
and 07). This al-
lowed the investigation
of the temporal evolution
of the polarisation degree

of the ’bound/localised’

Time-resolved optical pumping in WSe, monolayers
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Figure 2-10: Time-resolved PL of the ’localised/bound’ excitons in-
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presented. The temporal profiles were measured under o' polarised
pulsed excitation at 1.91 €V in two circular polarisations of detection
without magnetic field and in a small field of 100 mT. The circular
polarisation degree of the ’localised/bound’ excitons as a function of
time after the laser pulse was established in both cases. The solid
lines represent the fitted curves based on the rate-equation model
described in the text. In the right panel, a scheme of the states and

transitions included in the rate-eqation model is shown.

excitons with sub-nanosecond

resolution without magnetic field and in the presence of field of 100 mT. In the absence of the

magnetic field, the important loss of the polarisation degree is clearly visible on the time scale of

100 ps after the laser pulse, and afterwards (> 200 ps) the polarisation degree sets at practically

constant level. Remarkably, the initial loss of the polarization degree is fully suppressed upon

the application of a tiny magnetic field, when polarisation degree remains constant in time but

at the significantly higher level.

The scheme of the minimal rate-equation model which accounts for our time-resolved data

is presented in Figure 2-10. We assume that the electron-hole pairs, initially photo-created by a

o' polarised laser pulse in the K-+ valley, relax instantaneously, in part towards the intermediate

dark exciton state and in another part directly towards the states of 'localised /bound’ excitons,

so that a population of these states is established:
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Ndiark (t = 0) = pétark

NLiE,i (t=0) = P fori=1,2

The initial populations of the dark and ’localised /bound’ excitonic states are denoted by
pffark and pdiirect, respectively, where + accounts for K4 valleys occupations. «; denotes the
relative probabilities of the occupation of both considered ’localised’ excitons (LE) at t=0
(with the condition a; + as = 1). The temporal evolution of these populations for t>0 is
described by the following equations, which can be directly inferred from the model scheme in

Figure 2-10:

dANE (¢
dd+k() = _P)/relaxNirk (t> - innterN(:igrk (t) + P)/interN;;rk (t)
dNE, .

L;;,Z(t) — —’yfeCNIj,[E,i (t) + ﬁi’YrelaxN(irk (t) ,fori=1,2

Particularly important are the populations of dark excitonic states, which are crucial for
the modelled polarisation effects. The initial valley polarisation of dark excitons (pZ . > Daux
under o excitation) decays with the rate of i due to the inter-valley scattering processes. In
parallel, dark excitons relax further towards the localized excitons (and/or form more complex
excitonic objects) with the rate of .. We assume that ’bound/localised’ excitons are no
longer subjected to efficient inter-valley scattering, in accordance with previous studies of sc-
TMDs monolayers and in line with a negligible decay of the polarisation degree on the timescale
of 0.5 — 1 ns in our experiment. For the sake of simplicity, in our model we take into account only
two types of 'bound /localised’ excitons with different lifetimes. The overall time-dependent PL
intensity of both localised excitons in 0® polarisations can be expressed (up to the normalisation

constant) as:

IfE (t)= Z ’ercNdiark (t)

i=1,2

This is a minimal assumption required to account for the non-exponential character of
the temporal PL profiles, as seen in Figure 2-10. This simplification does not substantially
influence the overall character of the calculated transients of the polarisation degree due to a
suppression of the inter-valley scattering at the level of localised excitons. The efficiency Yiter
of the intervalley scattering of dark excitons is the only parameter assumed to be affected by

the magnetic field. Using 1/7iner = 120 ps in the absence of the magnetic field and setting

CHAPTER 2. ZEEMAN SPECTROSCOPY OF EXCITONIC RESONANCES IN
MAGNETIC FIELDS



Optical properties of thin layers of transition metal dichalcogenides

rec

46
- p:ark pcl_ark p:l-irect p ;’rect (xl az 1/ Yl

0.467 | 0.249 { 0.177 | 0.107 | 0.498 | 0.502 | 42 ps | 683 ps 120 ps 48 ps | 0.109 0.891’
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Table 2.3: The values of the rate-equation model parameters used to calculate the curves pre-

sented in Figure 2-10.

Yinter = 0 at B — 100 mT we have reproduced our time-resolved data. The values of all the

parameters, used in the rate-equation model, are summarised in Table 2.3.
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Chapter 3

Single photon sources in thin sc-TMD
flakes

In the past, the investigations of optical properties of conventional two dimensional systems
gave birth to a new area of research focused on zero dimensional structures. The imperfections
of the interface between quantum wells and surrounding barrier material, such as well-width
or composition fluctuations, were found to play a role of charge traps. In the optical studies,
such centres, if properly isolated, were seen as single-object light sources. Their capability of
effectively confining carriers in all three dimensions [91] impacts the properties of localised
carriers. As a consequence, the PL response takes form of narrow emission lines due to ap-
pearance of discrete atomic-like electronic levels [92—94]. Eventually, these objects, known as
quantum dots, became an intensely investigated research subject. With the advance of the
technology of their fabrication, the initial studies of their general properties were followed by

the incorporation of quantum dots into more complex heterostructures.

When looking at the development of optical studies of thin layers of sc-TMD, one could come
to the conclusion that it currently undergoes a similar evolution. Narrow lines emitting centres
(NLECs) have been found to be unintentionally created in exfoliated [95—100] and chemically
fabricated [101] WSe, flakes. Similarly to quantum dots, the NLECs reveal a signature of
single photon emission, which is a highly desirable property. It is relevant for the investigations
of the carrier dynamics in solids, because it grants insight into individual recombination events.
Moreover, the utility of single photon sources extends beyond condensed matter physics, as
fundamental research in quantum optics profits from the control of light emission at the level

of individual photons. Here, we will focus on the basic characterization of NLECs in exfoliated
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Mapping of exfoliated WSe, flakes

Monolayer WSe, flake Multilayer WSe, flake
Figure 3-1: The PL mapping of the sur- i »
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can accurately reproduce the shape of the

monolayer part. (d) The multilayer flake

does not give a PL signal, however, the in-
tegrated intensity over a broder spectral
range (marked by a box in the spectrum

below) shows a decent contrast between

PL intensity (arb. units)
PL intensity (arb. units)

the flake region and the substrate, prob- <3
ably due to scattered light. The spectra e . 763 175
taken at selected spots of the two maps are Energy (¢V) Energy (V)

shown in (e, f).

WSe, flakes with the optical methods, followed by the speculations about their origin.

3.1. Appearance of narrow lines emitting centres in exfoliated thin layers of sc-

TMD

The exfoliated WSe, flakes typically used in the optical studies have lateral size reaching up to
several tens of micrometers. In case of monolayers, which appear as separate flakes or can be
attached to thicker structures, the uPL spectra measured at the majority of positions on the
flake have a form of several broad lines, as discussed previously. However, the thorough mapping
of the surface of the flake (at low temperature) with micrometer resolution may uncover distinct
locations, in which a drastic change occurs in the character of the emission spectrum. A set of
narrow lines (linewidths of the order of 100 pueV) appears on top of the lower energy part of
the typical 2D PL spectrum of a monolayer flake. The locations, where NLECs are found, are

scarce, well-isolated and the emerging narrow lines tend to appear in groups.

It is important to stress that the presence of NLECs is not limited to monolayers only.
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They can also be found in thicker flakes, which can be i s G s e e (ML eE)

advantageous due to the absence of the background 2D in various TMDs flakes
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the free neutral exciton resonance. The vast majority !

of the area of the flake gives rise to a typical monolayer

2D pPL signal (see the spectrum from the spot S1),

however one specific location at the edge of the flake Figure 3-2: Narrow lines emitting cen-

exists (S2), marked by a red spot in the map, where tres may be found in multiple materials
i The ; . f th il belonging to sc-TMD family. Here, the
narrow lines appear. ¢ imaging of the multilayer = . 1 b1 Gienal from a monolayer flake

flake is a bit more subtle, since such flakes give practi-
cally no PL signal. However, integrating the intensity
over the spectral range around 1.75 eV (see spectrum
S3) produces a fair contrast between the flake region

and the Si/SiOy substrate. The signal is due to scat-

(red curve) is compared with a spec-
trum taken at a location, which shows
emission in form of narrow lines (blue
curve) for WSey, WS, and MoSe; mate-
rials. It is worth emphasizing that the
narrow emission lines always appear at

the energy below the free neutral exci-

ton resonance (X9 ).
tered light, which is of different intensity in the region (X3)

of the flake and outside it. For this particular structure three locations (S4-S6), also residing

at the perimeter of the flake, give rise to the emission in form of narrow lines.

