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— Aaron Swartz

Abstract
Two-dimensional (2D) materials have attracted increasing attention over the last decade
owing to their remarkable mechanical, electrical and optical properties. Following the groundbreaking discovery of graphene in 2004, a plethora of other atomically-thin materials have
emerged. They cover a broad spectrum of electronic character including semiconductors,
metals and insulators. The functionalities of 2D materials can be further extended by stacking
individual layers into vertical heterostructures. The resulting interlayer electrical coupling
enables harnessing complementary properties of the constituent materials and exploring
novel fundamental physics phenomena. Their versatility and intriguing optoelectronic properties make 2D materials promising alternatives and compliments to current semiconductor
technologies which suffer from scale-down limitations.
Among the 2D semiconductors, transition metal dichalcogenides (TMDCs) such as MoS2 and
WSe2 stand out due to their direct band gap, strong spin-orbit coupling and valley degree of
freedom. This class of materials could thus enable a new generation of 2D optoelectronic
devices in which information is processed through the electron spin or valley pseudospin,
and accessed by optical means. Another promising 2D material is hexagonal boron nitride
(h-BN), which is a transparent wide band gap insulator with excellent mechanical properties.
Furthermore, the absence of dangling bonds and its strong dielectric screening capability
make h-BN an ideal substrate for 2D materials.
In general, crystalline defects such as vacancies, adatoms, and substitutional impurities have
a significant impact on the properties of atomically-thin materials. Defects in TMDCs can trap
free excitons, thus creating single-photon sources, while in h-BN they can introduce localized
electronic states deep within its large band gap, resulting in stable quantum emission at room
temperature. Defects can also be exploited to modulate the characteristics of the host 2D
material, thus introducing functionalities that are absent in the pristine form. One option is
the controlled introduction of substitutional impurities in TMDCs in order to induce tunable
magnetic properties.
The present thesis aims at exploring the optoelectronic properties of quantum emitters in
h-BN and the magnetic properties arising from substitutional V doping in WSe2 . Along these
lines, a further task is to identify novel approaches to control the functionalities of the two
different 2D semiconductors. In the first experimental part, the electrical tuning of singlephoton emitters in atomically-thin h-BN is investigated by applying a vertical or horizontal
electric field. In the first case, the vertical electric field is implemented through a graphene
i

top contact, which simultaneously enables tuning of the photoluminescence intensity. The
horizontal electric field tuning is achieved via lithographically defined, interdigitated lateral
electrodes. The large and robust Stark shift attained with both configurations testifies the
efficiency of the electrical tuning to control the emission and underscores the ability of this
method to address fundamental properties of the quantum emitters.
The second experimental part describes the results of circular polarization-resolved photoluminescence and magnetotransport measurements performed with the aim of probing
ferromagnetic order in V-WSe2 . Although the detection of magnetic signatures via transport
measurements on few-layer flakes is hampered most likely due to the formation of a layered
antiferromagnetic phase, the photoluminescence data gained on monolayer sheets point
toward the presence of small local ferromagnetic domains. Taken together, these findings provide a valuable basis for further investigations on tailoring the (opto)electronic and magnetic
properties of 2D materials through the controlled introduction of defects.

Key words: 2D semiconductors, h-BN, V-WSe2 , vdW heterostructures, quantum emitters,
magnetic semiconductors, photoluminescence spectroscopy, magnetotransport
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Sommario
Nell’ultima decade i materiali bidimensionali (2D) sono stati oggetto di una crescente attenzione grazie alle loro eccellenti proprietà meccaniche, elettriche e ottiche. A seguito della
rivoluzionaria scoperta del grafene nel 2004, sono stati individuati molteplici, ulteriori materiali costituiti da un singolo strato atomico, i quali manifestano differenti caratteristiche
elettroniche riconducibili a semiconduttori, metalli e isolanti. Le loro funzionalità possono
essere ulteriormente incrementate sovrapponendo materiali bidimensionali diversi tra loro
in modo da formare eterostrutture verticali. Infatti, la risultante interazione elettrostatica
tra i singoli strati consente di sfruttare le proprietà complementari degli stessi e di esplorare
nuovi fenomeni fisici. Inoltre, la versatilità e le straordinarie properietà optoelettroniche
che contraddistinguono i materiali 2D rendono questi ultimi compatibili e, al tempo stesso,
alternativi alle tecnologie a semiconduttore che attualmente presentano forti limitazioni alla
riduzione delle loro dimensioni.
All’interno della famiglia dei semiconduttori 2D, i transition metal dichalcogenides (TMDCs),
quali ad esempio MoS2 e WSe2 , occupano una posizione di rilievo grazie alla gap diretta, il
forte accoppiamento spin-orbita e l’indice di valle elettronica. Pertanto, l’utilizzo dei TMDCs
potrebbe contribuire allo sviluppo di una nuova generazione di dispositivi optoelettronici 2D
nei quali i bit di informazione vengono memorizzati sottoforma di spin o di pseudo-spin di
valle elettronica, e manipolati mediante segnali ottici. L’ hexagonal boron nitride (h-BN) è un
altro promettente materiale 2D, dal carattere isolante, con una larga gap di banda, trasparente
e dalle eccellenti proprietà meccaniche. Inoltre, l’assenza di dangling bonds nonché l’elevata
capacità di schermatura elettrica rendono l’h-BN un substrato ideale per i materiali bidimensionali.
In generale, i difetti cristallini tra cui le vacanze reticolari, gli adatomi e le impurità sostituzionali hanno una forte incidenza sulle proprietà dei materiali sottili. Ad esempio, i difetti nei
TMDCs possono fungere da trappole per gli eccitoni mobili, mentre nell’h-BN essi possono
generare degli stati elettronici localizzati all’interno dell’ampia gap di banda. In entrambi i
casi, il risultato è la creazione di sorgenti di singoli fotoni (o emettitori quantistici). Inoltre, i
difetti possono essere utilizzati per modulare le caratteristiche di un materiale 2D, instaurando
così funzionalità che sono assenti nella sua forma originale. Un esempio è l’introduzione controllata di impurità sostituzionali nei TMDCs allo scopo di indurre delle proprietà magnetiche.
Questa tesi si prefigge di esplorare le qualità optoelettroniche degli emettitori quantistici
nell’h-BN e le proprietà magnetiche indotte nel WSe2 dal drogaggio con atomi di vanadio (V).
iii

Un ulteriore obiettivo è quello di mettere a punto degli approcci innovativi per controllare le
funzionalità dei due materiali.
La prima parte della tesi si occupa della manipolazione elettrica delle sorgenti di singoli fotoni
in singoli strati atomici di h-BN mediante campi elettrici verticali e orizzontali. Per quanto concerne il campo elettrico verticale, esso è ottenuto mediante l’utilizzo di uno strato di grafene
come contatto elettrico superiore, il quale consente, inoltre, di controllare l’intensità della
fotoluminescenza. Diversamente, il campo elettrico orizzontale è generato per via di elettrodi
realizzati tramite litografia. L’effetto Stark così ottenuto risulta essere ampio e ripetibile con
entrambe le configurazioni, a testimonianza dell’efficacia di tale metodo nel controllare gli
emettitori. Inoltre, la manipolazione elettrica delle sorgenti di singoli fotoni costituisce un
potente mezzo per lo studio delle loro caratteristiche fondamentali.
La seconda parte della tesi tratta i risultati ottenuti mediante esperimenti di spettroscopia
di dicroismo circolare e magnetoconduzione condotti su campioni di V-WSe2 allo scopo di
rilevarne il possibile ferromagnetismo. Le misure di magnetoconduzione effettuate su campioni di alcuni strati atomici non riportano segni evidenti di ferromagnetismo, probabilmente
a causa di un ordinamento antiferromagnetico tra i diversi strati. Tuttavia, i dati ottenuti
dalle misure di spettroscopia su singoli strati atomici suggeriscono la presenza di domini
ferromagnetici. In conclusione, le evidenze raccolte in questa tesi costituiscono una valida
base per successivi studi finalizzati ad affinare le proprietà (opto)elettroniche e magnetiche di
materiali 2D mediante l’introduzione controllata di difetti.

Parole chiave: semiconduttori bidimensionali, h-BN, V-WSe2 , eterostrutture, sorgenti di
singoli fotoni, semiconduttori magnetici, spettroscopia di fotoluminescenza, magnetoconduzione
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1 Introduction

The miniaturization of electronic devices is a major driving force for the further development
of semiconductor technologies. Scaling enables faster information processing, as well as
minimizing production and storage costs. For the past five decades the development of
semiconductor industry has followed the roadmap traced by Moore’s law in 1965, which
asserts that the number of transistors per integrated circuit grows exponentially [1]. However,
in the last few years, the increase of the transistors operational speed (i.e., the clock speed)
has slowed down, as the fundamental limits are close to be reached. Due to difficulties
in lowering the threshold voltages and reducing the oxide thickness, the actual technology
scaling no longer follows the ideal trend (so called "constant-field scaling") [2]. This results
in an increase of power consumption and Joule heating, which constitutes one of the major
obstacles to miniaturization. Furthermore, the high-frequency metallic interconnects between
the processing units of integrated circuits suffer from significant energy loss and time delay
[3], which limits the data processing speed. Therefore, new paradigms are needed for further
developing information technologies, which requires input from various fields like solid-state
physics, material science and chemistry.
Combining optical communication with electronics in optical devices (on-chip integrated
photonics) is one of the most promising approaches to overcome current limitations of data
transfer rate in semiconductor technology. However, the implementation of a fully functional
photonic device based on conventional semiconductors is challenging since it requires optically active materials serving as on-chip light sources, optical modulators, and photodetectors
that are compatible with Si-CMOS technology [4]. In this respect, two-dimensional (2D) materials are promising candidates for such applications owing to their outstanding optoelectronic
properties.
The isolation of graphene and experimental determination of its electrical properties in 2004
[5] revealed the enormous potential of 2D materials as alternatives to conventional semiconductors and to enable further miniaturization beyond Moore’s law. However, the semi-metallic
nature of graphene (i.e., the lack of a band gap) represents a serious hurdle for any digital electronics application. Triggered by the demand for alternatives and complements to
1
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graphene, numerous novel van der Waals (vdW) materials1 have been discovered in the last
few years. These 2D materials cover a vast range of electronic behavior from semiconductors, insulators, semimetals, metals, topological insulators to superconductors [6]. Typically,
atomically thin materials exhibit significantly different properties compared to their bulk
counterparts, leading to a plethora of unexplored interesting phenomena. Moreover, owing
to their reduced dimensionality, 2D materials are very sensitive against external mechanical,
electrical and optical influences, thus offering a great flexibility in terms of manipulating their
electronic and optical properties. Another advantage of 2D materials is the possibility to combine them in vertical stacks held together by vdW forces (hence called vdW heterostructures).
The heterostructure inherits the basic properties of the individual layers, although further
functionalities may be introduced through a proximity effect between the layers [6].
Among the "beyond-graphene" vdW materials, transition metal dichalcogenides (TMDCs)
with the formula MX2 (where M is a transition metal and X is a chalcogen) are arguably the
most studied ones. This strong interest is due to their electronic character covering a wide
range, i.e., they can be semiconductors (MoS2 , MoSe2 , WS2 , WSe2 ), semimetals (MoTe2 , WTe2 ),
insulators (e.g., HfS2 ), metals (e.g., NbS2 , VSe2 ) or superconductors (e.g., NbSe2 ) [7]. Semiconductor TMDCs are promising components of valleytronics devices which exploit the spin
and valley degree of freedom to store and process information [8]. Moreover, owing to the
direct band gap and the strong light-matter interaction, semiconductor TMDCs are suitable
candidates for photonic applications [9].
However, despite the growing interest in TMDCs, progress along this direction has been
hampered by their low charge carrier mobility and the difficulty to achieve Ohmic electrical contacts to them. The charge transport efficiency is mostly limited by carrier traps and
phonon-scattering centers [10], while the high contact resistance is due to metal-induced
interface states and Fermi level pinning effects [11]. Recently, both carrier transport and
injection in TMDCs could be notably improved, mainly based upon three different strategies [12]. Specifically, these are contact engineering to reduce the contact resistance [13],
dielectric engineering to screen scattering centers by using high-k dielectrics as substrates or
capping layers [14], as well as material engineering to improve the charge transport through
substitutional or chemical doping, while preserving the main properties of the material [15].

1 2D materials are very often referred to as van der Waals materials, since they are characterized by strong

in-plane covalent bonds and weak interlayer van der Waals interactions, making it easy to thin them down to
monolayers by mechanical cleavage.
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Figure 1.1 – Overview of the different atomically thin layered materials
discovered as of 2013 (top). Schematic representation of a van der Waals
heterostructure, whose stacked layer architecture is conceptually analogous
to a Lego construction (bottom). Adapted from [16].

Defects and impurities are ubiquitous in solids and can introduce new functionalities that are
absent in pristine materials. Upon reducing dimensionality from bulk to 2D, charge carriers
interact more strongly with defects and adsorbed atoms or molecules, which hence can detectably alter the material properties. Structural defects and impurities are well-documented
to enhance the electrochemical activity [17] and tune the electronic [18], magnetic [19] and
optical [20] properties of 2D semiconductors.
One of the most intriguing aspects of structural defects is their ability to act as quantum light
emitters in 2D materials such as WSe2 [21] and hexagonal-boron nitride (h-BN) [22], making
them attractive platforms for advancing quantum information technologies [23]. In fact, future quantum computing applications require new methods for processing and transmitting
information encoded in inherently quantum mechanical systems. Owing to the high-speed
transmission and outstanding low-noise properties of photons, single photon sources have
3
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been proposed both as qubits and as quantum information transfer nodes [24, 25]. Although
the properties of quantum emitters in 3D materials (e.g., NV− centers in diamond) are better
understood, the characteristics of single photon sources in 2D materials can be more favorable
for practical applications. For example, the indistinguishability of single photons necessary for
quantum computing requires coupling the quantum emitter with optical cavities [26], which
is more challenging with bulk host materials compared to 2D structures [24].
The controlled introduction of impurities in TMDCs can also be used to induce magnetic
ordering while maintaining the semiconducting properties of the host material. Although
most of the 2D magnetic materials are either metallic or insulating and hence are not amenable
to carrier density control, magnetically doped TMDCs potentially allow for the control of their
magnetic properties via an electrical (gate) field [27]. Such electric field instead of magnetic
control is highly desirable for various spintronic applications that rely upon the manipulation
of the spin degree of freedom [28].
This thesis aims to explore novel means to control the optoelectronic properties of two different types of semiconducting 2D materials which comprise structural or substitutional
defects as the active units that govern the physical properties. In case of the first material
system, the aim was to combine quantum emitters in h-BN with graphene as a 2D material
that represents a close-to-ideal, flat and optically transparent gate electrode, and study the
tuning efficiency of the emitter photoluminescence under an applied vertical electrical field.
For comparison, also the influence of a lateral electric field, implemented via lithographically
defined electrodes, on the h-BN quantum emitter properties should be investigated. In case
of the magnetically doped TMDC WSe2 as the second material system, the main objective was
to identify signatures of magnetic ordering via optical luminescence and magnetotransport
measurements. Also in these experiments, it was of interest to which extent the magnetic
signatures may be controllable through an electric gate field.
The thesis content is divided into the following chapters:
Chapter 2 briefly reviews the optoelectronic properties of h-BN and TMDCs, together with the
fundamental physics underlying the explored phenomena. Furthermore, it summarizes recent
experimental studies aimed at tuning of quantum emitters in h-BN and inducing long-range
ferromagnetic order in doped TMDCs.
Chapter 3 outlines the experimental methods employed in this work and provides details on
heterostructure device fabrication and the most relevant measurement techniques.
Chapter 4 describes the results obtained on Stark tuning of single photon emitters in atomically thin h-BN films with both perpendicular and parallel electric field configurations. In
addition to the evaluation of the tuning efficiency and the optical emitter properties, aspects
of fluorescence quenching and the mechanism underlying the gate dependence of the Stark
effect in the graphene/h-BN heterostructures are addressed.