NLECs can be found in other materials belonging to the sc-TMD familiy [103,116]. In
Figure 3-2, the spectra of NLECs are presented for WSeo, WSy and MoSes materials, together
with the monolayer 2D uPL response for comparison. A common feature of NLECs shared
between various sc-TMD materials is the appearance of narrow lines at the energies exclusively
below the free neutral exciton resonance. The interpretation of this observation depends on
the underlying specific mechanism of carrier localisation. However, generally speaking the
exact energy of the emerging discrete states may be dependent on multiple factors, such as

compression of the wave functions, enhancement of Coulomb interaction, potentially appearing

spin-spin interactions, etc. An appropriate magnitude of particular contributions could push
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PLE study of WSe, structures

Figure 3-3: The PLE and PL spectra are com- R calmonlayeremisIon

pared for monolayer WSe; (top image) and a
selected NLEC (bottom image). The PL spec-

trum of the WSe; monolayer was measured for

—— 1L l
—PLE
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non-resonant excitation, with 514 nm laser line,
while the PL spectrum of the NLEC comes from

PLE measurements, when the laser energy was
Narrow lines emitting centres

by

set around the maximum of emission (~708 nm).

The coloured arrows indicate the energy, at —PL

(PL intensity (arb. units) )

which the intensity was monitored for the cor-

responding PLE spectra. In case of individual

1650 1700 1750
Emission energy (meV)

narrow lines, the non-continues abrupt changes

of intensity originate from their temporal insta-
bility.

the narrow PL lines of NLECs below the energy of the free neutral exciton resonance. An
alternative possibility is that PL lines of NLECs arise exclusively due to charged states and
are consequently shifted towards lower energies, by analogy with the free neutral and charged

exciton resonances in sc-TMD structures.

3.2. Optical characterization of the NLECs in WSe, flakes

Let us begin the analysis of optical properties of NLECs by investigating the properties related
to the absorption of light. A direct measurement of reflectance or transmission in case of
specimen as small as the NLECs is difficult and usually requires fabrication of specific structures
and dedicated experimental set-ups. Instead we will take advantage of the photoluminescence
excitation (PLE) technique. It is based on an approach, in which the intensity of the PL signal
is monitored as a function of the laser energy for constant excitation power (preferably) in
search for the enhanced intensity of emission, which may occur when the laser energy coincides
with absorption resonances. Although this method has its limitations (one cannot investigate
the ground state absorption), it may still be useful for studying the mechanisms related to the
excitation of NLECs. The data discussed here were obtained with a Ti:Sapph laser, which
operates from the visible red up to close infrared spectral region.

In the Figure 3-3, the PLE study is presented firstly for the typical 2D-like emission from a
monolayer WSe, flake. The PL intensity was monitored at an arbitrarily chosen lower energy

broad PL line (marked with an arrow in the figure), however it was verified that general
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NLECs prove to be a more challenging subject for PLE

measurements, as they often exhibit significant random Figure 3-4: The colour maps show
.. . . .. th tic field luti f th
variations of both energy and intensity of emission, what ¢ rhagnetic ield evolution o . ©
PL spectrum for 514 nm laser line
strongly impacts the obtained PLE spectra. However, care- excitation in Faraday configuration
. .. T f lected NLEC f d i
fully chosen locations enable monitoring individual narrow of a selecte ound in-a
monolayer WSe, flake. The mag-
lines with no dramatic intensity fluctuations over sufficient netic field was applied perpendicu-
lar to the surface of the flake. The
positive and negative values of the

lines in a PLE experiment comes predominantly from tun- magnetic field correspond to the

periods of time, so that the alternation of the intensity of

. opposite orientations of its vector.
ing the laser energy. An example of the results for three PP )
The spectra were detected in o~

selected lines are presented in the Figure 3-3. A main find- circular polarization. The g-factor

ing is that our NLECs exhibit a broad resonances at similar ;agﬁisdtjzjit?:ijled for 2 high-
energies as the free neutral exciton resonance seen in the
2D-like PLE spectrum characteristic of WSey monolayers. The inheritance of the NLECs’ exci-
tation spectrum may signify that the excitation process involves the absorption of light in the
nearby 2D structure followed by the collapse of the photo-created carriers on the discrete states
of the NLEC. As discussed later on, the localising potential of NLECs appear to be rather
shallow and therefore NLECs may not exhibit excited states, which would allow their resonant
excitation.

Continuing our route of comparative analysis, we turn to the magneto-luminescence stud-
ies which uncover further links between the properties of WSes monolayers and NLECs. In
Figure 3-4 a colour map is presented that illustrates the magnetic field evolution of a PL spec-

trum of an example NLEC. In this experiment, the emitted light was detected in a set circular

polarization (0~) and the magnetic field was applied perpendicular to the surface of the flake
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in two different polarities, which is in princi-

Temperature dependence of a NLEC PL spectrum

ple equivalent to a measurement when the

two opposite circular polarizations are de- g WK
tected while maintaining the orientation of —9: 15K
the magnetic field unchanged. The Zeeman :é: 0K
splitting of the lines is seen in the spectra §

obtained for the opposite polarities of the Q"i 45K
magnetic field therefore g-factors values can 1.60 : 1.I65 : 0

be established. As it turns out, the nar- Emission energy (eV)

row emission lines exhibit suprisingly large Figure 3-5: Temperature dependence of the PL
spectrum of a selected NLEC in a thick WSe, flake

g-factor values likewise the lines forming the o . .
under non-resonant excitation conditions (with

low energy band (bOllIld eXCitODS) of the typ- 514 nm Argon laser line). The increase of the

. . t t leads t ignificant broadeni f
ical WSe, monolayer PL spectrum. For in- o poraviire feads 1o a signiiicant broadening o

the PL lines so that they become practically un-
stance, the two narrow lines marked in the resolvable at the temperature higher that a few

figure have g-factor values equal to -9.5 and tens of Kelvin.
-12.4. We have speculated before, that the unusually large Zeeman splitting of bound excitons
in WSe, monolayers may be related to dark exciton states and it is noteworthy to point out
that the presence of local disorder (e. g. in form of various defect centres) could provide mech-
anisms of their brightening. Such apparent sensitivity to a magnetic field is a feature shared

exclusively between NLECs and WSe, monolayers, as no fingerprints of so peculiar Zeeman

patterns were observed in thicker WSe, structures.

With these observations, we have exploited the available experimental data to demonstrate
an inheritance of NLECs’ properties from WSes structures in form of mono- and multilayers.
The proceeding analysis has a sole purpose of completing the optical characterization of NLECs
and provide hints regarding their possible origin. We begin with the temperature dependence
of a PL spectrum of a selected NLEC shown in Figure 3-5. The increase of the temperature
leads to an immediate broadening of the narrow lines in a manner suggesting involvement of
phonons [107,108]. Initially, rising the temperature causes an appearance of characteristic
sidebands (in form of exponentially decaying tails) on the lower and heigher energy side of the
main narrow line. A similar effect is observed in semiconductor quantum dots, where it was
established that the sidebands arise due to a coupling mechanism between the excitons and a

continuum of acoustic phonons resulting in additional processes with emission or absorption of
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Linear polarization of NLECs emission lines

pol 1 (=) Figure 3-6: The polarization resolved mea-
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phonons which accompany the main transition (referred to in this context as the zero-phonon
line) [109]. Following this scenario, we can state that in case of NLECs the zero-phonon line
disappears extremely fast with the increase of the temperature, as at 20 K basically only the
sidebands remain visible in the PL spectrum. This finding indicates that the trapping potential
for charge carriers must be pretty shallow for NLECs, as 20 K corresponds to the energy of

only 1.7 meV.

Even though increasing the depth of the potential well in order to push the feasibility of
optical studies to higher temperatures is currently an obvious technological challenge, we can
carry on with the investigation of our NLECs at helium temperature to learn more about their
intrinsic properties. As the next step we will discuss the polarization resolved spectra without
the presence of a magnetic field. Figure 3-6 highlights the results of measurements of the PL
spectra with linear polarization resolution. Most of the NLECs exhibit a certain degree of linear
polarization of their emission lines, however the particular one presented in the figure stands
out as an example of a completely linearly polarized emitter. It is clearly illustrated by the two
spectra detected in perpendicular linear polarization, as for one direction of the polarisation
axis the emission lines practically disappear. Usually, high degree of linear polarization of
light sources in solids is indicative of an enhanced electron-hole coupling alongside a distinctive

direction, which is most often linked to a geometrical anisotropy of the emitter (e. g. quantum
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Single photon emission from WSe, multilayer flake

Photon correlation study

Figure 3-7: Photon correlation measure- a /Correlate‘“ine

ments performed in a standard Hanbury
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bunching in longer timescale appears. The
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study of the stability of a NLEC. The set
of spectra were recorded (100 ms accumula-
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riod of time (about 10 minutes) for (c¢) lower

and (d) higher laser power under the condi-

tion of non-resonant excitation (with 514 nm
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laser line) and presented in a form of colour

maps.

dots exhibiting in-plane ellipticity or quantum wires). A less likely alternative is that it stems
from optical pumping, when the polarization of the exciting laser is transferred into electronic
excitations and conserved until the recombination process. Here, the latter case is excluded,
for instance by varying the detected polarization axis of the NLEC remains unchanged when

rotating the linear polarization of the laser.

Finally, we turn to the last and probably most exciting set of optical experiments, which
establish that NLECs are single photon emitters. The general interest in this class of light
sources comes from the benefits of investigating and controlling the physical processes at the
level of individual particles and that includes photons as well. The number of photons emitted
simultaneously by any light source is given by a certain statistics (given by e. g. Poissonian
or Bose-Einstein distribution) and usually the probability of emitting only a single photon is
small. However, a special kind of emitters exists, for which the emission of light is limited
mostly to events involving only a single photon. Such particular property can be revealed
by the measurements of photon correlations, which basically comes down to detecting the PL

signal simultaneously by two fast photodiodes with single photon sensitivity and finding the
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probability that they both detect a photon at the same time. In Figure 3-7 a measurement of
an example correlation function gy (T) for a selected individual NLEC emission line (marked
by an arrow in the spectrum) is presented. An appearance of an antibunching indicates a
signature of single photon emission. The depth of the feature, usually established by the value
of the correlation function for zero delay between detection events, go (0), is directly related to
the probability of emitting only a single photon. Typically, an emitter is classified as a single
photon source if the depth of the antibunching exceeds 50 % of the background signal, but a
perfect source should satisfy the condition gy (0) = 0. In order to establish the quality of our
NLEC as a single photon emitter we fitted the correlation function with exponential profiles,
but firstly it is necessary to note that in longer timescale a weak bunching appears that could
indicate a presence of excited states (no bunching is possible in purely two level system). In
order to account for both features the following function was used to describe the correlation

function

T

1)+A2>x<exp (—
1 23

go (1) =1— A1 xexp (—

) (31)

where t; is a characteristic decay time related to the antibunching, t, describes a characteristic
time of the long-timescale bunching, A; is the antibunching depth and A, is the bunching
amplitude. The following values of the parameters were obtained: A; = 0.77 £ 0.08, Ay, =
0.064+0.01, t; = 0.6 £0.1 ns and to = 0.20 £ 0.02 ps. That gives us the value of the correlation
function for zero delay g (0) = 0.39, which shows that the quality of single photon emission from
NLECs is far from perfect. However, taking into consideration the early stage of research and

little understanding about the actual origin of NLECs there might be room for improvement.

Another issue limiting the functionality of NLECs are temporal instabilities in form of
telegraphic noise that affects the emission energy and intensity of lines in sub-second timescale.
It is not uncommon for nanoscale sized light sources to exhibit this kind of behaviour which is
typically attributed to the influence of charge fluctuation (therefore it is not always considered as
a drawback, as such telegraphing emitter may be utilized as a local probe of charge dynamics
in so called noise spectroscopy). In an attempt to verify if the telegraphing of lines can be
controlled, we have measured the temporal evolution of a PL spectrum under non-resonant
excitition with resolution of 100 ms for lower and higher laser power. The results are presented
in Figure 3-7(c—d) in forms of colour maps. It seems that using lower excitation power, as

well as quasi-resonant excitation (not shown here), reduces the temporal instabilities. As a
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perspective, one could also consider protecting the surface of the flakes, for instance with
exfoliated layers of transparent materials (such as boron nitride) or by depositing dielectric

coating.

3.3. Concluding remarks

We have presented a comprehensive optical characterization of NLECs appearing in exfoliated
WSe, structures. The uncovered single photon nature of these emitting centres offers additional
functionalities that may be considered when inventing new types of van der Vaals heterostruc-
tures. Although multiple challenges remain to be unraveled, many of them of technological
nature, already the firsts attempts of designing more complex structures and performing more
detailed experiments have been made. For instance, the possibility of the electrical pumping of
NLECs [103-105] (as well as typical monolayer emission from different sc-TMD [110-113])
has been demonstrated by incorporating a WSe, flake into a tunneling diode device with
graphene flakes used as the electrodes and boron nitride flakes serving as insulating barri-
ers. Regarding recent progress in the domain of more advanced optical properties, an evidence
of cascaded emission from biexciton-exciton consecutive recombination has been observed in

the study of photon cross-correlations [114].

The most intriguing puzzle at present concerns obviously the origin of NLECs. In spite
of abundant experimental data that is currently available, various statements regarding their
creation are still speculative. In view of the emergence of NLECs exclusively at the edges
of the flakes in our samples, we made attempts to investigate the morphology of the flakes
around their perimeter. In order to do so, a WSe, flake was deposited on a graphene film
of locally varying monolayer and bilayer thickness formed on a carbon plane of a SiC crystal
to provide a suitable conducting substrate for STM studies. Two types of experiment have
been performed. The atomically-resolved STM images (not shown here) have been obtained on
the flat regions of the WSe, flake, showing a triangular lattice structure with the interatomic
distances 3.3 A, in agreement with the crystallographic parameter of the material [35]. The
large scale lower resolution images uncover much richer material for speculations as generally
the edges of exfoliated flakes appear to be heavily damaged so that multiple defects appear in
the form of wrinkles, folds or bubbles of air trapped between the flake and the substrate. One

of the structures that particularly caught our attention was a piece of a WSe, monolayer of
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nanometre dimensions . ;
Appearance of a WSe, nano-monolayer in an STM study

attached to a bilayer

STM images of the edge of an exfoliated WSe, flake Height profile
part of the flake. The r— T B . = 4 53
STM images illustrat- w ‘ G ;ff 1.0x 0.91 nm
ing the appearance of 'ébos'
this defect is presented 0'00 1.0 2I0 30

Distance (nm)

in Figure 3-8, together | N

with the description of Figure 3-8: STM images of the edge of a WSe; film showing the exis-
. . tence of a nanometer-sized fragment of WSe, monolayer at the perime-
its most likely forma- ter of the film. Large scale STM image revealing the morphology of
tion process. Only the edge of the WSe; bilayer film is shown in (a) and consecutively
. enlarged in (b) and (c). During the transfer process this area has been
one place with such unintentionally damaged: the edge has been torn and a piece of trian-
small monolayer was gular shape has been folded onto the film, locally doubling the number
. of layers. It can be seen that the folded piece locally forms a four-layer

found and the evident area (labelled 4). Besides this, an irregular fringe with a fragment of a
anisotropy of its shape monolayer (labelled 1) has been formed; the complementary part forms
. . the upper tri-layer area (labelled 3). The size of the monolayer frag-
brings to mind our ment is 7 nm x 50 nm. The height profile measured along the arrow
liner polariation stud- is presented in (d). The height of the WSe; monolayer relative to the
. graphene plane is 0.91 nm, whereas the height difference between WSe,
ies. We have made at- monolayer and bilayer is 0.62 nm, in fair agreement with the interlayer

tempts to perform PL spacing (0.65 nm) in the bulk crystal. [35,106]

mapping on this flake and indeed a weak signature of narrow lines emission was found in the
region were the nanosized monolayer was seen in the STM studies, however given our microme-
ter resolution in optical experiments our spatial accuracy cannot make our approach conclusive.
An alternative route that could possible be more successful would be to measure the electro-
luminescence signal directly from under the STM tip, however our set-ups are not compatible

for this kind of study.