4

Chapter 5 deals with the circular dichroism of the photoluminescence and magnetotransport
properties of V-doped WSe2 sheets, both of which were investigated in order to detect possible
fingerprints of magnetic ordering in this novel type of 2D material.
Chapter 6 concludes this thesis with a short summary of the results and provides an outline of
possible future experiments.
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2 Optoelectronic properties of 2D semiconductors
2.1 2D semiconductors
2.1.1 Hexagonal-Boron Nitride (h-BN)
The h-BN crystal is a particular allotropic form of the III-V compound BN, with a layered
structure similar to graphite. Like the isoelectronic graphene, individual h-BN layers have a
honeycomb structure (see Fig. 2.1). Due to the nearly identical bond length of B-N and C-C
(1.44 Å, and 1.42 Å, respectively), the lattice mismatch between h-BN and graphene is only
∼1.8% [29]. Similarly to graphene, h-BN exhibits high mechanical robustness and good thermal conductivity [29], whereas their electronic properties are quite different. While graphene
is an extremely good conductor, the polarity of the B-N bond makes h-BN an insulator with a
large band gap (∼6 eV [30]).

Figure 2.1 – Comparison between the h-BN (left) and graphene (right) 2D
lattices.

Owing to its atomically smooth surface free of dangling bonds and charge traps, h-BN is an
ideal substrate for 2D optoelectronic devices. In fact, compared to standard SiO2 substrates,
7
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h-BN substrates drastically improve the carrier mobility of 2D materials [31] and enhance their
optical features [32]. Due to its favourable dielectric properties, namely a dielectric constant
of 3-4 and a breakdown electric field of 1 V/nm, h-BN can be also used as gate dielectric. In
addition, h-BN is chemically inert and transparent over a broad wavelength range [33], making
it an ideal capping layer for passivation of various 2D materials.

2.1.2 Transition metal dichalcogenides (TMDCs)
The Mo- and W-based dichalcogenides occur in two common structural phases: 2H and 1T.
The 2H phase has a trigonal prismatic structure with an ABA stacking, whereas the 1T phase is
characterized by an octahedral coordination of the metal atoms, corresponding to an ABC
stacking. In the case of the group VI TMDCs, only the 2H phase is thermodynamically stable,
while the 1T phase can only be obtained as a metastable phase. Fig. 2.2 shows the 2H TMDC
crystal structure, featuring a graphene-like hexagonal arrangement of the atoms in the top
view. The M-X bond length in the 2H phase is around 2.4 Å, while the monolayer thickness is
around 3.2 Å [34]. For simplicity, in the following we will only refer to group VI TMDCs in the
2H phase.

(a)

(b)
Top-view

M=Mo, W
X=S, Se

A
B
A

Side-view

Figure 2.2 – Schematic illustration of the crystal structure of a TMDC in the
2H phase. Adapted from [35].

Most of the interesting properties of TMDCs arise from the reduction of their dimensionality
from multilayer to monolayer. All TMDCs exhibit an indirect to direct band gap transition
when thinned down to monolayer form, as shown in Fig. 2.3. This unusual behavior stems
from the different characters of the d orbitals at the high symmetry points Γ and K of the
Brillouin zone. The valence band maximum states near the Γ point are a linear combination
of d orbitals of M atoms and antibonding pz orbitals of X atoms. As a consequence, these states
are strongly affected by the neighbouring layers and their energies depend sensitively on the
thickness of the flake. On the other hand, the states at the K point originate from strongly
localized d orbitals at M atom sites. Since the M atoms are located in the middle of the X-M-X
unit cell, the states at the K point experience minimal interlayer coupling. Accordingly, while
the indirect band gap is strongly dependent on the number of layers, the direct one is not (Fig.
2.3) [36].
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Due to their direct band gap, TMDC monolayers show extremely bright photoluminescence,
which allows to easily distinguish them from bilayers or multilayers. Other interesting phenomena in single-layer TMDCs stem from the reduced crystal symmetry compared with the
bulk. These properties are discussed in more detail in Sec. 2.5.
Due to the quantum confinement, excitons in monolayer TMDCs experience a change in the
dielectric environment and a reduced effective screening with respect to the bulk case. This
results in a strong enhancement of the Coulomb interaction and hence extremely large exciton
binding energies. In fact, compared to conventional 3D semiconductors, exciton binding
energies in 2D TMDCs are around 1 order of magnitude larger (few hundred meV), making
these materials suitable for room temperature excitonic devices [37]. Moreover, due to the
strong excitonic effects in 2D TMDCs, other stable bound states such as trions and bi-excitons
can be observed [38, 39].

4 layers

2 layers

Monolayer

Energy

Bulk

Γ

Μ Κ

Γ Γ

Μ Κ

Γ Γ

Μ Κ

Γ Γ

Μ Κ

Γ

Figure 2.3 – Calculated layer dependence of the MoS2 band structure displaying an indirect to direct band gap transition from bulk to monolayer.
Adapted from [40].

2.2 Quantum emitters in 2D
Solid-state single photon emitters (SPEs) have attracted increasing interest in the past few
years for both their fundamental aspects and potential technological applications. An ideal
quantum emitter generates one photon at a time into a given spatiotemporal mode, producing
a stream of identical photons. Such non-classical light sources hold great promise for many
quantum technologies including quantum information processing and quantum sensing, as
well as quantum nanophotonics and metrology [23, 41]. While solid-state SPEs in 3D (e.g.,
nitrogen vacancy (NV− ) centers in diamond [42] or atomic defects in SiC [43]) and 1D (e.g.,
carbon nanotubes [44]) structures are well established, quantum emitters in 2D materials
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have only recently emerged. Quantum light emission in a 2D host was demonstrated for the
first time in monolayer WSe2 [21, 45, 46, 47, 48]. Shortly afterwards, SPEs were discovered also
in atomically thin h-BN [22] and in other TMDCs [49, 50]. Compared to SPEs in 3D crystals,
quantum emitters in 2D materials offer several advantages, such as a higher light extraction
efficiency due to the absence of total internal reflection, and a facile integration with cavities,
photonic waveguides and plasmonic structures [23].
Solid-state quantum emitters can be broadly categorized into two classes depending on their
physical nature [51]. The first type of SPE is a quantum dot (QD). In this case, the emission
originates from 0D localized excitons, which are trapped by a potential field induced by strain
or a crystallographic defect. QDs typically occur in narrow band gap materials such as TMDCs.
The emitters belonging to the second type are usually called color centers. They consist of
an isolated crystallographic point defect (a vacancy or an atomic impurity) which generates
electronic states that lie deep within the band gap, far from the conduction and valence bands.
Color centers are common in wide band gap semiconductors such as diamond, SiC and h-BN.
Remarkably, while QD SPEs are limited to cryogenic operation temperatures, color centers
show quantum emission also at and above room temperature.
The following section focuses on SPEs in h-BN. However, before continuing, the principles of
photoluminescence as well as the different types of photon statistics are briefly discussed.

2.2.1 Photoluminescence
Most of the fundamental optical properties of semiconductors can be accessed by studying
their photoluminescence (PL), involving the spontaneous emission of light under optical
excitation. In semiconductors, an electron can be excited from the valence band (VB) to the
conduction band (CB) by absorbing a photon whose energy is equal to or larger than the band
gap. The result is the formation of an exciton, an electron-hole bound state. After a short
time (the excited state lifetime), typically on the order of ps or ns, the electron-hole pair can
recombine either radiatively, by emitting a photon, or non-radiatively. PL can be observed
also from defect states in semiconductors, such as the h-BN color centers.

2.2.2 Photon statistics
In order to distinguish quantum light sources from classical ones, one has to study the statistics of the emitted light, which can be done by measuring the second-order autocorrelation
function of the emitted photons g (2) (∆t ). This function describes the probability of detecting
a photon at a delay time ∆t , after observing a photon at time t . The second-order autocorrelation function can be expressed in terms of the light intensity I (t ) or as a function of the
number of photon counts on the detector n(t ):
g (2) (∆t ) =
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〈I (t )I (t + ∆t )〉
〈n(t )n(t + ∆t )〉
∝
〈I (t )〉〈I (t + ∆t )〉 〈n(t )〉〈n(t + ∆t )〉

,

(2.1)
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where 〈 • 〉 indicates time average, i.e., the expectation value. In order to clarify the physical
meaning of g (2) (∆t ), the three main types of photon statistics shall be considered (Poissonian,
super-Poissonian and sub-Poissonian), as schematically illustrated in Fig. 2.4.
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2

2

1

1

1

0

0
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0

0
Δt

0

0
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Figure 2.4 – Comparison of different photon statistics along with the relative
temporal distribution of the photons and second-order autocorrelation
function, g (2) (∆t ).

For a perfectly coherent light source (e.g., a laser), the emitted photons are uncorrelated and
they obey the Poisson distribution. In this case, the variance of the photon counts is equal
to the mean value: ∆n 2 = 〈n〉. Correspondingly, the average intensity is constant 〈I (t )〉 =
〈I (t + ∆t )〉 = I and g (2) (∆t )) = 1 (see Fig. 2.4(a)). If one now considers a partially coherent
source (e.g., thermal light), the random intensity fluctuations lead to a super-Poissonian
distribution: ∆n 2 > 〈n〉. The intensity can be expressed as: I (t ) = 〈I (t )〉 + ∆I (t ). For ∆I (t )6=0,
it can be derived that g (2) (0) > 1 (see Fig. 2.4(b)). This phenomenon is also called photon
bunching, as due to the chaotic nature of the emission, the probability to detect a photon
immediately after one other is higher than after a longer time. However, the experimental
observation of bunching from thermal sources is challenging since their coherence time is
much shorter than the typical nanosecond response time of conventional photodetectors.

Photon antibunching
The third type of photon statistics is the sub-Poissonian ∆n 2 < 〈n〉. In contrast to the first two
types, systems exhibiting such photon statistics can only be described within the frame of a
quantum picture of light. To this end, a two-level system consisting of a lower energy ground
state and higher excited state is considered. As already discussed in Sec. 2.2.1, a single emitter
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in the excited state requires a finite amount of time before relaxing back to the ground state by
emitting a photon. As a consequence, the probability to detect a photon immediately after
the previously emitted one tends to zero, and the time separation between two consecutive
photon detection events is ultimately determined by the excited state lifetime τ. This results
in a pronounced dip in the g (2) (0) function at zero time delay, which is often referred to as
photon antibunching.
A perfect single photon source or quantum emitter shows g (2) (0) = 0. Importantly, g (2) (0) < 1
can be observed also for other systems such as a two-photon source, although g (2) (0) does
not fall below 0.5 in this case. Therefore, g (2) (0) < 0.5 is usually considered a signature of
single photon emission. Fig. 2.5 provides an example of photon antibunching from an h-BN
single photon emitter. The dip well below 0.5 confirms the quantum nature of the defect. The
experimental data gained in this thesis was fitted with a two -level model:
g

(2)

µ
¶
|∆t |
(∆t ) = 1 − A exp −
τ

,

(2.2)

from which the excited state lifetime was extracted. The standard method to measure the
photon statistics of light and the g (2) (∆t ) function is the Hanbury–Brown–Twiss (HBT) interferometer, which is described in Sec. 3.5.2.
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Figure 2.5 – An example of photon antibunching measured in monolayer
h-BN, which is a clear signature of single-photon emission.

2.3 Single photon emitters in h-BN
As already discussed above, h-BN is so far the only 2D material exhibiting room temperature
single-photon emission. This property is enabled by the presence of deep defect levels within
the wide h-BN band gap, which cannot be accessed by thermal energy. Furthermore, SPEs
in h-BN are the brightest among thus far studied 2D material-based single-photon sources
and show the narrowest linewidth [51, 52]. These features, which are highly desirable for
a single-photon source, make h-BN an ideal candidate for applications in quantum technologies. However, the pronounced variation in the emission energy and the photophysical
properties of h-BN color centers poses major challenges for their practical use. In fact, SPEs in
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h-BN display an inhomogeneous distribution of the zero-phonon line (ZPL) in the NIR-visible
range (∼ 1.6-2.2 eV) and can be observed also in the UV range (∼ 4.1 eV) [51]. Likewise, the
excited state lifetime (ranging between 1 and 10 ns), the spectral diffusion characteristics, the
lineshape as well as the dipole orientation vary considerably. While the differences in the
photophysical properties of h-BN emitters can be caused in part by variations in the local
dielectric environment, the broad range of the emission energies points toward distinct defect
structures [51, 53].
The detailed atomic origin of the quantum emission in h-BN is still under debate, and more
experimental and computational efforts are needed to clarify this issue. Initial density functional theory (DFT) studies proposed the anti-site complex NB VN (nitrogen vacancy with a
nitrogen-boron substitution) as the most likely candidate for the single photon emission in
monolayer h-BN [22]. A more recent work investigated a larger set of potential quantum defects by including atomic impurities in the h-BN structural defects, such as oxygen and carbon.
The CB VN defect (nitrogen vacancy with a carbon-boron substitution) was identified as the
most promising candidate [54]. This study further revealed that the theoretical predictions
on the Huang-Rhys factor and PL lineshape for the CB VN defect show better agreement with
the experimental results than the NB VN defect [54]. A recent work provided further evidence
in favor of the carbon-related origin of SPEs in h-BN by systematically growing samples with
different methods and carbon concentrations [55]. Another study proposed boron dangling
bonds as a possible source for the observed single-photon emission around 2 eV [56]. However,
these defects are expected to generate energetic states in the vicinity of the CB minimum,
which seems to contradict the experimental observation of stable quantum emission even at
elevated temperatures.