The quest for uncovering the origin of NLECs may be complicated even more than initially
appears as judging by the reported attempts to artificially create such emitting cetntres in WSe o
flakes it is now more than likely that multiple qualitatively different objects exist that have a
similar optical signature of narrow lines emission in the optical spectra. One of the successful
approaches to induce a creation of NLECs in a controllable manner was realized by depositing
a WSe, flake on top of an array on nanopillars so that a pattern of NLECs was created over
the whole area of the flake [115,116]. The interpretation of this finding is that the NLECs

can be created by large local gradients of strain. However, it is not likely the reason behind the

CHAPTER 3. SINGLE PHOTON SOURCES IN THIN SC-TMD FLAKES



o8 Optical properties of thin layers of transition metal dichalcogenides

formation of NLECs in our case or in different attempts to create NLECs, e. g. by scratching
the surface of the flake with a STM tip [98]. Also, some deviations appear in the reported
optical properties, such as a different character of the excitation spectra, as in some samples
they appear in a form inherited directly from WSes mono- or multilayer structures [95, 96]
(a single broad resonance) and in other they resemble a series of excitonic excited states [98]
(multiple narrow lines). Therefore when testing various hypotheses it is crucial to keep in mind

the possibility that qualitatively different NLECs may appear in different studies.
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Single photon emitters in boron nitride

crystals

A.1. The role of boron nitride in investigations of thin films of sc-TMD and beyond

Hexagonal boron nitride (hBN) is a layered material exhibiting a particular set of properties,
which have been exploited in the general research of 2D structures. For instance, a large
band gap of almost 6 eV granted it a position as an insulating barrier in tunnelling diode
devices based on monolayer flakes of sc-TMD [103—105], which allowed observation of room
temperature electro-luminescence from such structures. Moreover, BN crystals in hexagonal
form can serve as a fitting substrate for other materials of similar morphology (graphene in
particular) [117-119], additionally providing an environment with an intermediate value of
the dielectric constant [120,121], € ~ 7, yet noticeably larger than for commonly used Si/SiO»
substrates. The optical investigations of 2D structures, based on sc-TMD in particular, can
further benefit from the transparency of the BN crystals for visible light, as capping the flakes
with thin exfoliated films of BN might be used to effectively protect the open-surface systems
and prevent, e. g. oxidization processes. Potential enhancement of the quality of the optical
signal from sc-TMD flakes and limiting the ageing effects are among the benefits of introducing

BN protective layers.

Apart from the presence in the frontlines of the development of van der Waals heterostruc-
tures, hBN often appears as a primary object of investigation, however mostly in bulk or
multilayer form (although successful attempts to isolate and identify monolayers have been

made [122]). Until recently, the optical spectroscopy studies of BN crystals were focused mainly
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on the energy range around its band gap, which resides in the ultraviolet spectral region and
provides a solid method to analyse excitations related closely to the band structure [123—130]
or shallow defects [131,132]. However, a detailed optical characterisation of a 2D crystal
has been proven capable of unveiling unique and unexpected properties, such as appearance of
NLEGCs in thin WSe; crystals discussed previously. The following demonstration of similar cen-
tres (in terms of their optical response) in BN powder deposited on an alien substrate enriched
the family of single photon emitters with yet another new member [133-140]. This finding
was triggered by the micro-optical characterization of BN crystals, which until recently was not
a commonly used approach as the majority of studies devoted to discovering the optical prop-
erties of BN material required solely macroscopic investigations. The appearance of NLECs
in BN crystals giving rise to emission in visible spectral range immediately invokes a necessity
to compare their properties with other colour centres in wide gap materials, such as vacancies
in diamond [141, 142] or silicon carbide [143]. The comprehensive optical characterization
of NLECs in BN presented here indeed reveals multiple similarities, but some features remain
distinct and intriguing.

With a large variety of presently known single photon sources operating in visible spec-
tral range, such as semiconductor quantum dots [144, 145], single molecules [146] or colour
centres [141-143], which have been studied in-depth and incorporated into heterostructures,
a sound question arises if it is worth the effort and resources to bring new species into this
important family of light emitters. A definite answer surely cannot be given at present time,
however based on the results reported so far and those brought to attention here, there is no
denying that NLECs in BN constitute an appealing system. To compactly summarize their ad-
vantages, one could state that they provide robust, multicolour light sources showing the single
photon emission up to room temperature, bringing together the two mostly desired properties.
Moreover, the utmost facility of sample preparation, requiring only a deposition of BN powder
onto a supporting substrate, makes NLECs in BN the most accessible single photon sources

with a great potential of building up more complex structures and devices.

A.2. Appearance of single emitting centres in BN powder and exfoliated hBN flakes

The study presented here concern mostly the samples with BN powder in form of 1 um large
grains deposited on Si/SiO5 substrate. In this case, the process of sample preparation deserves

some special attention, because taking into account its simplicity the resulting quality of the
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observed optical response is astonishing. After several try-outs (involving dissolving the powder
in ethanol, annealing the samples in ambient conditions, etc.), a simple approach to distribute
the BN powder on a piece of gelfilm, which acts as a transparent and flexible support typically

used in the exfoliation technique of various layered materials (graphite, TMDs and also boron

PL mapping of BN powder and exfoliated hBN flakes

BN powder Exfoliated hBN flake

Position (nm)
Position (pm)

200 300 — 20 40 60
Positon (pm) — Position (um)
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Si

PL inensity (arb. units)
PL intensity (arb. units)

2.2 g . 2.2
Energy (eV) Energy (eV)

Figure A-1: The PL mapping experiments, when the surface of the sample is scanned with a
laser beam focused to a spot of about 1 pum size, are used to study systematically the appearance
of emitting centres in BN. The left panel of the figure presents results obtained for the sample
covered with the BN powder. (a) The colour map shows the intensity monitored at the specific
energy of 2.374 eV, the choice of which was based on the inspection of individual spectra. The
bright pixels in the map represent spots, where an emission line appears at the selected energy
value. Therefore the map does not include all the emitting centres in the area, but instead reveals
particular ones. (b) Three selected spectra from spots marked in the map (M1-M3) illustrate
various patterns of lines originating from the emitting centres. In the right panel the results
of mapping obtained for an exfoliated hBN flake are presented. (c) The image from the optical
microscope (on the left) is confronted with an counter color plot map of scattered laser light (on
the right) to show that the detailes of the flake structure can be reproduced by the mapping.
The emitting centres can be found in exfoliated hBN flake as well, as seen in (d) the spectra from

selected spots marked in both the optical image and the map (P1-P3).
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nitride), and to press it afterwards against the substrate turned out to be sufficient to observe

bright NLECs.

The samples have been characterised in a micro-optical setup, firstly by the PLL mapping
of their surface at helium temperature, ~4.2 K, with a laser beam focused to an area of about
1 um diameter. Indeed, particular spots could be found, of the size below the spatial resolution
of the set-up, which give rise to an optical signal in form of narrow spectral lines. A unique
pattern of lines represents each spot, appearing sometimes as simple spectra with only a single
line, but most often as complex ensembles of lines. They cover a relatively large spectral range
in the visible region, reaching up to about 700 nm on the low energy side. As narrow lines can
be found at the very edge of the transmission band of the filter used to suppress the laser light,
clearly the observation of the high energy lines is limited by the energy of the laser excitation -
usually the Art 488 nm line. A peculiar characteristics of these emitting centres is that, even
though particular lines can be robust in intensity, they require a rather high laser excitation
power, probably due to sub-bandgap excitation leading to low absorption of the laser light.
Typically 1 — 2 mW of the laser power was delivered to the surface of sample in the mapping
experiments, which is comparable to the excitation power typically used for quasi-resonant

(below the band gap) excitation of, e. g., semiconductor quantum dots.

Representative results obtained from the uPL mapping of the BN powder sample are pre-
sented in the left panel of Figure A-1. The colour map illustrates the spatial distribution of
the intensity monitored at a particular energy, 2.374 eV, therefore bright spots reveal places,
where a spectral line appears at that chosen energy value. Three selected spectra originating
from this map come from places marked as M1-M3. They represent a distinct character of each
emitting centre, including the case with only a single spectral line (M2). The distribution of
the emitters on the surface of the sample is rather scarce - they tend to appear as single and

isolated spots, as demonstrated by the colour map.

Even though the presence of the isolated emitting centres in the BN powder samples is
beyond any doubts, one could still argue that their origin may not be related to BN at all. A
scenario that the chemical substances used at any step in the production of the BN powder
play a substantial role is sound and cannot be a priori excluded. A possible route to shed some
light on this issue could be the examination of hexagonal BN flakes obtained from bulk crystals
- a material of well established crystal structure and composition. Therefore, the hBN flakes

exfoliated with a standard method developed mostly during studies of TMDs and graphene
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structures, have been deposited on Si/SiO5
substrates to undergo similar mapping ex-
periments as the BN powder samples. In
the right panel of Figure A-1, the results
of investigation of a selected flake are sum-
marised. The image from an optical mi-
croscope shows, based on the colour con-
trast with respect to the substrate, that
the flake is thick and composed of mul-
tiple segments. Most of the characteris-
tics of the flake’s shape and structure can
be reproduced in the mapping experiment
by monitoring, for instance, the intensity
of the scattered laser line at the consec-
utive spatial positions. Such faithful re-
production of the flake’s geometry allows

us to quite accurately establish a relation

between spots in the map and particular
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Figure A-2:
the photoluminescence spectra are studied for a se-
The three

spectra are obtained for excitation with Art laser

The influence of the laser energy on
lected emitter in BN powder sample.

lines (488 nm and 514 nm) and with a rhodamine
dye laser set at 566 nm. The three highlighted lines
exhibit different behavior when changing the excita-
tion energy. The intensity of line nr 1 remains con-
stant, the line nr 2 has an apparent maximum for
intermediate excitation and the line nr 3 progres-
sively disappears when the laser energy approaches

the emission energy.

places visible in the optical image with precision determined by the size of the laser spot. The
centres emitting narrow spectral lines appear also in exfoliated flakes, as seen in the spectra
originating from spots P1-P3 indicated in the image and in the map. Generally, the spectra are
overall similar to the ones obtained for BN powder sample with the exception that the narrow
lines overlap with a broad background of significant intensity, which constitutes a disadvantage
for further optical studies. The origin of the background signal is most likely related to the bulk
luminescence. Even though it predominantly resides in the UV region, its tails may reach into
visible spectral range as well. The observation of narrow lines emitting centres in exfoliated
hBN flakes provides a solid argument in favour of the hypothesis, that their origin is related
to defects in BN material. However, due to superior quality of the spectra obtained for BN
powder samples, they were used in all the proceeding investigations.

As a first step towards the characterization of the optical properties of the emitting cen-
tres in BN, we examine the dependence of their optical spectra on the energy of the laser

excitation. In Figure A-2 three spectra for the same location are presented, obtained under the
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excitation of 488 nm and 514 nm argon
Temporal stability of PL emission

laser lines and 566 nm rhodamine dye laser

Stable emitter Blinking emitter

line with a comparable excitation power of 100
about 0.5 mW. An evident influence of the
excitation energy on the intensity of indi-
vidual lines can be observed. Multiple lines

are seen in all three spectra at exactly the

same energy, which provides a direct evi-

Ist Sl(lEl
J| 2nd statgl
1 n

1.8 2.0
Energy (eV)

dence that they appear indeed due to pho-

toluminescence and not a Raman scatter-

2.0
Energy (eV)

—_
el

ing process. Some of the lines clearly ex-

PL intensity (a. u.)

[N
=
<

=

Z
wn
=
&

=

=

—

=9

hibit markings of a resonant character, for
instance the most robust line in the spec- Figure A-3: The stability of photoluminescence sig-
nal is investigated by consecutively recording the

trum for 566 nm excitation is barely visible py, spectra, one after the other. (a) The temporal

in the spectrum for 488 nm excitation. Be- evolution in form of a colour map of (b) a spectrum

for a selected emitting centre in BN powder shows

sides that, particular lines can demonstrate the existence of emitters with perfect stability re-

various dependence on the excitation en- garding the intensity and emission energy. In some

rare cases, the emitting centres randomly fluctu-

ergy. The intensity of the line marked as
1 is roughly constant for all three excita-
tions. The line number 2 has an apparent
maximum of intensity for the intermediate

excitation. At the same time the intensity

ate in time between two well-defined states as seen
in (c¢) a temporal evolution of the PL spectrum of
another emitter in BN powder. Here, the highest
energy line remains stable while the three lower en-
ergy lines apparently originate from two metastable
states illustrated by (d) two spectra taken at differ-

ent moments in time.

of line number 3 progressively decreases when the excitation energy approaches the emission
energy. Such diversified behaviour of the emitting states must signify a complex energetic
structure of the associated defects, which should be studied systematically and in details. Some
preliminary attempts to unveil the energetic landscape and the nature of the light-matter cou-
pling for the emitting centres in BN are discussed here through the analysis of the excitation
spectra combined with the inspection of polarisation properties.

From the point of view of more advanced spectroscopic experiments, as well as potential
utility of the emitting centres in BN, the matter of their stability plays a fundamentally impor-
tant role. Also in this aspect, the BN emitters provide a ground for further exploration. A vast

majority of them give rise to narrow lines, which exhibit a perfect stability in temporal domain.
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That statement is valid for short sub-
second timescale, in which no trace of tele-
graphic noise of the emission lines is ob-
served, as well as longer periods of sev-
eral hours, when no deterioration of the
optical signal occurs during the long-time
experiments. A temporal evolution of a
spectrum recorded for such a stable emit-
ter is shown in left panel of Figure A-3.
However, a small number of emitting cen-
tres exhibit peculiar blinking effects, oc-

curring in the timescale of seconds or even

Distribution of the energy of emission
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Figure A-4: The statistical data presenting the num-
ber of emission lines at different energy values in
BN powder samples, obtained by analysing the spec-

tra of about 80 emitters, shows a clear maximum at

about 2.35 e€V. The distribution of the occurrence of

the narrow lines can be confronted with a spectrum

tens of seconds. In such a case one can dis-

tinguish two states of the emitter, which showing a different kind of optical response seen in

BN powder samples. It consists of a single broad

clearly cannot coexist at the same time.
feature and appears in almost identical form at mul-

An example of an emitter exhibiting this

tiple places in BN powder samples. An apparent

correspondence exists between the broad band emis-

kind of blinking is presented in the right

sion spectrum and the emission energy distribution
panel of Figure A-3. Similar effects in

of individual emitting centres.
other systems, like semiconductor quantum dots, are usually related to the charge fluctuations,
however they typically occur at much shorter timescales. The investigation of the switchable
centres may allow the identification of charged states as well as grant an insight into the dy-
namics of local variation of the electric field in the vicinity of the emitting centres, which may

prove a valuable asset in uncovering their characteristics through more subtle spectroscopic

tools, such as charge noise spectroscopy.