Figure 2.6 – Defect structures proposed as origin of the quantum emission
in h-BN. The numbers indicate the locally modified lattice constants in Å.
Adapted from [54].

Quantum emitters can be found in different h-BN host structures including exfoliated thin
sheets, chemical vapor deposition (CVD)-grown films, suspended nanoflakes, nanotubes
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and bulk crystals. Post-growth treatments such as annealing, plasma processing and wet
chemical etching [57, 58] are typically needed in order to achieve bright and stable quantum
emission. However, it has not yet been clarified whether they create emitters or merely activate
pre-existing defects [51]. Different research groups have also demonstrated the possibility
to deterministically create or activate emitters by using electron and ion beam irradiation,
pulsed laser irradiation, or via local strain induced by a periodic array of nanopillars [59, 60].
However, all these attempts to engineer SPEs in h-BN have been limited by only low success
rates, suggesting that the post-growth treatments most likely activate rather than introduce
defects.

2.3.1 Spectral diffusion
Spectral diffusion, blinking and photobleaching are commonly observed in solid-state SPEs
[23]. Such phenomena are detrimental since they hamper the desired emission of indistinguishable photons. Emission instabilities are most probably due to local charge fluctuations
which can result in inhomogeneous broadening of the ZPL and large spectral jumps [61]. The
example presented in Fig. 2.7 displays spectral wandering of the ZPL and blinking from a color
center in monolayer h-BN. A recent work reported the suppression of spectral diffusion in
h-BN SPEs by introducing an Al2 O3 spacer between the h-BN sheet and the SiO2 substrate,
underscoring the role of charge traps on the SiO2 surface in the observed emission instability
[62]. Other studies reported a clear dependence of spectral wandering in h-BN color centers on
the excitation wavelength. Excitation by blue light has been found to cause more pronounced
spectral jumps than green light, a characteristic that can be attributed to photo-induced
ionization or chemical reactions [63]. More recently, anti-Stokes excitation has been shown to
result in the suppression of spectral diffusion [64].
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Figure 2.7 – Spectral trajectory of a SPE in monolayer h-BN, measured at 15
K with no applied voltage.
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2.3.2 Manipulation of quantum emitters in h-BN
The significant variability in the photophysical properties of the h-BN color centers calls
for identifying efficient strategies to control their emission. Spectral tuning of the SPEs can
be used to stabilize the emission by compensating the spectral diffusion and the intrinsic
energetic distribution, thus enabling the coupling with resonators and the generation of
indistinguishable photons [65]. Furthermore, spectral tuning of the quantum emitters can
help to gain an understanding of their fundamental properties, such as the crystallographic
structure of the defects, their symmetry and charge state [51]. Different approaches have been
proposed to manipulate the emission from color centers in h-BN, the most relevant of which
are outlined in the following sections.

Strain tunability
In a pioneering study, spectral tuning of quantum emitters in h-BN was achieved by applying
strain on a (100 nm thick) nanoflake deposited on a polycarbonate substrate. In this manner,
a tunability of up to 6 meV/% was reached at room temperature (see Fig. 2.8(a)) [66]. Another
recent study reported an anomalous pressure-dependent shift of the ZPL from quantum
emitters in h-BN multilayers. The observed pressure coefficients (<15 meV/GPa) are both
positive (blueshift) and negative (redshift), and can even change sign, as shown in Fig. 2.8(b).
This unexpected behavior points toward a competition between intralayer and interlayer
interactions [67]. For both types of behavior, based upon DFT simulation results, the observed
strain and pressure-dependent emission was attributed to the NB VN defect site.
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Figure 2.8 – Spectral tuning of h-BN quantum emitters. (a) The different
tunability upon applying strain arises from different initial (intrinsic) strain
conditions, as indicated in the inset. Adapted from Ref. [66]. (b) Anomalous
spectral shift induced by hydrostatic pressure. Adapted from Ref. [67].
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Electrical tunability
Electrical control of SPEs in h-BN has been achieved by exploiting the quantum-confined
Stark effect [68]. As schematically depicted in Fig. 2.9(a), the device used in the experiment
consisted of a 100 nm thick h-BN flake sandwiched between two few-layer graphene sheets.
Stark shifts on the order of 5.4 nm per V/nm, with both linear and quadratic dependencies,
could be observed. It is remarkable that this first experimental demonstration of Stark tuning of h-BN quantum emitters was achieved through an out-of-plane electric field, as most
discussions in the literature focus on defects with in-plane dipole moment. However, DFT
calculations on the VN XB -type defect (where X = C,N, or O) reveal a significant energy lowering
as the impurity atom XB moves out of the plane, as apparent from Fig. 2.9(b) [68]. This is
accompanied by breaking of the inversion symmetry and the development of an out-of-plane
dipole moment of the defect.
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Figure 2.9 – (a) Schematics of a heterostructure device (top) showing a Stark
shift at both cryogenic and room temperature (bottom). (b) Total energy of
the VN XB defect as a function of configurational coordinate corresponding
to the out-of-place displacement Δ of XB . Adapted from [68].

Other means to achieve large and reversible Stark tuning of quantum emitters in h-BN multilayers are ionic liquid gating [69], or gating by a conductive AFM tip [70]. More recently, also
in-plane Stark tuning of SPEs in h-BN nanoflakes has been demonstrated, with the largest Stark
shift attained so far for h-BN color centers at room temperature (up to 43 meV per V/nm) [71].
These angle-resolved Stark shift measurements furthermore revealed a correlation between
the direction of the maximum Stark shift and the orientation of the emission polarization,
signifying an intrinsically broken symmetry of the defect.
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Magnetic field dependence
The possibility of controlling h-BN SPEs via magnetic fields is desirable for applications such
as Optically Detected Magnetic Resonance (ODMR) where spin degenerate states are split
through the Zeeman effect. Initially, quantum emission in h-BN has been associated with
non-magnetic defects involving singlet ground states. Indeed, the first studies in this context
reported no change in the PL spectra under applied magnetic field [62, 72]. However, a recent
study found a magnetic field-dependent modulation of the PL intensity and photon statistics
for h-BN color centers [73]. This finding suggests inter-system crossing between singlet and
triplet states, which is a fundamental requirement for observing ODMR contrast.
Most recently, two studies reported optically accessible spin states in h-BN for the first time
[74, 75]. In one of them, room temperature ODMR measurements revealed a defect with a
triplet ground state showing a zero-field splitting of 3.5 GHz (see Fig. 2.10). With the aid
of Electron Paramagnetic Resonance (EPR) measurements, the defect was assigned to the
negatively charged boron vacancy V−
B [74]. In the other ODMR study, the observed zero-field
splitting is less than 4 MHz, and the defect was attributed to a carbon impurity [75]. However,
as the ZPL of the color centers are different in these two studies, the investigated samples most
like contained different types of defects.

Figure 2.10 – (a) Lattice structure of the spin polarized V−
B defect. (b) PL
spectrum of the color center. (c) ODMR spectra recorded at zero magnetic
field (bottom) and at 10 mT (top). (d) ODMR spectra acquired as a function
of the applied magnetic field. All measurements were performed at room
temperature. Adapted from [74].
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2.4 Quantum-confined Stark effect
The quantum-confined Stark effect is the electric field induced shift of the energy levels
associated with an optical transition, in which the exciton is strongly confined by the local
potential landscape. It has been widely explored in semiconductor physics and more recently
also investigated for solid-state SPEs in different platforms e.g., NV− centers in diamond [76]
or quantum emitters in TMDCs [77] and in h-BN [68]. Since the color centers possess the
characteristics of an isolated atom, the Stark effect in these systems can be naively described
within the frame of an atomic physics model by using perturbation theory [78], the basic
principles of which are described in the following.

2.4.1 Perturbation theory
For the simple case of a hydrogen atom immersed in an external electric field F along the
z-direction, the Hamiltonian of the system can be written as
H = H0 + H 0 = H0 + eF z

,

(2.3)

where H0 is the unperturbed Hamiltonian and H 0 is the perturbation term. The first-order
correction to the hydrogen ground state |n, l , m〉 = |1, 0, 0〉 is:
¯ ¯

®
∆E 1(1) = n, l , m ¯ H 0 ¯n, l , m = 〈1, 0, 0|eF z|1, 0, 0〉 = 0

,

(2.4)

 ¯ ¯ ®
 ®
which vanishes due to parity. With ψ¯ez ¯ψ = − µ as the expectation value of the electric
dipole moment ~
µ = q~
r = −e~
r , the matrix element in Eq. 2.4 can be rewritten as follows:
 ®
∆E 1(1) = − µ F

,

(2.5)

¯ ®
According to this equation, a linear Stark effect in a generic quantum state ¯ψ can be observed
 ®
only if it possesses a nonzero permanent electric dipole moment µ . Although the first-order
energy shift ∆E 1(1) vanishes in the ground state, the first-order correction in the wave function
is nonzero (see Eq. A.5). The expectation
¯ value
E of the electric dipole moment can be then
¯ (1)
calculated in the perturbed ground state ¯ψ1,0,0 , leading to the induced dipole moment


¯
¯
E
® D
¯
¯ (1)
µi nd = ψ(1)
−ez
ψ
¯
¯
1,0,0
1,0,0 = αF

,

(2.6)

where α is the polarizability (see Eq. A.6).
The second-order correction to the hydrogen ground state is given by:
∆E 1(2) =

X

〈1, 0, 0|eF z|n, l , m〉 〈n, l , m|eF z|1, 0, 0〉

(nl m)6=(100)

E 1(0) − E n(0)

α
= − F2
2

,

(2.7)

where E n(0) is the unperturbed energy eigenvalue corresponding to the |n, l , m〉 eigenfunction.
This term is also called quadratic Stark shift.
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Degenerate perturbation theory So far, only non-degenerate states (i.e., the hydrogen
ground state n = 1) were considered. However, the excited states of hydrogen (n ≥ 2) are n 2 fold degenerate, and hence the degenerate perturbation theory has to be applied. In this case,
the corrections to the energy levels E n(0) are given by the eigenvalues of a n 2 × n 2 non-diagonal
matrix, whose elements are indexed by (l , m) and (l 0 , m 0 ). For the first excited state n = 2, by
taking into account the selection rules l 0 = l ± 1 and m 0 = m, the first-order correction to the
first excited state is:
¯ ¯

®
∆E 2(1) = n, l , m ¯ H 0 ¯n, l 0 , m 0 = 〈2, 0, 0|eF z|2, 1, 0〉 6= 0

,

(2.8)

which is nonzero, in contrast to the ground state. It follows that in a naive description of a
quantum defect as a simple atom in free space, a linear Stark shift only occurs for hybridized
energy levels.

2.4.2 Stark effect in quantum emitters
The main result of the above outlined perturbation theory is the Stark effect equation, which
describes the influence of an external electric field F on the emission energy E of a free exciton
or a quantum emitter:
E = E 0 − µF −

α 2
F
2

,

(2.9)

where E 0 is the zero-field PL emission energy. Within the present thesis, this equation is
used to fit the experimental data in order to estimate the permanent dipole moment and the
polarizability of a quantum emitter, which reflect the spatial separation of electron and hole
wave functions and the extent to which the applied electric field can pull them further apart,
respectively. The polarizability is related to the defect center volume υ via α = (ε−1)υε0 , where
ε and ε0 are the relative and the vacuum permittivity, respectively. The polarizabililty volume is
defined as α/4πε0 . The effective electric field experienced by the emitter is calculated by using
the Lorentz local field approximation: F = 1/3 (ε + 2)F ex , where F ex is the applied (external)
electric field.

2.5 Spin-valley physics in TMDCs
Most of the electrical and optical properties of monolayer TMDCs are determined by the
electronic structure near the Fermi energy. This can be described by the degenerate CB and
VB valleys at the K and K’ points of the Brillouin zone, which are related to each other by
time-reversal symmetry. These valleys can be distinguished by a binary pseudospin that
behaves like a spin-1/2 system. Due to their crystallographic structure, monolayer TMDCs
lack inversion symmetry, leading to contrasting valley properties. In particular, the opposite
sign of the orbital magnetic moment, which describes the self-rotating motion of the electron
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wavepacket, gives rise to valley-dependent optical selection rules. Specifically, the absorption and emission of right (σ+ ) or left (σ− ) circularly polarized light is only allowed through
interband transitions in the K or K’ valley, respectively (see Fig. 2.11). In addition, the strong
spin-orbit (SO) coupling, which originates from the d orbitals of the metal atoms, leads to
well-separated spin subbands. The SO splitting in the VB is as large as few hundreds of meV,
while in the CB the contribution of the p orbitals from the chalcogenide anion results in a
splitting of few tens of meV only.
The sign of the SO splitting in the CB can be positive or negative, which differently influences
the transition probabilities. Since optical transitions preserve the spin, the excitonic ground
state can be ’bright’ (parallel spin configuration for the top VB and the lowest CB subbands) or
’dark’ (anti-parallel spin configuration for the top VB and the lowest CB subbands), depending
on the sign of the SO splitting. There is a general consensus in the scientific literature that
Mo-based materials are ’bright’ while W-based materials are ’darkish’ [79].
An important consequence of the SO interaction is that the spin-index becomes locked to
the valley pseudospin. Furthermore, spin and valley relaxation are suppressed due to the
large momentum separation between the K-K’ valleys, resulting in long spin polarization and
spin–valley lifetimes [80]. These unique features could enable novel applications of monolayer
TMDCs in valleytronics and spintronics.
(a)
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Figure 2.11 – (a) Illustration of the first Brillouin zone and (b) spin-split
band edges around the K and K’ points in a monolayer TMDC. The solid
and dashed lines indicate spin-up and spin-down subbands, respectively.

2.5.1 Lifting valley degeneracy
As described above, the valley pseudospin in monolayer TMDCs can be selectively initialized
through circularly polarized optical excitation. However, the implementation of valleytronic
devices requires the ability to manipulate the valley degree of freedom. The valley degeneracy
can be lifted through breaking the time-reversal symmetry, which has been experimentally
realized in different ways. One option is to induce valley Zeeman effect by applying external
magnetic fields [81, 82]. An alternative approach relies upon the generation of pseudomag20
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netic fields through the optical Stark effect [83, 84]. However, both approaches are impractical
for real applications as they require either large magnetic fields (7-8 T) or intense, ultrafast
laser pulses. These hurdles can be overcome by exploiting proximity exchange interactions
to achieve valley Zeeman splitting and valley polarization. It has been documented that
magnetic insulators such as EuS and CrI3 are able to induce an effective exchange field of
∼ 12-13 T in WSe2 [85, 86], as exemplified in Fig. 2.12 for a WSe2 /CrI3 vdW heterostructure.
The circular polarization-resolved PL spectra reveal a significant valley polarization below the
Curie temperature of CrI3 (TC ∼ 45 K) with a Zeeman splitting of around 2 meV.
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Figure 2.12 – (a) Schematic representation of the valley degeneracy lifting
through a magnetic exchange field. The dashed and solid lines indicate
the band edges before and after exchange field coupling, respectively. (b)
Circularly polarized PL spectra above (left) and below (right) the Curie
temperature of CrI3 , recorded from a WSe2 /CrI3 vdW heterostructure. RR
(LL) denotes right (left) handed polarized excitation and detection. Adapted
from [86].