To conclude the initial characterisation of the emitters in BN it is noteworthy to mention,
that the narrow spectral lines are not the only optical response observed in BN powder samples.
At multiple spots, also broad features appear at the energy covering similar region as the
emission in form of narrow lines. In order to provide a more quantitative measure of comparison,
the statistics of the appearance of the narrow lines at particular energy for about 80 emitting
centres has been investigated. The results in form of a histogram are presented in Figure A-4.
On top of the statistical data, a spectrum is presented showing an example of a broad feature,

one of the most commonly found in the BN powder samples. The observed correspondence
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may serve as a motivation to consider a hypothesis, that apart from rare individual emitting

centres also ensembles of them, which give rise to broad emission bands exist in our samples.

A.3. Characterisation of resonances by the photoluminescence excitation and po-

larisation resolved experiments

A viable option to deepen the insight into
the interaction between the emitting cen-
tres in BN and light is the investigation
of the excitation spectra. In the approach
presented here, the intensity of individual
lines is monitored, when the laser energy is
continuously tuned through the available
spectral range, from 560 nm to 610 nm, of-
fered by a rhodamine dye laser. The repre-
sentative results of the photoluminescence
excitation (PLE) measurements for a se-
lected spot on a BN powder sample can
be seen in Figure A-5.

The photoluminescence (PL) spectrum
here is composed mainly of five lines in the
presented energy range and the PLE spec-
tra are shown for each of them. An imme-
diate observation is that the character of
the excitation spectra may be qualitatively
different for particular lines. The lower en-
ergy doublet, two PL lines between 1.75
and 1.8 eV, arises apparently due to non-
resonant states, in the sense that the in-

tensity of this pair of lines remains signif-

Photoluminescence excitation study
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Figure A-5: The PL spectra obtained for a selected
emitting centre in BN powder for different laser en-
ergies (blue curves) are confronted with the excita-
tion spectra (red curves), measured with a tunable
rhodamine dye laser, to unveil a different charac-
ter of the emission lines. Here, each of the exci-
tation spectra was obtained for an individual line
marked on the adjacent PL spectrum by the red ar-
row. Complementarily, each of the PL spectra was
obtained for the laser energy marked by the blue

arrow on the adjacent excitation spectrum.

icant through the full excitation energy range. On top of that, both of them exhibit a certain

type of resonant response. In the PLE spectrum of the lower energy line one can distinguish

several rather weak and broad resonances while for the more robust, higher energy line a kind

APPENDIX A. SINGLE PHOTON EMITTERS IN BORON NITRIDE CRYSTALS



Optical properties of thin layers of transition metal dichalcogenides 67

Figure A-6: The narrow lines originating
from emitting centres in BN are usually
Linear polarization properties of the PL lines completely linearly polarized. (a) The
polar plots demonstrate the dependence
of the intensity of the PL lines on the

angle of the linear polarisation in detec-

Non-resonant lines Resonant lines

tion for lines recognised as non-resonant
and resonant (based on the PLE mea-
surements). Particular curves appear-
ing in the polar plots correspond to the
lines marked with arrows in (b) the PL
22020(') 1;50 1‘60 140 spectrum based on a colour code (inde-

pendently for lower energy non-resonant

b and higher energy resonant lines). Each
|

line has its own distinct axis of polarisa-

tion, most clearly seen when inspecting

4
)

the polarisation properties of the emis-

—

175 1.80 ' sion signal. However, the BN powder

emitters also exhibit sensitivity to the

Energy (V) polarisation properties of the laser used

Non-resonant line Resonant line for their excitation. To illustrate that,

one line from the ’non-resonant’ doublet
and ’resonant’ triplet was selected (both
lines are marked separately by black ar-
rows in the PL spectrum) and (¢) colour
maps of the intensity of the lines were
plotted as a function of the linear polar-
0 isation angle of the laser (vertical axis)

L .120 24_0 .360 0 120 _240 360 and the detected PL signal (horizontal
Linear polarization angle of detection (deg) axis)

(<]

D
(=]

Linear polarization angle
of the laser (deg)

of an extensive band appears in the excitation spectrum, similar to one commonly seen in the
presence of a continuum of excited states. On the other hand, the triplet of lines, seen around
1.9 eV, reveals strictly resonant characteristics. For these three lines, narrow resonances appear
with the linewidth comparable to the one of the PL lines, a feature most clearly pronounced
for the lowest energy line of the triplet. Outside of the resonant energies, all three lines almost
completely vanish from the PL spectrum, which enables to a certain degree a selective and

independent excitation of these emission lines.

In order to complete the characterization of the intrinsic properties of the emitting centres
in BN we analyse their polarisation properties measured for the same spot, which served as the
example to present the PLE studies. By taking advantage of the familiarity of the PL spectrum

we demonstrate the polarisation data in Figure A-6 separately for resonant and non-resonant
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emission lines (simply for clarity as no substantial differences arise from this distinction). All
five emission lines appearing in the PL spectrum are completely linearly polarised, each line
along its own intrinsic axis. First of all, this signifies, that the linear polarisation of these lines
originates from the internal properties of the emitting states, determined probably by some
kind of anisotropy, rather than inherited from the linear polarisation of the exciting laser light.
At this point, there is no particular proof that all the lines seen in the spectrum originate from
the same emitter, though it is reasonable to assume that it is so. If that is the case, the linear
polarisation data presented here may serve as an indication of the presence of fine structure
splitting, as, for instance, the two highest energy lines of the resonant triplet are polarized
perpendicularly to each other and the splitting beteen them is rather small (~3.2 meV).

The emission spectra of the narrow line emitting centres in BN reveal also a sensitivity to
the direction of the linear polarisation of the laser used for excitation. Clearly the absorption
of light by the emitter can be tuned by rotating the linear polarisation axis of the laser, as seen
in Figure A-6¢, in which the intensity of a selected resonant and non-resonant line is presented
as a function of the linear polarisation angle for both excitation and detection as a colour plot.
This finding, combined with the results of the PLE study, shows that there exist at least two
possible ways of distinguishing individual emitters from ensembles, which exploit the excitation

selectivity related to the laser polarisation and energy.

A.4. Influence of external conditions: temperature end magnetic field dependence

We proceed with the discussion of the dependence (or lack thereof) of the optical properties of
the emitting centres in BN powder on varying external conditions such as temperature and a
magnetic field. In Figure A-Ta the evolution of the PL spectrum is presented in a temperature
range from 10 - 296 K. The intensity, emission energy and linewidth is analysed for a selected
line at ~1.998 ¢V and the results are presented in Figure A-Tb. The influence of temperature
on the properties of PL lines is pretty standard for localized emitting centres in solids. The
intensity is quenched, the emission energy is red-shifted and the lines are broadened at higher
temperature. Apart from this typical evolution of individual narrow lines, an appearance of
an additional feature becomes apparent, when the temperature of the sample exceeds about
200 K. A broad band suddenly emerges covering completely the visible spectral region where
the narrow lines are found. The intensity of this background signal grows drastically with

further increase of the temperature. The presence of a similar feature is commonly observed for
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Influence of the temperature and magnetic field .
Figure A-7: The investigation of the influ-

Temperature dependence ence of external conditions, such as tem-
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240K
200K,
1S0K! | o !

100K! |

emitters in solids. Firstly, we present the

//

H

PL spectra for a selected emitting centre

in BN as a function of temperature. A

L —

feature commonly appearing in defect cen-

|

PL inensity (arb. units)
e

e e e

S0K | tres in wide gap materials and present here

as well is a broad band emission which

gains in intensity with the increase of the

e (V) temperature. Even though a presence of

such spectrally broad background hinders

\S)

the observation and analysis of individual

1.988
1.986
1.984

lines, in some cases it is possible to trace
the evolution of a particular line from he-
lium up to room temperature, which we
do here for the line at 1.988 eV (at low
temperature) which is highlighted in the

Intensity (arb. u.) =
Energy (eV)

Linewidth (meV)

0 n n n
0 150300 0 150300

Temperature (K)
spectrum. For this line we present the

Magnetic field dependence dependence of its (b) intensity, emission
energy and linewidth. (c¢) The measure-
ments of the magnetic field dependence,
performed on multiple randomly selected
emitting spots, have proven so far that the
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various colour centres in wide gap materials. It is attributed to the phonon assisted transitions
which accompany the zero-phonon line. However, this may not be the case for emitters in BN
powder. Firstly, the broad band does not appear at all at low temperatures, which would imply
that phonons responsible for its emergence become involved at temperatures as high as 200 K,
which is unlikely. Taking into account the fact, that the intensity of the background emission
grows in time, when exposing the emitter with laser excitation for extended periods of time
at a set temperature, we currently consider the possibility that it comes from damaging the

crystal due to heating it with the laser of a significant power.