2.6 Magnetic 2D materials and dilute magnetic semiconductors
Besides the thus far described remarkable properties of 2D vdW materials, they can furthermore exhibit intriguing magnetic behavior. According to the Mermin-Wagner theorem,
thermal fluctuations prevent any long-range order at a finite temperature in 1D or 2D systems. However, this restriction can be lifted in the presence of a strong magnetocrystalline
anisotropy [87, 88]. Several 2D materials have recently been demonstrated to fulfill such
requirement, including long-range antiferromagnetic order in monolayer FePS3 [89], while
intrinsic ferromagnetism was observed for single atomic layers of CrI3 [90], Cr2 Ge2 Te6 [91] and
Fe2 Ge2 Te6 [92]. More recently, even room temperature ferromagnetism has been reported for
atomically thin VSe2 [93] and MnSe2 [94]. Interestingly, while CrI3 , Cr2 Ge2 Te6 and Fe2 Ge2 Te6
retain the ferromagnetic order in their bulk crystal form, VSe2 and MnSe2 are non-magnetic in
the bulk and show ferromagnetism only in the monolayer form [93, 94].
The extraordinary interest raised by the discovery of magnetism in the monolayer limit has
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stimulated the search for combined magnetic and semiconducting functionality in the same
2D host. One strategy to achieve this is by doping 2D semiconductors with magnetic elements,
which yields so-called dilute magnetic semiconductors (DMS). The latter may offer the possibility to control the magnetism via electrical means, which is highly desirable from both
fundamental and technological viewpoints [28].
Among the well-established 3D DMSs, Mn-doped III-V semiconductors feature gate voltagedependent TC and coercive fields [95, 96]. However, their low TC prevents the practical
application of 3D DMSs. As alternative, magnetically doped TMDCs have been proposed
as promising candidates to achieve gate tunable long-range ferromagnetism with high TC .
Recently, the possibility to induce room temperature ferromagnetism by controlled magnetic
substitutional doping has been documented for different TMDCs (MoSe2 [97], MoS2 [98],
WSe2 [27] and MoTe2 [99]). The following section summarizes the latest advances regarding
the magnetic properties in V-doped WSe2 (V-WSe2 ).

2.6.1 Magnetism in V-doped WSe2
One synthesis approach to V-WSe2 involves incorporation of V dopants into WSe2 during
CVD growth by using a vanadium precursor solution. The process allows to grow individual
CVD monolayer sheets on a SiO2 substrate. Bulk single-crystalline V-WSe2 can be grown via
chemical vapor transport (CVT) by using V, W and Se powder precursors with iodine gas as
transport agent. The thus-grown crystals can be used to obtain thin flakes through mechanical
exfoliation. The first experimental evidence of ferromagnetic order in V-WSe2 was gained
through vibrating sample magnetometry (VSM) and magnetic force microscopy (MFM) on
CVD monolayer sheets. As can be seen in Fig. 2.13(b), the low temperature, in-plane magnetization curve of lightly doped (0.1%) V-WSe2 displays hysteresis, in contrast to pristine
WSe2 . In the former sample, the hysteresis persists even up to room temperature (Fig. 2.13(c)).
The extracted coercivity (HC ) and saturated magnetic moment (MS ) of the V-WSe2 exhibit
opposite temperature dependencies (Fig. 2.13(d)). Interestingly, the increase of MS at higher
temperatures is in contrast to the typical behavior of ferromagnets. Such anomaly might be
caused by a transition from a ferromagnetic to a superparamagnetic phase [27].
The dependence of the magnetic properties on the V-doping concentration has also been
investigated. The magnetic domains are typically larger and more clearly visible in 0.1% VWSe2 , as compared to 0.5% and 2% samples. Moreover, the Curie temperature decreases with
increasing doping concentration (400 K, 270 K and 180 K for V doping concentration of 0.1%,
0.5% and 2%, respectively) [27]. Scanning transmission electron microscopy (STEM) has been
used to determine the actual concentration of V impurities. Thus obtained values were in very
close agreement with the nominal doping concentrations, testifying a good controllability of
the V doping level in the CVD growth.
The V-WSe2 sheets are chemically unstable under ambient conditions and show a loss of
magnetization after prolonged exposure to the ambient air. Although the magnetization can
be restored through annealing (up to 300 °C ) in vacuum or under inert gas atmosphere, a
capping layer is needed to preserve the magnetic properties of the film. For this purpose,
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an Al2 O3 passivation layer proved effective [27]. The restoration of the magnetization upon
annealing can be explained by the reduction of the oxidation state of vanadium (from +5 to
+4) upon desorption of oxygen. Unexpectedly, it turned out that also the passivated samples
require a short annealing in order to show magnetization loops. However, in this case a milder
annealing (around 100 °C ) is sufficient to restore the magnetization, which can be preserved
for weeks if the sample is kept in vacuum.
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Figure 2.13 – (a) Top: Illustration of the crystal structure of V-WSe2 in which
the V impurities occupy the W sites and impart the magnetic moment. Bottom: Experimental configuration of the VSM measurements. The sample,
consisting of CVD V-WSe2 sheets on a Si/SiO2 substrate, is placed in an
in-plane magnetic field. (b) M-H curves of pristine and 0.1% V-doped WSe2
at 3 K. (c) Temperature-dependent M-H hysteresis loops acquired from
0.1% V-WSe2 . The diamagnetic background has been subtracted. (d) Extracted temperature dependence of coercivity (HC ) and saturated magnetic
moment (MS ) at H = 2.5 kOe. Adapted from [27].
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Itinerant ferromagnetism
The mechanism responsible for the observed magnetic order in V-WSe2 has been investigated
via DFT calculations. Fig. 2.14(a) shows a comparison of the calculated band structures of
pristine WSe2 and V-WSe2 . The band structure of V-WSe2 reflects a p-type doping effect of
the V atoms, as the Fermi level (EF ) is shifted down into the VB. Moreover, localized impurity
bands appear above and below the Fermi level, revealing a large overlap with the top VB states
of the host WSe2 .

(a)

(b)

W
Se
(c)

E
EF

Figure 2.14 – (a) Calculated band structures of pristine WSe2 (blue) and
V-WSe2 (red) in a 8 × 8 supercell. (b) Top view of the spin density of the 8 ×
8 supercell in V-WSe2 . The spin-up and spin-down distributions are represented in red and blue, respectively. (c) Left: Sketch of the spin-polarized
density of states showing the overlap between the impurity band (yellow)
and the free holes states at the top of the VB. Right: Distribution of the magnetic moments in real space showing the carrier-mediated ferromagnetic
order. Adapted from [100].

These features suggest two possible magnetic ordering mechanisms, namely the Ruderman–Kittel–Kasuya–Yosida (RKKY) or Zener model [100, 101, 102], and the impurity band
model [100, 103, 104]. The latter relies on the direct interaction between dopants through the
overlap of their wavefunctions. Hence, this mechanism requires high dopant concentrations
and is dominant when the Fermi level is pinned inside the localized impurity band [27, 105].
By contrast, the Zener mechanism involves long-range interactions and is promoted by strong
hybridization between the dopant and the host orbitals, which leaves the Fermi level inside the
overlapped bands. In this case, the exchange interaction between the impurities is mediated
by the free carriers (itinerant ferromagnetism), thereby enabling the tuning of the magnetic
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properties by gate voltage [27, 100, 105].
The relevance of the Zener model for V-WSe2 is supported by the calculated spin density, which
is shown in Fig. 2.14(b). The spin-polarized hole carriers are delocalized not only around
the V sites, but also on the W atoms far from the impurity sites, thus leading to long-range
ferromagnetic ordering. The mechanism is schematically illustrated in Fig. 2.14(c), along with
a sketch of the spin-polarized density of states.
Furthermore, the calculated out-of-plane component of the magnetic moment corresponds
to 1.43 µB per V site [100].

Gate modulation of the magnetic order
The Zener mechanism is further corroborated by the experimental observation of gate dependent magnetic domains in V-WSe2 . Figs. 2.15(a-b) show MFM measurements on a 0.1%
V-WSe2 sheet under applied gate bias. The phase contrast of the ferromagnetic domains
changes as a function of the gate voltage. Moreover, also TC exhibits a gate voltage dependence, as shown in Fig. 2.15(b).
In order to elucidate the influence of the gate bias on the magnetic properties of V-WSe2 ,
the calculated exchange energy and the total magnetic moment are plotted in Fig. 2.15(c)
as a function of the carrier density [27, 106]. The exchange interaction is defined as the
energy difference between magnetic and non-magnetic states, and is assumed to have two
contributions which are schematically represented in Fig. 2.15(d). The first term (Ex1 ) is
the exchange interaction within the unit cell produced by the strong hybridization of the
d-p-d orbitals of V-Se-W atoms, respectively. The second contribution (Ex2 ) is the long-range
interaction between magnetic moments located in different unit cells, which represents the
carrier-mediated interaction [106]. The exchange energy is seen to increase when holes are
injected, in agreement with the Zener model. The total variation of the exchange energy
(around 70 meV) approximately corresponds to the long-range exchange energy (Ex2 ). Since
Ex2 is larger than the thermal energy at 300 K (25 meV), long-range ferromagnetic order can
occur at room temperature [106].
As expected, the total magnetic moment increases when holes are injected. By contrast, the
ferromagnetic state (µb > 0) transforms to the antiferromagnetic state (µb = 0) upon electron
injection. The ferro-antiferromagnetic transition could explain the observed reduction of TC
at negative gate bias (see Fig. 2.15(b)).
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Figure 2.15 – (a) MFM phase image of a 0.1% V-WSe2 CVD sheet as a function of the applied gate voltage at room temperature. The ferromagnetic
domains, which are clearly visible at positive gate voltages, disappear at
negative gate biases. (b) MFM phase image at a gate bias of -10 V as a
function of the temperature. The appearance of the magnetic domains at
150 K indicates the gate tunability of the TC . All scale bars are 10 µm. (c)
Calculated exchange energy and total magnetic moment as a function of
the carrier density in a 8 × 8 supercell with 1 V atom. The green arrow is
an estimate of the long-range interaction (Ex2 ∼ 70 meV). (d) Schematic
illustration of the two different contributions to the calculated exchange
energy: the local interaction within the unit cell (Ex1 ) and the long-range
interaction between spin states in different unit cells (Ex2 ). Adapted from
[27, 106].

2.7 Phase-coherent transport
Low temperature charge transport measurements in V-WSe2 have revealed a relatively low
mobility (around 1 cm2 V−1 s−1 ), such that diffusive transport description has to be adopted. In
a diffusive system, the mean free path Le of an electron is much smaller than the sample length
L due to the frequent scattering events. In the semi-classical regime, the electron motion is well
described by the Drude model. Within this limit, the electron phase-coherence length Lφ is
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smaller than Le , i.e., the electrons interact only by scattering and their phase can be neglected.
However, at low temperatures Lφ can become longer than Le , with the consequence that the
electrons keep their quantum phase information over many scattering events. This can lead
to intriguing interference phenomena, which require a quantum mechanical description.

Weak localization
Consider an electron that is scattered such that it follows a closed path, as depicted by the
solid black line in Fig. 2.16(a). In the quantum mechanical picture, the electron motion can be
described by two partial waves traveling in opposite directions along two time-reversed paths.
With the complex amplitudes of the two loops denoted as A+ and A− , the probability that the
electron returns to the starting point corresponds to:
¯
¯2 ¯ ¯2
¯ ¯
¡
¢
P = ¯ A + + A − ¯ = ¯ A + ¯ + |A − |2 + 2¯ A + ¯|A − | cos ϕ+ − ϕ−

,

(2.10)

where ϕ+ and ϕ− are the electron phases along the two opposite paths. The first two terms
in Eq. 2.10 represent the classical backscattering probability (P c ), which is given by the sum
of the two individual probabilities for clockwise or counterclockwise scattering. The last
term is the interference between the two partial waves, which is neglected in the incoherent
approximation of the Drude model and represents the quantum correction (P q ). In absence
¯ ¯
of a magnetic field, time-reversal symmetry requires ¯ A + ¯ = |A − | = A (hence ϕ+ = ϕ− ). As a
consequence, the classical backscattering probability (P c = 2|A|2 ) is enhanced by P q = 2|A|2
due to constructive quantum interference (P = 4|A|2 ). This effect is called weak localization
(WL), as the resulting probability distribution of electrons is larger in regions where their
trajectories form closed loops. This phenomenon results in a reduction of the sample conductivity compared to the classical value obtained within the Drude model.
The WL can be suppressed by breaking the time-reversal symmetry through a magnetic field
perpendicular to the plane of the loop. As the magnetic field strength increases, there arises
an additional phase contribution (the Aharonov–Bohm phase) to both directions of the path,
thereby destroying the quantum interference and restoring the classical conductivity value
(see Fig. 2.16(b)). The magnitude of the WL is determined by the ratio of Lφ /Le , as shown in
Fig. 2.16(b).

Weak anti-localization
The WL effect can be altered in diffusive systems with strong SO coupling. As the partial waves
travel along the closed loops, the spin is slightly rotated at each scattering event under the
influence of the SO interaction. If the characteristic spin-orbit time τSO , i.e., the typical time
required to randomize the spin orientation due to SO coupling, is very short (for sufficiently
strong SO interaction) the electron spin will be completely randomized after one loop, thus destroying the constructive interference. When the interference term is averaged over many pairs
of time-reversed paths it turns out that the destructive interference becomes predominant and
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the sign of the quantum correction is reversed, leading to a reduction of the backscattering
probability to half of the classical one [107]. This effect is called weak anti-localization (WAL),
which manifests itself in a dip of the magnetoresistance at zero magnetic field, as sketched in
Fig. 2.16(c).
The localization effects in the magnetoconductance of a 2D diffusive system can be described
by the Hikami-Larkin-Nagaoka (HLN) model equation [108, 109] as follows:
µ
¶
µ
¶
µ ¶

B φ + B SO
∆σ
1 B φ + 2B SO
1 Bφ


=F
+ F
− F
 2
e /πh
B
2
B
2
B
µ
¶

1

F (x) = Ψ x + − l n(x)
2

,

(2.11)

where ∆σ = σ(B ) − σ(0), and Ψ is the digamma function. B φ and B SO are fitting parameters
s
s
which provide L φ =
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4eB φ
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Figure 2.16 – (a) Schematic representation of time-reversed scattering paths
in a 2D diffusive sample. Depending on the sample properties, the paths
interfere either constructively or destructively, leading to quantum corrections to the classical magnetoresistance. (b) Magnetoresistance correction
in the case of weak localization (WL) with LSO /Le = 30 and (c) in the case
of weak anti-localization (WAL) with LSO /Le =1. In both cases, the localization effect gets more pronounced with increasing Lφ /Le ratio. Note that
δρ/ρ = −δσ/σ. Adapted from [107].
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3.1 Fabrication of CVD graphene/h-BN heterostructure
The mechanical exfoliation of bulk crystals has enabled the exploration of 2D materials by
providing routine access to high-quality samples. However, exfoliation methods can only
produce relatively small flakes with a lateral size of up to a few tens of µm with only a moderate
yield of monolayers. The CVD growth of 2D materials is an alternative technique providing
very large area monolayer or multilayer films that can be transferred onto different substrates.
However, CVD transferred films typically suffer from a higher structural defect density compared to exfoliated flakes, and the polymer residues left on the sample surface after the transfer
are often detrimental. In this thesis, the transfer process of graphene and h-BN CVD films
was significantly improved to reach a quality of the transferred films comparable to that of
exfoliated flakes (see Sec. 4.3). The polymer-assisted wet transfer method and the stacking
of the graphene and h-BN CVD films are illustrated in Fig. 3.1. The process comprises the
following consecutive steps:
I. h-BN and graphene films are typically grown on metal substrates such as copper (Cu).
First, the Cu foil is cut in a ∼ 5 mm × 5 mm piece and gently flattened with a glass slide
previously cleaned in isopropanol. A spin-coated PMMA layer (200 K, 3.5% at 6000 rpm) is
used as a mechanical support for the CVD film. The PMMA/h-BN (graphene)/Cu stack is then
placed on top of a 0.5 M aqueous solution of ammonium persulfate (APS).
II. After complete etching of the Cu, the PMMA/h-BN (graphene) stack is washed three times
in DI water to remove all residues.
III. An O2 -plasma cleaned Si/SiO2 substrate is used to fish the PMMA/h-BN stack from DI
water (a), while the PMMA/graphene stack is transferred onto an h-BN/SiO2 /Si (b) (see step
IV(a)). The sample is then blow-dried with N2 and baked at 120 °C for 2 hours to remove the
interfacial water layer and enhance the adhesion of the h-BN (graphene) film to the substrate.
IV. The PMMA is finally dissolved in hot acetone and the sample is rinsed in isopropanol.

29

Chapter 3. Experimental techniques
The h-BN and graphene CVD films grown on Cu are provided by our collaborators 1 .
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Figure 3.1 – Schematic illustration of the wet transfer method used to fabricate graphene/h-BN heterostructures from CVD films. The four steps I-IV
are shown separately for the transfer of h-BN (upper row, a) and graphene
(Gr) (lower row, b).

3.2 Fabrication of h-BN/WSe2 /h-BN heterostructure
The assembly of different 2D materials into vdW heterostructures is a versatile approach to
tailor the optoelectronic properties of the components. This method, which is often referred
to as dry transfer, makes use of a viscoelastic stamp to pick-up 2D material sheets from a
Si/SiO2 substrate and transfer them onto a generic target substrate. In order to fabricate the
viscoelastic stamp, a solution of PPC (Poly-propylene carbonate) in anisole (0.15 g/mL) is
prepared and stirred on a hot plate at 120 °C overnight. The PPC solution is then spin coated
(6000 rpm, 35 s) onto a PDMS (polydimethylsiloxane) stamp (Gel-Pak) adhered on a glass slide.
The whole stack is then baked at 160 °C for 4 minutes. Due to the poor adhesion of the PPC
layer on the PDMS, a scotch tape frame with a size of around 4 mm2 is used to fix the first
onto the latter. In the pick-up process, the sample is kept at 70-80 °C and the polymer stack is
brought into contact with the flake (see Fig. 3.2(a)). After 5 minutes, the sample is let to cool
down to room temperature. The PPC/PDMS stack is then slowly detached, lifting the flake
from the substrate.
The same procedure can be repeated to pick-up other flakes by exploiting the van der Waals
forces between the sheets, as shown in Fig. 3.2(b). The transfer step requires higher tempera1 J. Park, S. Lee, and D. L. Duong. Center for Integrated Nanostructure Physics (CINAP), Institute for Basic

Science (IBS), Suwon 16419, South Korea
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tures (100-110 °C ) in order to melt the PPC layer and deposit the top sheet. In this case, the
sample is kept at high temperature during the polymer stack detachment (see Fig. 3.2(c-d)).
The residual PPC film is dissolved in chloroform and the sample is annealed at 300 °C for 2
hours in forming gas. The final annealing step helps to remove the organic residues, and also
to improve the adhesion between the layers (see Fig. 3.2(e)).
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Si/SiO2
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Figure 3.2 – Schematic diagram of the dry transfer process flow. (a) Pickup of the top h-BN layer with the PDMS/PPC stamp. (b) Pick-up of the
WSe2 flake by employing the interlayer vdW forces. (c) Stamping of the
h-BN/WSe2 stack onto the bottom h-BN layer. (d-e) Removal of the PPC in
chloroform.

3.3 Electron beam lithography
All investigated devices were fabricated by electron beam lithography (EBL). Owing to the
extremely small wavelength of electrons (picometers), EBL enables a much better lateral
resolution than optical lithography. A typical EBL system consists of an electron gun (cathode),
an acceleration anode, electrostatic lenses and coils to guide and deflect the beam, and a laser
interferometer controlled stage. The desired patterns are defined with the use of a graphic
software (Raith e-line).
The EBL fabrication process is schematically illustrated in Fig. 3.3. First, the sample is spin
coated with a thin film (around 250 nm) of poly(methyl methacrylate) (PMMA) resist dissolved
in chlorobenzene. The sample is then exposed by scanning the electron beam over the surface,
whereupon the scattered electrons cause scissoring of the PMMA polymer chains (positive
resist), thus rendering the exposed areas more soluble (Fig. 3.3(a)). The lighter fractions of the
resist are then dissolved in a methyl isobutyl ketone (MIBK) - isopropanol mixture (1:3), leaving a resist pattern on the substrate (Fig. 3.3(b)). Metallic contacts are thermally evaporated
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onto this mask in a low-pressure chamber (10-7 -10-8 mbar), and afterwards the underlying
PMMA in the unexposed regions is removed during lift-off in acetone (Fig. 3.3(c-d)). In order
to facilitate the lift-off, a defined undercut in the resist layer can be produced by using a PMMA
bilayer, where the more sensitive bottom layer is made of smaller molecular weight PMMA
(200K) and the less sensitive top layer consists of higher molecular weight PMMA (950K).
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Si/SiO2

Figure 3.3 – Schematic representation of the e-beam lithographic process.
(a) E-beam exposure. (b) Development. (c) Metal deposition. (d) Lift-off.

3.4 Atomic Force Microscopy
Atomic force microscopy (AFM) is a well-established technique for studying the surface topography of thin films. A typical AFM experiment consists of scanning a tip mounted on
a cantilever over the sample surface. The deflection of the cantilever is measured via the
reflection of a laser beam on a 4-segment photodiode, as shown in Fig. 3.4(a).
Several AFM operation modes can be distinguished according to the cantilever dynamics
and the tip-sample force regime (see Fig. 3.4(b)). While in static modes the cantilever does
not vibrate during imaging, in dynamic modes the cantilever is oscillated at or close to its
resonance frequency. Static modes, also referred to as contact modes, work with the tip in
repulsive contact with the surface. Dynamic modes can be divided into tapping mode (intermittent contact) and non-contact mode. While the large oscillation amplitudes employed in
the tapping mode (tens of nm) make the tip travel through different ranges of the force curve,
the non-contact mode tends to stabilize the tip within the range of attractive forces (few nm
away from the sample surface).
All AFM measurements in this thesis were performed in tapping mode using amplitudemodulation detection (Dimension Icon, Bruker). Here, the tip-sample spacing is adjusted
through the feedback loop to maintain a constant cantilever oscillation amplitude without
changing the drive frequency (around 137 kHz). The movement of the z-piezo allows to recon32

3.4. Atomic Force Microscopy
struct the sample surface topography (see Fig. 3.4(a)).
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Figure 3.4 – (a) Schematic depiction of the working principle of an AFM.
(b) Diagram of the tip-sample interaction force as a function of tip-sample
distance d. The colored sections indicate the distance ranges of the various
AFM operations modes. Adapted from https://www.brukerafmprobes.com

3.4.1 Interface cleaning through contact mode AFM
Mechanically transferred nanoflakes very often suffer from trapped contaminants at the
interface with the underlying substrate, where they can induce strain and variations in the
dielectric constant, thereby obscuring the intrinsic behavior of the 2D material. Contact mode
AFM is a suitable tool for controllably removing gaseous species and contaminants trapped
between the layers contained within a vdW heterostructure. As illustrated in Fig. 3.5, the
technique involves scanning the probe tip across the sample surface while controlling the
applied force. The resulting increase of the interlayer coupling significantly improves the
optical and transport properties of the studied vdW heterostructures [110, 111].
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Figure 3.5 – Illustration of the contact mode AFM flattening process for
smoothening/cleaning interfaces in a vdW heterostructure. Adapted from
[110].

3.5 Spectroscopic techniques
Photoluminescence (PL) spectroscopy is a widespread nondestructive method used to characterize the electronic structure and optical properties of semiconductors. It involves studying
the photons emitted by the investigated sample when it is excited with light, typically a laser
(see Sec. 2.2.1). Spatially resolved PL is generally referred to as micro-PL (µ-PL). In contrast
to conventional PL spectroscopy, µ-PL makes use of a refracting objective lens to reduce the
laser spot size below 1 µm, thus allowing to study the sample light emission locally. The
spatial resolution is ultimately limited by the Rayleigh criterion for the minimum spot size d
of a focused laser beam: d = 0.61 λ/NA, where λ is the wavelength of the light and NA is the
objective’s numerical aperture. In this thesis, µ-PL experiments were performed to investigate
the optical properties of individual h-BN quantum emitters and to observe circular dichroism
in V-WSe2.
Raman spectroscopy is another common spectroscopic technique for studying 2D materials.
It relies on the observation of the inelastic (Raman) scattering of the incoming light, which is
associated with the fundamental vibrational modes of the sample. In this manner, valuable
information can be gained about its chemical composition and crystal structure. There are
two different types of Raman scattering, namely Stokes and anti-Stokes scattering. In the
case of Stokes scattering, the sample is optically excited from the vibrational ground state to a
virtual excited electronic state. The relaxation into an excited vibrational level of the ground
state generates a photon whose energy is smaller than the excitation energy. This energy
difference represents the energy of the excited vibrational or phonon mode. In the case of
anti-Stokes scattering, the sample is excited from an already elevated vibrational level and
relax to the ground state. As a result, the scattered photon has higher energy than the incident
photon.
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3.5.1 Room temperature micro-photoluminescence and Raman spectroscopy
Room temperature µ-PL and Raman spectroscopy have been employed to characterize individual thin sheets or vdW heterostructures. In the present thesis, room temperature µ-PL was
routinely used to identify WSe2 and V-WSe2 monolayers. Fig. 3.6 shows a simplified scheme
of the setup (MonoVista CRS, S & I). Three different laser sources are available: 633 nm (red),
532 nm (green), 488 nm (blue). The light is directed into a confocal microscope and focused
on the sample with a 100x objective (0.9 NA), which provides a laser spot size below 1 µm.
The scattered light or the PL signal are filtered by an edge long pass filter and diffracted by
one of the three available gratings (150 l/mm, 600 l/mm, 1800 l/mm) before being detected
by the CCD. While the µ-PL measurements were performed with the 633 nm laser and the
150 l/mm grating, for the Raman spectroscopy measurements the 532 nm laser and the 1800
l/mm grating were mainly used.

Grating
Filter

CCD

Sample

Mirror

Lasers
633 nm
532 nm
488 nm

Figure 3.6 – Schematic illustration of the confocal microscope used for
room temperature PL and Raman spectroscopy. Adapted from [112].

3.5.2 Low temperature micro-photoluminescence
This setup was used to study the Stark tuning of the quantum emission in h-BN 2 . The sample is
mounted on a three-axis piezo-stage in a closed-cycle He cryostat (Attocube AG). Two different
laser sources were used for the experiments. A continuous wave (CW) 532 nm diode-pumped
solid-state (DPSS) laser was used for electric field-dependent PL measurements. A supercontinuum laser source (SuperK Extreme EXU6, NKT Photonics), with adjustable wavelength and
pulse rate, was used for fluorescence lifetime measurements.
The laser is first guided on a galvanometer scanner, which allows to scan the laser in xydirection on the sample. In order to prevent distortion, a telecentric lens system is used to
direct the laser beam on the cryostat window, while an objective (100x, 0.8 NA) integrated
inside the cryostat focuses the laser on the sample. The PL is collected with the same objective
2 The measurements were carried out within the group of Prof. Alf Mews at University of Hamburg.
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(confocal µ-PL) and filtered with a tunable filter (LLTF Contrast, NKT Photonics).
The PL spectra are acquired with a spectrometer equipped with a 300 l/mm grating and a
back-illuminated deep-depletion CCD camera (Princeton Instruments). A flip mirror is used
to direct the PL signal on an avalanche photodiode (APD) allowing the acquisition of the PL
scanning maps. The fluorescence lifetime is measured through the same APD with a timecorrelated single photon counting module (PicoHarp 300, PicoQuant).
The DC voltage sweep is provided by a Keithley 2400 source, whose signal is also used to
synchronously trigger the CCD camera acquisition. The galvanometer scanner is driven by
a real-time microcontroller (ADwin-Gold) for the positioning and timing. Thus generated
marker events allow to reconstruct the PL maps.
All measurements are controlled and recorded via LabView and Matlab interfaces.

PM

Flip
mirror

L

M

Figure 3.7 – Schematic depiction of the setup used for µ-PL measurements
(M - mirror, L - lens, TL - telecentric lens). Two 92/8 beam splitters (BS) are
used to measure the incident laser power with a power meter (PM), and to
focus the laser spot on the sample through a CCD sensor.

Hanbury Brown-Twiss interferometer
In order to measure the photon autocorrelation and to probe the quantum nature of the
emission, the PL pathway was modified by implementing a Hanbury Brown-Twiss (HBT)
interferometer setup, as illustrated in Fig. 3.8. A 50/50 beam splitter divides the incoming
PL signal into two beams directed on two APDS, which are connected to a time-correlated
single photon counting module (TCSPC). One of the detectors provides a "start" signal upon
detection of a photon, triggering the TCSPC timer. Analogously, the other APD provides the
"stop" signal to the timer. In this way, the counter repeatedly records the time interval (∆t )
between two consecutive photon detection events, thus producing a histogram that represents
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the non-normalized g (2) (∆t ) function (see Sec. 2.2.2).
In order to measure the photon autocorrelation and PL spectra simultaneously, a 92/8 beam
splitter was introduced in front of the HBT setup. This configuration allowed determining the
influence of emission instabilities on the measured photon statistics.