The results of the magneto-optical studies are much more puzzling, because the emitters
in BN powder (as well as exfoliated hBN crystals) appear to be completely insensitive to the

application of a magnetic field in the range up to 14 T. The results of measurements for a
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selected emitter in BN powder sample are

Concepts on disappearing Zeeman effects

presented in Figure A-7. No signature of coupled spins

10
[T+

same g-factors

a field-induced splitting is observed for any triplet

of the lines nor a noticeable impact of the \ad MY+

T

anti-crossing (?)

singlet

field on their intensity. This property is

common for all measured emitting centres.

vacuum %))

Any possible explanations of this observa-

B

tion currently remain highly speculative.
. . Figure A-8: A pictorial representation of two sim-
Nonetheless, we would like to point out two & . .

ple cases of electronic states, which could lead
to complete disappearance of the Zeeman effects
The first possibility is

based on transition between two magnetic-field-

simple concepts leading to the disappear-

. . for optical transitions.
ance of Zeeman effects for optical transi-

tions. The basic ideas behind them are pre- independent states, e. g. from a vaccum state
to a singlet state of two coupled electrons.

Thi
The -

sented schematically in Figure A-8. scenario is shown in the left panel of the figure, in

first scenario is based on a coupling be-
tween electrons. Let us imagine that the
resonances seen in our experiments are re-
lated to optical transitions between vacuum

and many body states. If the involved elec-

which a presence of a higher energy triplet state is
marked as well. Effects of coupling between singlet
and triplet states could be revealed at higher mag-
netic fields.
in the right panel.

A second sceniario is demonstrated
It considers a simple case,
when the same value of the Zeeman splitting of

two electronic states, combined with proper selec-

. . tion rules, leads to field independent optical tran-
trons would form antiferromagnetically cou-

sitions.

pled pairs, then the energy of the electronic states could be magnetic field independent. In such
scenario one can expect an appearance of higher energy triplet state, which in the simplest case
of two electrons with 1/2 spin splits into three components. A feasible route to verify this
hypothesis is extension of the magneto-optical studies to higher fields in search for, e. g. anti-
crossings induced by a potential transformation of the ground electronic state from singlet into
triplet configuration. An alternative idea simply takes into consideration a Zeeman splitting
of individual electronic states of exactly the same magnitude, what leads to the compensation
of the magnetic field splitting for the optical transitions. If the optical selection rules would
favour the transitions exclusively between the two higher and the two lower branches of the

relevant electronic states, then the resonances seen in the optical spectra could be insensitive

to the magnetic field.
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A.5. Photon correlation study - single photon emission from helium to room tem-

perature

The photon correlation functions measured for single, well isolated PL lines from defect centres
in BN clearly confirm their single photon emission character. A robust anti-bunching is seen,
which reveals its characteristic time to reside in tens of nanoseconds timescale. This value
constitutes the upper limit for the PL decay time and is comparable with other single photon
emitters in solids. Another feature, which is observed in the correlation functions in longer
timescales (of the order of microseconds) is a bunching with unusually large amplitude. That
is a peculiar trait of the NLECs in BN crystals of currently unknown origin. A bunching in
a correlation function may appears due to charge fluctuations, which induce small variations
in the energy of the electronic states relevant for the optical transitions. Alternatively, a
bunching may also arise in multilevel systems, where the transitions between particular states
are accounted for by rate equation models. We believe the latter explanation is more likely to
be valid for NLECs in BN, based on the decent stability of their PL lines and the typical multi-
line optical response. The photon correlation measurements were done in broad temperature
range from helium up to room temperature. The experimental correlation functions, presented
in Figure A-9(a), were described by the same formula which was used for NLECs in WSe,

structures:

92(7):1—A1*€XP<—t— =

. >+A2*exp (— tT

1 2

) (A1)

where t; is an exponential temporal constant characterising the antibunching, ts is an exponen-
tial temporal constant characterising the long timescale bunching, A; is the antibunching depth
and A, is the bunching amplitude. The temperature dependence of the particular parameters
is presented in Figure A-9(b). The quality of single photon emission of NLECs in BN is ex-
ceptionally good. It may be represented by the renormalised value of the correlation function
at zero time delay: g2 (0) — g2(0) /(1 4+ A2) = (1 — Ay + A2) /(1 + As). The renormalisation
is necessary to preserve the interpretation of the value of the g (0) parameter as the probabil-
ity of emitting more than one photon in the presence of a bunching of significant amplitude.
The excellent quality of the NLECs in BN is seen in the low value of the renormalised g5 (0),
especially at low temperature (roughly below 200 K) when it does not exceed 5 %. At higher

temperatures the value of the renormalised g5 (0) increases significantly due to the emergence
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Comprehensive photon correlation study
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Figure A-9: The study of photon correlations in a broad temperature range shows that NLECs
in BN are remarkably good quality single photon sources. Firstly, for a single location we present
(a) the temperature dependence in sub-room-temperature range (10 - 200 K) of the PL spec-
trum showing a selected PL line, then photon correlation function measured for this line in short
timescale (tens of nanoseconds) illustrating the presence of the anti-bunching and photon corre-
lations in long timescale (tens of microseconds) revealing an appearance of a robust bunching.
For a different location (b) the photon correlation function and the PL spectrum at room tem-
perature is shown. It is noteworthy to point out, that in order to reproduce ambient conditions
of operation, the helium flow was stopped and the sample was left to termalize to the actual
temperature of the environment. Finally, (¢) the basic parameters describing the short timescale
anti-bunching and long timescale bunching, namely their amplitude and characteristic time, are

presented as a function of temperature for the data presented in (a).

of the spectrally broad background signal. It is important to stress that this observation does
not necessarily imply the deterioration of the single photon emission capabilities of NLECs in
BN at higher temperature. It simply signifies that the appearing background signal does not
come entirely from the same transition which at low temperature appears in form of a narrow,
well isolated line. An example of such a situation could be a temperature activated emergence
of huge phonon sidebands, which would accompany each individual narrow line. Their merging

into a singly extensive PL band could definitely limit the possibility of detecting signal exclu-
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sively from an individual optical transition. Nevertheless, the progress in understanding the
origin and properties of NLECs in BN may point out the ways to better isolate the lumines-
cence coming from individual PL lines at higher temperatures and restore the almost perfect
character of single photon emission even up to room temperature.

Another parameter which is evidently sensitive to the variation of the temperature is the
amplitude of the bunching. It noticeable diminishes by about five times when increasing the
temperature from 10 to 200 K, but given the uncertain origin of the bunching feature this
observation is difficult to interpret. We would just state a remark, which follows the multi-
state rate equation system scenario, that the rise of the temperature may substantially increase
the ratio between the non-radative and radiative processes. Therefore the dynamics of the
population and depopulation of the emitting states can be expected to be highly sensitive to
temperature. The two remaining parameters, i. e. characteristic temporal constants related to
the antibunching and the bunching appear to be practically independent on the temperature.

Finally, the photon correlation was measured at room temperature for a NLEC in BN at a
new location to demonstrate the possibility of room temperature operation. The ¢, (7) function
and the PL spectrum showing the correlated emission line is presented in Figure A-9c. These
data demonstrates that in spite of the high temperature background one can still observe single
photon emission from NLECs in BN in ambient conditions. The value of the renormalised g5 (0)
was found to be 0.46, which satisfies the generally acknowledged criterion for a single photon

source (g2 (0) < 0.5) .