APD1

Spectrometer

TCSPC

L
APD2
L
HBT setup
BS

CCD

L

BS

50/50

M

92/8

M
Figure 3.8 – Sketch of the modified PL pathway, implementing a Hanbury
Brown-Twiss (HBT) interferometry setup. The use of the 92/8 beam splitter
allows to record photon correlation and PL spectra simultaneously.

3.5.3 Low temperature circularly polarized micro-photoluminescence
Fig. 3.9 shows a scheme of the setup used for circular polarization-resolved PL measurements
on V-WSe2 3 . The sample is studied in a confocal µ-PL configuration by using a HeNe laser
(CW, 633 nm wavelength) for the excitation. The objective (50x, 0.42 NA) is mounted on a
three-axis piezo-stage in front of the window of a continuous-flow He cryostat hosting the
sample.
The excitation with circularly polarized light is achieved with a linear polarizer (LP1 ) and a
quarter-wave plate (λ/4). The detection of the circularly polarized PL signal is performed by
combining a half-wave plate (λ/2) with a linear polarizer (LP2 ). In general, linearly polarized
light incident on a λ/4 plate 45° off its optical fast axis becomes circularly polarized. Conversely, a linearly polarized light passing through a λ/2 plate 45° off its optical fast axis is still
linearly polarized, but rotated by 90°.
In order to achieve selective excitation and detection of right-handed (σ+ ) or left-handed (σ− )
circularly polarized light, the λ/4 and the λ/2 plates are inserted in motorized rotation stages,
3 The measurements were carried out within the group of Prof. Alexander Holleitner at the Walter Schottky

Institute - Technical University of Munich.
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and the orientation of their fast axes is indicated in Fig. 3.9 by θ and ϕ, respectively. The
linear polarizers LP1 and LP2 are fixed with their transmission axes along the y-axis and x-axis,
respectively. The helicity of the incident circularly polarized light is set to σ+ or σ− by orienting
the fast axis of the λ/4 plate along the angular positions θ = 45° or θ = -45° , respectively. The
collected PL signal contains both σ+ and σ− components, which are transformed into two
crossed y-z linearly polarized components upon passing through the λ/4 plate. The emitted
PL light is then reflected by a 50/50 beam splitter (BS) on the x-z plane and directed on the
λ/2 plate. If ϕ = 90° the light is not rotated by the λ/2 plate and only the linear component
along the x-axis (i.e., the σ+ PL signal) passes through LP2 . Otherwise, if ϕ = 45° , the λ/2 plate
rotates the incident light by 90° and only the linear component originally directed along the
z-axis (i.e., the σ− PL signal) is transmitted by LP2 .
Finally, the PL signal is directed into a spectrometer equipped with a 300 l/mm grating and
acquired by a CCD.
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Figure 3.9 – Schematic depiction of the low temperature circular
polarization-resolved µ-PL setup. (M - mirror, L - lens). The incident
circular polarization σ± is generated through a linear polarizer (LP1 ) and
a rotatable quarter-wave plate (λ/4), while the helicity of the PL signal is
selected by using a rotatable half-wave plate (λ/2) in conjunction with a
linear polarizer (LP2 ).

3.6 Low temperature magnetotransport
The magnetotransport measurements on V-WSe2 were carried out in an Oxford cryostat
equipped with a 12 T magnet and a rotatable mount. The sample is inserted in the internal
vacuum chamber (IVC), which is surrounded by a He bath at a temperature of 4.2 K. A needle
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valve connecting the IVC with the He bath allows cooling the sample by adjusting the He flux.
The IVC is constantly pumped to reduce the boiling temperature of the He, thus reaching a
base temperature of 1.3 K. In order to reduce the heat exchange, the IVC and the He bath are
surrounded by an outer vacuum chamber (OVC).
The electrical measurements were performed with the lock-in technique. Low-frequency AC
signals are applied and detected through lock-in amplifiers (7265 dual phase DSP, Ametek), in
combination with differential preamplifier modules (SR560, Stanford) before digitalization.
The DC gate bias is provided by a Keithley 2400 source-meter. The relevant measurement
geometries are outlined in the following section.

Device geometries
The electrical resistance of the 2D sheets was measured either in two-terminal or four-terminal
configuration, depending on the size and shape of the flake. The two-terminal resistance
includes the electrical contact resistances in addition to the sheet resistance (or channel
resistance): R2T = Rch +2RC . Eliminating the contact resistances in order to directly measure
the intrinsic sheet resistance is possible through the four-terminal configuration. In this case,
one measures the voltage drop between the two inner probes (V4T ), while passing a constant
current through the sheet with the aid of the two outer electrodes (Fig. 3.10(b)).
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Figure 3.10 – (a) Two-terminal and (b) four-terminal electrical measurement configuration together with their equivalent electrical circuits. For
simplicity, identical contact resistance is assumed for all electrodes.

Magnetoresistance measurements The two common device configurations employed for
magnetotransport measurements are the Hall bar and the van der Pauw geometry. While
the use of the Hall bar geometry is limited to sheets with a regular shape, the van der Pauw
39

Chapter 3. Experimental techniques
configuration is applicable also to flakes with an arbitrary shape. Within this thesis work, the
Hall bar geometry (Fig. 3.11) was used, with the aim of determining the doping characteristic
and carrier mobility of the 2D sheets.

I
W
L

Vxx

Vxy

Figure 3.11 – Sketch of a Hall bar configuration. L and W are the channel
length and width, respectively.

A Hall bar offers the advantage of measuring the longitudinal and the transverse magnetoresistance simultaneously by applying a constant current between the source and drain
Vxx W
contacts. The longitudinal and the transverse components of the resistance are R xx =
I xx L
Vx y
and R x y =
, where Vxy =VH is the Hall voltage. The Hall bars typically have an aspect ratio
I xx
of L/W ≥ 3 to minimize geometric errors.
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4 Electrical tuning of h-BN single photon emitters
As discussed in Sec. 2.3.2, in previous studies the manipulation of h-BN quantum emitters has
been achieved through different strategies. However, in all these cases, thick (∼ 100 nm) h-BN
flakes were used. Controlling the PL properties of SPE in atomically thin h-BN films poses
additional challenges due to the higher sensitivity of the emitters to the environment.
In this chapter1 , experimental results obtained on Stark tuning of quantum emitters in monolayer and few-layer h-BN are presented. The electrical control of the emitters has been realized
with two different device configurations, which are described separately in the following.
In the first case, a graphene top gate contact is used to implement a vertical electric field.
The second approach involves an in-plane electric field applied via lithographically-defined
electrical contacts on the sample surface.

4.1 Mechanically exfoliated vs. CVD-grown h-BN sheets
For the aim of finding suitable samples for investigating h-BN SPEs, both mechanically exfoliated h-BN nanocrystals and CVD sheets were investigated. Although optically active
defects naturally occur in hBN crystals, their luminescence is typically extremely unstable
and weak. In order to stabilize the emission and remove surface contaminants, the samples
were annealed at 850 °C for 2 h under Ar flux (700 sccm). Figs. 4.1(a-d) show the scanning
confocal PL maps of an exfoliated nanocrystal and a CVD sheet where the effect of the thermal
treatment is clearly visible. The overall PL intensity is substantially reduced after annealing,
such that individual emitters can now be discerned. The resulting suppressed PL background
hints toward a contribution of surface contaminants to the luminescence observed in the
pre-annealed samples. Furthermore, the PL intensity of the color centers is strongly enhanced
by the annealing, as shown in Fig. 4.1(e).
The PL maps in Figs. 4.1(b,d) reveal a different spatial distribution of the emitters in the CVD
sample vs. the exfoliated sheet. While the latter shows a spatially homogeneous PL over the
central region and a more intense luminescence at the edges, the PL map of the CVD film
1 This chapter is based on publication [1] from the list of publications
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is characterized by well-defined bright dots. This difference comes out more clearly in Fig.
4.2, which shows a more detailed PL map of the two samples in Fig. 4.1 along with selected
PL spectra. The emitters located at the boundaries of the multilayer flake show a low PL
intensity and broad spectral features (see Fig. 4.2(b)). By contrast, the spot-like features in the
monolayer film display intense and narrow PL peaks (see Fig. 4.2(d)).
The less-defined luminescence features of the multilayers can be ascribed to emitters located
in different layers of the same flake appearing within the same confocal spot. Moreover, the
simultaneous excitation of different emitters is likely to cause also spectral diffusion and
emission blinking, leading to the observed broad spectra. Thus, the presence of isolated
color centers with sharp PL peaks makes atomically thin h-BN a more promising platform to
investigate these quantum light sources.
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Figure 4.1 – (a,b) PL scanning map of a mechanically exfoliated h-BN flake
before (a) and after (b) annealing. The PL signal observed in the bare
SiO2 region around the flake is suppressed upon annealing. Scale bar
is 1 µm. (c,b) PL scanning map of a CVD h-BN monolayer sheet before
(c) and after (d) annealing. The homogeneous PL background is again
suppressed after annealing. Scale bar is 2 µm. (e) PL spectra measured on a
mechanically exfoliated h-BN nanocrystal before (black curve) and after
(red curve) annealing, showing an enhancement of the defect emission
intensity after the thermal treatment. All measurements were performed at
room temperature with a 442 nm laser.
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In Fig. 4.2(d), the characteristic multicolor emission of h-BN SPEs is visible, as already described in Sec. 2.3. Although the three emitters marked in Fig. 4.2(c) exhibit different ZPL, they
all display a phonon sideband (PSB) with approximately the same energy separation from the
relative ZPL (around 160 meV). On the basis of the latter, it is likely that the emitting defects
have a similar crystallographic structure, although they reside in different local dielectric environments [53]. For some color centers, the spectrum comprises other smaller PL peaks besides
the ZPL and the PSB, as exemplified by emitters A and C in Figs. 4.2(c-d). This is because
emitters with different ZPL are spatially close enough to be probed simultaneously, albeit their
relative contribution to the overall emission varies with the laser position. Nevertheless, the
present spectra are in good agreement with previously reported ones [22, 53, 59].
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Figure 4.2 – (a) Detailed scanning PL map of the region of the mechanically
exfoliated h-BN flake marked in the inset. Scale bar is 500 nm, the inset
scale bar is 2 µm. (b) PL spectra corresponding to the three spots indicated
in (a). (c) Detailed scanning PL map of a CVD h-BN monolayer film showing
three individual SPEs. Scale bar is 400 nm. (d) PL spectra corresponding
to the SPEs indicated in (c). All measurements were performed at room
temperature with a 442 nm laser.
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Fig. 4.3 shows a typical PL spectrum of a SPE in atomically thin h-BN at cryogenic temperature
(15 K). Compared to the room temperature spectrum, the ZPL is much narrower (around 0.2
nm, corresponding to < 1 meV), and only limited by the width of the excitation laser line and
the resolution of the spectrometer. As commonly observed, there are also additional spectral
lines at low temperature. These new peaks occur both at lower and higher energies compared
to the characteristic room temperature emission range (e.g., the PL peak in Fig. 4.3). They
most likely arise due to the suppression of non-radiative recombination channels at lower
temperatures.
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Figure 4.3 – PL spectrum of a SPE in monolayer h-BN taken at 15 K. The
inset shows the ZPL. The measurement was performed with a 442 nm laser,
using an excitation power of 10 µW and an acquisition time of 350 ms.

4.2 Single photon emission in atomically thin h-BN
Color centers in monolayer h-BN very often exhibit broad spectral features or complex PL
spectra with different emission lines, which can be ascribed to spectral wandering or the
presence of different emitters within the same confocal spot. Measuring the second order
autocorrelation function g (2) (∆t ) allows to determine whether the observed emission is generated by an individual emitter or by different defects residing in neighbouring crystal unit cells
(see Sec. 2.2.2). For this purpose, the setup configuration described in Sec. 3.5.2 was used to to
simultaneously record PL spectra and the relative g (2) (∆t ) function, which allows to correlate
the characteristics of the observed luminescence with the measured photon statistics.
As an example, Fig. 4.4 depicts the spectral trajectory of a PL peak along with the correspond44
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ing autocorrelation function. The emission is seen to undergo pronounced spectral jumps and
blinking. Nonetheless, the measured g (2) (∆t ) function shows a dip well below 0.5, confirming
that the observed PL originates from a single quantum emitter. The same characteristics were
found for many other PL lines, proving that the investigated emitters consist of individual
point defects whose luminescence is subject to fast spectral diffusion, probably due to local
charge fluctuations.
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Figure 4.4 – (a) Spectral trajectory of a PL peak in monolayer h-BN, acquired
at 15 K with a 532 nm laser and excitation power of 300 µW. The acquisition
time for each spectrum is 2 s. (b) Corresponding second order autocorrelation function. The pronounced antibunching dip confirms the quantum
nature of the emission, i.e., the presence of an individual point defect.

4.3 Stark tuning of quantum emitters in graphene/h-BN heterostructures
The graphene/h-BN vdW heterostructures were prepared using the wet transfer process
described in Sec. 3.1. The heating step required for the activation of the h-BN SPEs was
performed before the deposition of the graphene film. The electrical leads were defined by
EBL, followed by thermal evaporation of Ti (10 nm) and Au (40 nm). Fig. 4.5(a) schematically
illustrates the graphene/h-BN heterostructure and the device configuration. While the CVD
h-BN film homogeneously covers the whole substrate, a discontinuous CVD graphene film
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served as top electrode. The use of a continuous top graphene film in previous samples
resulted in large gate leakage currents due to the presence of pinholes in the SiO2 layer. These
conductive channels through the gate insulator most likely form during the high temperature
annealing required for the activation of the h-BN defects. The density of conductive paths
between the top and the back gate can be minimized by reducing the surface area occupied
by the graphene electrode, as realized with the discontinuous graphene film. Fig. 4.5(b) shows
an optical image of the sample surface where the hexagonal graphene domains with lateral
size of around 300 µm are clearly visible.

(a)

(b)

SiO2
p++ Si

(d)
counts (a. u. )

counts (a. u. )

(c)

1300 1350 1400 1450
Raman shift (cm -1)

1200

G

D
1400
1600
1800
-1
Raman shift (cm )

Figure 4.5 – (a) Schematic illustration of the graphene/h-BN device configuration devised for the gate voltage-dependent scanning confocal µ-PL
experiments. The darker purple triangles represent local multilayer h-BN
regions. (b) Optical image of the sample surface showing the hexagonal
graphene domains on top of the h-BN layer. The color saturation was intentionally enhanced to increase the visibility of graphene. Scale bar is 25
µm. (c) Typical Raman spectrum of a bare h-BN region. The data points
were fitted with a Lorentzian profile. (d) Typical Raman spectrum of a
graphene-covered h-BN region.
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Figs. 4.5(c-d) show the typical Raman spectra observed on bare h-BN and graphene-covered
h-BN regions, respectively. The position of the h-BN E2g phonon mode (∼ 1370 cm−1 ) confirms
the atomic thickness of the film [113]. The Raman spectrum on graphene/h-BN features the
typical graphene-related G band (at ∼ 1580 cm−1 ) and an extremely weak disorder-induced D
band (at ∼ 1345 cm−1 ) [114], testifying the high quality of the transferred graphene sheet. The
h-BN E2g Raman peak is not visible in the spectrum of Fig. 4.5(d) due to its characteristic low
intensity [113].

4.3.1 Photoluminescence quenching
The PL measurements on graphene/h-BN heterostructures revealed a considerable reduction
of luminescence from the h-BN defects due to the close contact with the graphene overlayer.
This can be clearly seen in Figs. 4.6(a-b), where an optical image and a PL map of the same
sample surface region are compared. An average quenching factor of ∼ 70 was estimated by
integrating the PL intensity counts within areas of the same size in the bare and graphenecovered h-BN regions, as indicated by the red squares in Fig. 4.6(b). In order to subtract the
background, the integrated PL intensity from an area of equal size on the Au pad region was
used as reference.
A similar quenching observed for semiconductor quantum dots on graphene has been attributed to resonance energy transfer as the main non-radiative decay mechanism [115, 116].
However, more recent works have provided evidence for the transfer of photo-excited charges
from defect states in h-BN to graphene under the influence of an applied electric field
[117, 118]. Although these two competing processes could in principle occur simultaneously, we assume that the charge transfer mechanism makes the dominant contribution to
the quenching in the present samples.
Importantly, despite the substantially reduced fluorescence intensity, PL from some h-BN
emitters located underneath the graphene electrode can still be detected. This finding is
attributed to the local presence of multilayer h-BN islands with lateral size of few µm on top
of the homogeneous monolayer film, as can be concluded from the AFM scan in Fig. 4.6(c). In
such multilayer structures (around 7 layers [119]), the uppermost h-BN layers act as dielectric
spacer between the emitter and the graphene, thus preventing the PL quenching. Accordingly,
while the emitters located in the monolayer h-BN region are predominantly quenched due to
the proximity with graphene, those which are located within multilayer h-BN islands are still
visible. An example is provided by the PL map in Fig. 4.6(d), showing an individual multilayer
island. On this basis, we expect that the majority of the observed SPEs are embedded within
local few-layer h-BN structures.
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Figure 4.6 – (a) Optical image of a graphene/h-BN heterostructure comprising both bare and graphene-covered h-BN regions. (b) Normalized
scanning confocal PL map of the same area. Comparison of the two images reveals quenching of the emission from the h-BN defects due to their
direct contact with graphene. The red squares indicate the areas (10 × 10
pixels each) over which the PL intensity counts were integrated in order
to estimate the fluorescence quenching factor. (c) AFM scan of the bare
h-BN sample surface revealing the presence of multilayer h-BN regions.
The islands typically have a thickness of ∼ 3.5 nm. (d) Normalized PL scanning map of a single multilayer h-BN island in a graphene/h-BN vertical
heterostructure. The stronger luminescence signal coming from the multilayer region confirms the role of h-BN multilayers to protect the embedded
emitters from quenching by graphene.

4.3.2 Linear and quadratic Stark shift in graphene/h-BN heterostructures
Fig. 4.7(a) displays an exemplary spectral map of a SPE in a graphene/h-BN heterostructure
as a function of the applied gate voltage. With the aim of testing the reproducibility of the
spectral shift, the gate voltage was swept repeatedly between -70 V and +70 V for eight voltage
cycles, as schematically illustrated in Fig. 4.7(c). The spectral map clearly features a Stark
shift of the h-BN quantum emitter. The reproducibility of the effect and the absence of PL
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bleaching over an extended time period (> 30 minutes) testify an excellent robustness of the
SPE during the electric field sweeps. However, the PL peak undergoes spectral diffusion, which
manifests itself either as short-lived, reversible spectral jumps (as can be observed in cycle
4) or as (quasi-) steady shifts of the ZPL (as can be observed in cycle 8) by between 4-8 meV.
As spectral diffusion and Stark shift share the same physical origin, i.e., a local or an external electric field, respectively (see Sec. 2.3.1), the random spectral jumps merely impart an
additional energy shift to the Stark-effect-induced tuning of the ZPL, as clearly visible in cycle 8.
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Figure 4.7 – (a) Normalized spectral map of the emitter for in total eight
gate voltage sweep cycles as shown by the red trace in (c). The gate voltage
is ramped with a 5 V step-size and 5 seconds step-length. The vertical lines
visually separate the voltage sweep cycles, which are labeled by numbers.
(b) Spectrally integrated PL intensity as a function of the applied gate voltage. The dashed grey line is a guide for the eye to highlight the evolution of
the integrated PL intensity at -70 V. The measurements were performed at
15 K, using a CW 532 nm laser source with a power of 2.5 µW.

Fig. 4.7(b) depicts the spectrally integrated PL intensity as a function of the applied gate voltage.
While the intensity is nearly constant within the positive gate voltage range, an intensity drop is
observed within the negative regime. This difference is best visible for cycles 5-8. A similar PL
intensity modulation has been reported for other solid-state quantum emitters, and ascribed
to field-induced local charge modification [47, 120]. Likewise, the evolution of the intensity at
-70 V over subsequent voltage sweep cycles, as illustrated by the dashed curve in Fig. 4.7(b),
points toward local charge instabilities.
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Besides the quadratic Stark dependence, also a linear response to the applied electric field
was observed. An example for such a SPE is provided in Fig. 4.8. Similar to the emitter shown
above, the occurrence of small (2-3 meV) and short-lived spectral jumps does not obscure
the Stark tuning (see +70 V and +50 V steps). Moreover, also in this case a reduction of the PL
intensity is observed at negative gate voltages. In total, when excluding the non-reversible
spectral jumps, all the studied tunable SPEs show a moderate hysteresis in the ZPL position
(1 to 7 meV) over the entire voltage sweep. Furthermore, as the linewidth of the PL peaks is
limited by the resolution of the used grating (300 l/mm), leaving the possibility of a weak gate
voltage dependence open.
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Figure 4.8 – (a) Normalized spectral map of an h-BN SPE featuring a linear
Stark shift over the gate voltage sweep represented in (c). The gate voltage
is ramped with a 10 V step-size and 5 seconds step-length. (b) Spectrally
integrated PL intensity as a function of the applied gate voltage. The measurements were performed at 15 K, using a CW 532 nm laser source with a
power of 4 µW.

Fitting of the Stark shift
In order to quantitatively analyze the observed spectral tuning, the experimental data were fitted by the Stark effect equation (see Eq. 2.9). The data points in Figs. 4.9(a-b) correspond to the
spectral location of the PL maximum as a function of the actual electric field extracted from the
spectral maps in Fig. 4.7(a) and Fig. 4.8(a), respectively. Referring to Sec. 2.4.2, the electric field
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strength is calculated using the Lorentz local field approximation F = (εSiO 2 ,⊥ + 2)Vg / 3t SiO 2 ,
where εSiO 2 ,⊥ = 3.9 [121] and t SiO 2 = 300 nm are the out-of-plane relative permittivity and
thickness of the SiO2 layer, respectively. The contribution of the h-BN film to the vertical
electric field can be ignored due to its negligible thickness (< 5 nm) in comparison to that of
the SiO2 layer. The first emitter exhibits a quadratic dependence with a total energy shift (ΔE)
of 13 meV. Previous studies reported quadratic Stark shift of around 4.6 meV and 2 meV of
quantum emitters in thick h-BN flakes and in monolayer WSe2 under perpendicular electric
field, respectively [68, 77]. The electric dipole moment (µ) and the polarizability volume (α)
extracted from the fit are displayed in the inset, where 1 D = 3.33×10-30 C · m. The corresponding dipole charge separation is 12.6 pm. The polarizability of this h-BN SPE is in good
agreement with literature values for thick h-BN [68],and at the same time 1 and 2 orders
of magnitude smaller than those observed for WSe2 quantum emitters and NV− centers in
diamond, respectively [76, 77]. Since the polarizability volume of a defect center is comparable
to its physical volume, the obtained small polarizability reflects strongly bound electron wave
functions in the h-BN quantum emitters [68, 76].
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Figure 4.9 – (a) Stark shift of the emitter shown in Fig. 4.7 with a quadratic
fit (red curve) to the data. The displayed data are from the second voltage
sweep cycle. (b) Stark shift of the emitter shown in Fig. 4.8 with a linear fit
(red line) to the data.

The second emitter exhibiting linear Stark dependence displays a total energy shift of 20 meV,
characterized by a slope of 24 meV per V/nm, which yields a dipole charge separation of 23.8
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pm. For comparison, in the case of multilayer h-BN nanocrystals and monolayer WSe2 , the
reported out-of-plane linear Stark shift is around 4 meV (slope of 14 meV per V/nm) and 21
meV (slope of 52 meV per V/nm), respectively [68, 77].
As mentioned in Sec. 2.3.2, the out-of-plane linear Stark shift of h-BN quantum emitters
can be attributed to non-centrosymmetric defects (e.g., the VN XB -type defect) possessing
a permanent dipole in the out-of-plane direction. Within the frame of the perturbation
theory discussed in Sec. 2.4, a linear Stark shift only occurs for degenerate excited state levels
due to the well-defined parity of the pure electronic states. Accordingly, the quadratic Stark
dependence can be ascribed to defects in which the degeneracy of the excited state is lifted by
strain, or due to a dipole orientation that deviates from the out-of-plane direction [68, 76].

4.3.3 Lifetime modulation in graphene/h-BN heterostructures
In addition to the the characterization of the Stark shift, we also investigated the gate voltage
dependence of the excited state lifetime. For this purpose, we acquired the time trace of a SPE
with the aid of a pulsed laser excitation source (532 nm wavelength, 78 MHz repetition rate, 80
ps pulse width) under gate voltage sweeping, as shown in Fig. 4.10(a). The studied emitter
displays a quadratic Stark shift with a tunability of around 6 meV, as apparent from Fig. 4.10(b).
In close correspondence to the gate voltage-dependent PL intensity curves in Figs. 4.7(b) and
4.8(b), a pronounced intensity drop is observed for negative gate voltages. Furthermore, a
smaller intensity reduction occurs also within the positive gate voltage regime. Interestingly,
the intensity modulation of this emitter displays a smaller threshold voltage compared to the
two emitters described above. This is evident from the different extension of the low intensity
state at negative gate voltages, which is larger in the time trace of Fig. 4.10(a), as compared to
that in the integrated PL intensity plots in Figs. 4.7(b) and 4.8(b).
The gate voltage dependence of the PL lifetime was extracted from the time trace in Fig. 4.10(a)
by defining three sections in each gate voltage sweep cycle, which are indicated by the colored
regions. The selected gate voltage ranges are specified as +50 V/+70 V, -10 V/+10 V, -70 V/-50
V, which are represented by the grey, green and orange segments of the sweep, respectively.
The corresponding fluorescence intensity decays are displayed in Fig. 4.10(c) in the respective
color, with the additional blue curve representing the instrument response function (IRF). For
the purpose of comparison, the experimental data were normalized by the total integration
time in each voltage range and processed by background subtraction. The reference background curve is obtained from the time trace by summing up the counts for all times when
the intensity is below a threshold value of 70 counts per 50 ms. Similar to the emitter in Fig.
4.8(a), within this time window (i.e., within this high negative gate voltage range) the defect
PL signal vanishes, allowing to record the pure background signal, which is dominated by a
fast lifetime component of ∼ 400 ps. In this manner, the background subtraction provides
access to the intrinsic excited state lifetime of the emitter. The thus-obtained curves exhibit
a mono-exponential decay at all gate voltages. The fitting process yielded a lifetime (τ) of
between 6 and 6.6 ns in the three different gate voltage regimes (see Fig. 4.10(c)). Comparison
of the time trace in Fig. 4.10(a) with the extracted PL intensity decays in Fig. 4.10(c) reveals
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that the large intensity reduction for negative gate voltages is accompanied by a shortening of
the fluorescence lifetime by 6%. By contrast, the smaller PL intensity reduction for positive
gate voltages corresponds to a 4% increase of the fluorescence lifetime.
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Figure 4.10 – (a) Time trace of the PL intensity of a single h-BN emitter as
a function of the applied gate voltage, with the time bin set to 50 ms. The
voltage sweep (10 V step-size and 1 second step-length) is represented by
the red curve. The colored sections denote the following three different
gate voltage ranges: +50 V/+70 V (grey), -10 V/+10 V (green), and -70 V/-50
V (orange). (b) Stark shift of the emitter with a quadratic fit (red curve) to
the data. All measurements were performed at T = 15 K with a laser power
of 3 µW and a 568 nm (2.18 eV) long-pass filter. (c) Normalized PL intensity
decay curves for the three different gate voltage ranges, with the same color
code as in (a). The solid curves represent the mono-exponential fits. The
extracted values of the PL lifetime for each channel (τpos ,τzero ,τneg ) are
displayed in the same colors. The raw data have a nominal channel width
of 8 ps. In order to reduce the noise, a time binning of 50 channels was
performed on the decay curves, resulting in a channel width of 400 ps.
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4.3.4 Proposed charge tunneling mechanism in graphene/h-BN heterostructures
The PL intensity modulation observed in the time trace in Fig. 4.10(a) reflects the characteristic
intensity fluctuations in semiconductor nanocrystals, which are attributed to non-radiative
decay channels [122, 123]. For the present samples, charge tunneling through the h-BN barrier
is proposed as a plausible non-radiative decay process that can account for the observed
intensity reduction at high gate voltages. The mechanism is illustrated separately for the
negative and positive gate voltage regime in Fig. 4.11.
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Figure 4.11 – Band structure diagram of the graphene/h-BN heterostructure and the proposed charge transfer by tunneling for both gate voltage
polarities. While the excited electrons can easily tunnel to graphene at VG
< 0 (left panel), the holes have a much lower tunneling probability at VG >
0
0 (right panel). EF and EF schematically indicate the position of the Fermi
energy in pristine and p-doped graphene, respectively. The grey curves are
a sketch of the electron’s and hole’s wave functions under the influence of
the electric field.