A.6. Concluding remarks

The number of experiments described and interpreted here provide a comprehensive charac-
terisation of the optical properties of NLECs in BN. Our current understanding is that these
appealing emitters originate from the optical transitions between discrete electronic states lo-
cated deep in the bandgap, which emerge due to structural defects. The observation of a
unique set of lines, which appear at different energies at each particular location in our sam-
ples, suggests that these defects take various forms. They may be related to boron and/or
nitride vacancies, presence of additional atoms at inter-atomic sites of the lattice or combina-
tions of both. Such defects could also induce local distortion of the lattice manifesting itself as
translation or rotation of the positions of the closest atoms.

The question about the exact origin of the NLECs in BN is also connected with the puzzling
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observation of the emission from single
defects under excitation with relatively
large micrometer sized laser beam. It
is counter-intuitive that among millions
of illuminated atoms every so often sin-
gle emitting defects are found. Our cur-
rent impression, based on the statistical
analysis of the distribution of the emis-
sion energy of the PL lines from mul-
tiple NLECs and appearance of broad
emission bands at some locations, is that
the density of such emitting defects is
highly inhomogeneous. As we have spec-
ulated, the broader structures may arise
due to the optical response of the ensem-
bles of NLECs. A possible explanation of

the observation of single, isolated centres

NLECs in BN directly on gelfilm
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Figure A-10: The typical optical response of an elas-

tometric stamp (an elastic, transparent film of gel-like
consistency) under Argon laser line 514 nm excitation
is presented in the top graph. BN powder has been
distributed over a piece of such film (attached after-
wards on a glass slide) resulting in the observation
of the optical signature of NLECs at ambient condi-
tions on specific spacial locations as demonstrated in
the bottom graph. The NLECs can be found on the
film in a similar manner as on the Si/SiO, substrates
covered with BN powder, by scanning its surface with

micrometre-sized laser beam.

may also be related, perhaps partially, to

the existence of strict optical selection rules required to effectively excite the transitions within
particular defects. Our preliminary study of NLECs in BN indicate that at least two conditions
may apply for some transitions. One of them was discovered in the PLE measurements, where
a resonant character of some PL lines was revealed. Certain lines were disappearing completely
when the laser energy was tuned out of very specific, well defined values. A second property,
which allows some degree of selectivity in excitation of different transitions, was uncovered in
linear polarisation resolved measurements. The efficiency of the light emission from NLECs
in BN was found to be highly sensitive to the direction of the linear polarisation of the laser
implying that absorption is polarisation dependent. Each PL line exhibited its own directions
of polarisation axes corresponding to the maximum and the minimum of the absorption. There-
fore, combining these two features, one can imagine that in typically used excitation conditions
with set wavelength and direction of linear polarisation of the laser, most of the NLECs give

practically none PL response.

In terms of perspectives, NLECs in BN are expected to become a blooming field of research
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due to their basic traits uncovered so far. Bringing up an analogy with the development
of NLECs in sc-TMDs structures, one can note that the possibility of electrical pumping is
an obvious next step towards realising the awaiting technological challenges. However, new
directions also emerge, which lead to unexplored, as of yet, routes. For instance, the presence of
NLEGCs in powder form of BN at room temperature ensures that the design of future structures
is not limited to conventional substrates. One may think of more versatile media on which BN
powder could be deposited. Figure A-10 shows an optical response of a NLEC in BN residing
on a piece of an elastometric stamp commonly used in exfoliation techniques. Such preliminary
results validate the feasibility of realising completely new ideas, such as single photon emitters

on transparent and elastic supports.
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Summary

The content of this thesis was built around rather simple experimental observations regarding
optical investigations of thin films of semiconducting transition metal dichalcogenides (sc-TMD)
materials. The interest in the properties of such type of structures has raised quite recently.
It can be seen as a direct follow-up of the extremely successful graphene research, however the
results of preliminary studies have already brought up the unexpected and appealing findings,
which stimulate the broad efforts focused on investigation of a large class of layered structures.
The currently conducted research on atomically thin layers of materials other than graphite,
given its early stages, remains at the very basic level. Consequently, our understanding of
the electronic properties of such systems constantly evolves, as more and more experimental
observations are reported, accompanied by the attempts to confront them with theoretical
concepts. However, quite often new findings bring up more puzzles than actual answers to the

recurring questions [147].

Here, we have presented a systematic study of the optical response of exfoliated sc-TMD
structures based on the measurements of photoluminescene and reflectivity spectra. In Chap-
ter 1, the general characterisation of sc-TMD layers is discussed, including the investigation
of the impact of the number of layers and temperature on the excitonic resonances observed in
the optical spectra. The presented data are interpreted in terms of the evolution of the band
structure with the thickness of the flakes, accompanied by the modifications of the Coulomb
interaction. The variation of the energy of the resonances and their corresponding linewidth
increase induced by the rise of the temperature in absorption-type experiments is accounted for
by standard formalism developed for traditional semiconductors, which is based on coupling
mechanisms between electrons and phonons. On the other hand, the temperature dependence
of the photoluminescence spectra reveal quite surprising features, which differentiate various
materials belonging to sc-TMD family. In this work, MoSe, and WSe; monolayers are com-

pared, for which the luminescence spectra at low temperature are strikingly different. The
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enhancement of the emission intensity characteristic of WSe, material at higher temperature
contrasts strongly with conventional quenching of intensity observed in MoSe, material. This
observation has been interpreted as a consequence of two types of spin alignment in the con-
duction sub-bands. This finding signifies, that the excitonic states visible in the luminescence
spectra of WSey and MoSe,; monolayers are formed from electrons occupying different conduc-
tion states. Consequently, the optically active excitons in MoSe, material may be considered as
the ground state of the system. On the other hand, the radiately recombining excitons in WSe o
material are composed of electrons locked on the higher energy conduction states, therefore in
this case there exist lower energy optically inactive dark states. This distinction was used to

classify the sc-TMD materials into ’bright’ and ’darkish’ families.

In Chapter 2 the characterisation is extended to include the analysis of Zeeman effects. A
simple empirical model is developed to describe the linear with magnetic field terms, which shift
the individual electronic states in the fundamental sub-bands. Eventually, three contributions
were considered, which account for spin, orbital and valley-type effects. The magnitude of
the corresponding parameters was estimated in multiple ways, e. g. by the analysis of the
polarisation degree of the charged exciton resonance in the absorption-type investigations. This
enabled the evaluation of the g-factor of an individual electronic state in the conduction band.
In terms of photoluminescence studies, the MoSe, monolayers exhibit conventional behaviour.
The values of the g-factors mimic the ones seen in the reflectivity measurements. On the
other hand, WSe; monolayers reveal again surprising traits. The lower energy emission lines,
forming the band of ’localised/bound’ excitons, show extremely large Zeeman splittings. We

have speculated that this feature is related to optical transitions involving dark exciton states.

Finally, the appearance of narrow lines emitting centres (NLECs) in exfoliated WSe s struc-
tures at low temperatures was discussed in Chapter 3. A comprehensive analysis of their
properties was presented. This included the comparison of the excitation spectra of the NLECs
and the 2D-like response of monolayers, the temperature and magnetic field evolution of the
NLECs’ emission lines and their polarisation properties. The measurements of photon corre-
lations revealed the single photon emission character of NLECs. It is still not clear what is
the exact origin of NLECs, nonetheless some possibilities were considered. They were par-
tially based of scanning tunnelling microscope (STM) studies, which uncovered the presence of

nano-sized monolayers at the perimeter of an exfoliated WSe, flake.

A similar characterisation for NLECs found in another representative of the class of two
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dimensional materials - boron nitride (BN) - was presented in Appendix A. It this case the
emission in form of narrow lines comes most probably from structural defects in a similar
manner as in other wide gap materials such as diamond or silicon carbide. These NLECs were
also found to be single photon sources, however in this case the capabilities of light emission are
sustained up to room temperature. Therefore, they appear to be quite appealing objects from
the point of view of their potential functionalities. Apart from that, NLECs in BN revealed
a multitude of optical properties, which may be helpful in learning what kind of defects they
actually are. Their emission strength turned out to be highly sensitive to the polarisation and
energy of the laser used for excitation. Thus, the strict selection rules may also be relevant for

the explanation of the surprisingly small spatial density of the emitting defects.
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