As the basic principle, charge carriers occupying defect states in h-BN are excited by the
laser light and transferred to the graphene electrode by tunneling, under the influence of
the applied electric field. The tunneling barrier is constituted by the local presence of the
h-BN layers separating the emitters from the graphene film, as discussed in Sec. 4.3.1. The
asymmetric gate voltage dependence of the PL intensity can be accounted for by a lower
tunneling probability of holes vs. electrons. The different tunneling rates in turn can be
ascribed to the different effective masses of electrons and holes in h-BN [124, 125], or to a
larger tunneling barrier height for holes than for electrons. The latter scenario gains support
from the experimentally observed p-type doping of CVD graphene due to the mechanical
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transfer process [126, 127, 128], which results in a down-shift of the Fermi level with respect
0
to the Dirac point. This situation is illustrated in Fig. 4.11, where EF and EF schematically
indicate the position of the Fermi level for opposite gate voltage polarities in pristine and
0
p-doped graphene, respectively. Due to the p-type doping the actual Fermi level (EF ) has lower
energy than EF , leading to an asymmetric shift around the Dirac point as a function of the gate
voltage polarity. As a consequence, the electrons have a high tunneling rate at negative gate
voltages, resulting in a strong intensity decrease. On the other hand, the holes have a lower
tunneling rate at positive gate bias, leading to a small intensity decrease. On this basis, the
observed differences in the emitter intensity switching threshold voltage can be attributed
to different local tunneling barrier widths (i.e., different h-BN thickness) [129], or to local
changes in the graphene doping level.
Within this picture, one would also expect the lifetime to shorten by the increase of the nonradiative decay (i.e., tunneling) rate [122, 123], in contrast to the longer lifetime observed in
the present case within the positive gate voltage regime as observed in the present experiments
(Fig. 4.10). A plausible explanation for this increase is the competition between a Stark effectinduced decrease of the radiative recombination rate and charge tunneling. The interplay
between these two competing processes can be described by the following rate equations for
the PL lifetime (τ) and intensity (which is proportional to the quantum yield, QY):
τ=

1
k r + k nr

QY =

kr
k r + k nr

,

(4.1)

where k r is the radiative decay rate and k nr is the sum of all the non-radiative decay rates. The
applied electric field reduces the electron’s and hole’s wave functions overlap as illustrated in
Fig. 4.11, thus leading to a decrease of k r , which in turn reduces the QY (i.e., the PL intensity)
and enhances the fluorescence lifetime [130, 131]. Due to the smaller tunneling rate of holes
vs. electrons this mechanism becomes relevant in the positive gate voltage regime. Conversely,
the non-radiative recombination by electron tunneling becomes predominant within the
negative gate voltage regime, thus leading to a net reduction of both the PL intensity and
the fluorescence lifetime. It is noteworthy that a reduction of τ due to an increase of k r in
the negative gate voltage range can be excluded as an alternative explanation, as it would be
expected to increase the PL intensity.

4.4 Stark tuning of h-BN quantum emitters in via in-plane field
We furthermore explored the spectral tuning of h-BN quantum emitters in atomically thin
CVD-grown h-BN films through an in-plane instead of out-of-plane electric field. To this end,
an interdigitated electrode pattern (with an electrode separation of 140 nm) was defined on
the h-BN, as illustrated in Fig. 4.12. The emitters were probed by low temperature (15 K)
voltage-dependent scanning confocal µ-PL measurements, using the same optical setup as
above for the out-of-plane electric field experiments.
In general, a higher instability of the PL signal was observed for bare h-BN monolayer films,
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as compared to the graphene/h-BN samples. Spectral diffusion is more pronounced, and
the emitters undergo blinking and bleaching more frequently. This finding suggests that the
graphene helps stabilizing the emission from h-BN defects, by removing local extra charges
and screening the emitter dielectric environment [132], thus inhibiting ionization or local
charge fluctuations. Nonetheless, despite the more pronounced instability, robust electrical
control of the SPEs energy could also be achieved in the lateral electric field case. Similar to
the Stark tuning in graphene/h-BN heterostructures, we observed both linear and quadratic
dependencies.
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Figure 4.12 – (a) Schematic illustration of the h-BN sample with the electrode pattern on top, devised for the in-plane electric field-dependent
scanning confocal µ-PL experiment. The darker purple triangles represent
local multilayer h-BN regions. (b) Optical image of the fabricated device.
The electrodes consist of Ti (10 nm) and Au (40 nm). Scale bar is 10 µm. (c)
AFM scan and height profile (d) of the fabricated electrodes. Scale bar in (c)
is 600 nm.

Fig. 4.13 provides an example of an h-BN quantum emitter displaying a linear in-plane Stark
shift. The emitter shows high robustness and reduced spectral diffusion (1-3 meV) over several
electric field sweeps. The voltage dependence of the spectrally integrated PL intensity of the
SPE, which reflects the applied voltage sweep (Figs. 4.13(b-c)), is weaker than that observed
for SPEs in graphene/h-BN heterostructures. This finding supports the model proposed above
for the case of graphene/h-BN heterostructure (Fig. 4.11), according to which the charge
tunneling mechanism determines the observed intensity reduction at high gate voltages.
For completeness, an example of in-plane quadratic Stark shift of an h-BN SPE is shown in
Fig. 4.14. It is apparent that, similar to the Stark tuning in the graphene/h-BN samples, the
hysteresis in the in-plane Stark shift is quite small (between 1 and 4 meV).
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Figure 4.13 – (a) Normalized spectral map of an h-BN emitter for 20 voltage
sweep cycles (in-plane electric field) as represented in (c). The voltage is
ramped with a 5 V step-size and 350 ms step-length. (b) Spectrally integrated PL intensity as a function of the applied voltage. The measurements
were performed at 15 K, using a CW 532 nm laser source with a power of 10
µW.
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Figure 4.14 – (a) Normalized spectral map of another h-BN emitter for 2
voltage sweep cycles as represented in (c). The voltage is ramped with a 10
V step-size and 4 seconds step-length. (b) Spectrally integrated PL intensity
as a function of the applied voltage. The measurements were performed at
15 K, using a CW 532 nm laser source with a power of 1.5 µW.
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Fitting of the Stark shift
Figs. 4.15(a-b) show the fitting of the Stark shift of the two emitters in Fig. 4.13 and Fig.
4.14, respectively. The effective electric field is calculated by using the Lorentz local field
approximation F = (εhB N ,∥ + 2)Vg /3 d , where εhB N ,∥ = 6.82 [121] and d = 140 nm are the inplane relative permittivity of monolayer h-BN and the electrode separation, respectively. The
emitter exhibiting linear dependence (Fig. 4.15(a)) shows a Stark shift (ΔE) of 11 meV with
a tunability of 8 meV per V/nm, and is characterized by a dipole moment of -0.38 D, which
corresponds to a dipole charge separation of 8 pm. Compared to the Stark tuning by an
out-of-plane electric field, the effect (i.e., the dipole moment and the slope of the linear shift)
here is approximately 3 times smaller. A recent study also explored the in-plane Stark tuning
of SPEs in h-BN nanocrystals, in this case attaining a comparatively large tunability of 43 meV
per V/nm [71]. The emitter showing quadratic Stark dependence (Fig. 4.15(b)) features a
polarizability of ∼5 Å3 , which is around 20 times smaller than that observed for SPE under
out-of-plane electric field.
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Figure 4.15 – (a) Stark shift of the emitter shown in Fig. 4.13 with a linear fit
(red line) to the data. The displayed data are from the third voltage sweep
cycle. (b) Stark shift of the emitter shown in Fig. 4.14 with quadratic fit (red
curve) to the data. The displayed data are from the second voltage sweep
cycle.

4.5 Lifetime vs. in-plane electric field
In analogy to the experiments performed on the graphene/h-BN heterostructures, we investigated also the dependence of the fluorescence lifetime on the applied in-plane electric field
under the same experimental conditions (532 nm wavelength, 78 MHz repetition rate, 80
ps pulse width). Fig. 4.16(a) shows the time trace of an h-BN emitter exhibiting quadratic
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Stark dependence (Fig. 4.16(b)). As expected from the discussion above, the PL intensity
does not show a noticeable modulation, and hence it was not possible to extract the background signal and subtract it from the intensity decay, as it was done for the out-of-plane case.
As a consequence, the measured PL intensity decay is characterized by two time constants:
a fast component (∼ 10 ps), which is attributable to residual excitation light, and a slower
component (∼ 3 ns), which corresponds to the intrinsic emitter lifetime.
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Figure 4.16 – (a) Time trace of the PL intensity of a single h-BN emitter as a
function of the applied voltage (in-plane electric field), with the time bin
set to 50 ms. The voltage sweep (10 V step size and 5 seconds step length)
is represented by the red curve. The colored sections denote the following
three different gate voltage ranges: +40 V/+70 V (grey), -20 V/+20 V (green),
and -70 V/-40 V (orange). (b) Stark shift of the emitter with quadratic fit
(red curve) to the data. All measurements were performed at T = 15 K with
a laser power of 3 µm, using a 570 nm (2.17 eV) long-pass filter and a 620
nm (1.99 eV) short-pass filter. (c) Normalized PL intensity decay curves for
the three different gate voltage ranges indicated in the time trace. The solid
curves represent the mono-exponential fits. The extracted values of the PL
lifetime for each channel (τpos ,τzero ,τneg ) are indicated in the same colors.
The experimental data were normalized by the total integration time in
each voltage range.
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Fig. 4.16(c) shows the fluorescence intensity decays corresponding to the three voltage ranges
specified in Fig. 4.16(a) (+40 V/+70 V, -20 V/+20 V, -70 V/-40 V) with the same colors. The
decay curves were shifted vertically for better visibility. The solid black lines represent the
mono-exponential fits to the slow component of the decay. The extracted lifetime at positive
voltages is 2% shorter than that around zero voltage, whereas it remains essentially unchanged
at negative voltages. These observations further support the charge tunneling mechanism
proposed for the graphene/h-BN heterostructures (4.11) as the main contribution to the
observed intensity and lifetime modulation.
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5 Probing magnetism in V-WSe2

The controlled doping of WSe2 with V impurities is a promising route toward gate-voltage
tuning of ferromagnetism in a 2D platform [100, 106]. The novelty of the material resides also
in its capability to show ferromagnetic order at low doping levels, in contrast to conventional
3D dilute magnetic semiconductors, which typically require around one order of magnitude
higher doping concentrations [133]. Importantly, a low substitutional impurity concentration
reduces the number of shallow states in the band gap, and thereby helps to avoid sub-band
gap optical transitions or charge scattering sites. Thus, the light V doping is promising to
introduce magnetic order in WSe2 while preserving its useful physical properties.
In the following, the experiments aimed at verifying the ferromagnetic ordering in V-WSe2 are
described. After a brief discussion of the main differences between mechanically exfoliated
and CVD-grown V-WSe2 sheets, the first part of the chapter focuses on low temperature
circularly polarized PL measurements. In the second part, the results of magnetotransport
experiments on V-WSe2 are presented.

5.1 CVD vs. CVT-grown V-WSe2 crystals
The first experiments on V-WSe2 were performed on CVD-grown monolayers, since the CVTgrowth process was developed only afterwards. As already discussed in Sec. 2.6.1 the V-WSe2
sheets are sensitive against ambient conditions and an alumina (Al2 O3 ) capping layer has
proven effective to passivate the V-WSe2 films, thus preserving their intrinsic properties. The
Al2 O3 is grown via thermal atomic layer deposition (ALD) based upon the reaction of trimethylaluminum (Al(CH3 )3 ) precursor with water vapor. The ALD process is performed at 120 °C ,
with a deposition rate of 1 Angstrom/cycle. Before the ALD growth, the sample is annealed for
4 hours at 250°C inside the same chamber (around 5x10−1 mbar) in order to desorb surface
adsorbates and promote the subsequent formation of magnetic order. Figs. 5.1 (a-b) show
typical Raman and PL spectra, respectively, of a 0.1% V-WSe2 CVD monolayer film covered with
30 nm of Al2 O3 . The positions of the characteristic Raman modes A’1g +E’2g (251.5 cm−1 ) and
2LA(M) (261.6 cm−1 ) agree well with literature values for pristine monolayer WSe2 [134, 135],
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thus testifying the low V doping level (0.1%) and the ability of Al2 O3 to preserve the integrity
of the material. Furthermore, the alumina passivation layer leaves the PL properties of the
V-WSe2 films unchanged (see Fig. 5.1 (b)).
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Figure 5.1 – Raman (a) and PL (b) spectra of a monolayer 0.1% V-WSe2
CVD film covered by a 30 nm-thick Al2 O3 capping layer. The degenerate
A’1g and E’2g modes (251.5 cm−1 ) and the 2LA(M) peak (261.6 cm−1 ) are
labeled. The Raman spectrum was measured with a 532 nm laser and an
acquisition time of 15 s. The PL spectrum was acquired with λ=633 nm
and an integration time of 5 s. All measurements were carried out under
ambient conditions.

Although Al2 O3 is an efficient capping layer, it forms a closed film only for relatively large
layer thicknesses (around 30 nm). This prevents the potential use of V-WSe2 in a magnetic
tunneling junction, for which purpose the passivation layer would need to serve in addition
as tunneling barrier between a ferromagnetic metal electrode and the V-WSe2 sheet. Thus,
in order to find an alternative capping layer, we first tested a 3 nm-thick Ti layer deposited
by thermal evaporation. Ti is especially promising as tunneling barrier, as it can form closed
films already at very small thickness (few nm) and it quickly oxidizes when exposed to air.
However, the Raman and PL spectra recorded on Ti-covered V-WSe2 (red lines in Figs. 5.2
(a-b)), revealed that Ti has a detrimental effect on V-WSe2 , probably due to its high reactivity
toward the Se atoms. Therefore, as another option we explored the influence of a thermally
evaporated 3 nm-thick Al capping layer on a V-WSe2 CVD film. Like Ti, Al is well suited to
achieve a dense coverage at only small layer thickness. The corresponding Raman and PL
spectra are represented by the green curves in Figs. 5.2 (a-b). In contrast to the Ti-coating,
the Raman spectrum of the Al-covered sample shows no sign of chemical modification of
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the V-WSe2 film. However, the comparison between the PL spectra of the uncapped and the
Al-covered samples (black and green curves in Fig. 5.2(b), respectively) reveals a pronounced
reduction of the PL intensity due to the Al capping layer. The observed PL quenching can be
attributed to an only partial oxidation of the Al layer, which leaves metallic aluminum close
to the interface with the V-WSe2 sheet. In order to promote full oxidation of the Al layer, the
sample was kept in a tube furnace for 2 hours under oxygen atmosphere. However, no change
could be detected in the Raman and PL spectra after this treatment.
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Figure 5.2 – Comparison of the Raman (a) and PL (b) spectra obtained from
an uncapped (black), Ti-covered (red) and Al-covered (green) 0.3% V-WSe2
CVD monolayer film. All Raman measurements were performed with a 532
nm laser and an acquisition time of 15 s. All PL spectra were acquired with a
633 nm laser and an integration time of 5 seconds. All measurements were
performed under ambient conditions.

After V-WSe2 bulk crystals synthesized via the CVT process became available, we shifted attention to exfoliated V-WSe2 sheets, which are of better structural quality than the CVD-grown
films and are more suitable for the fabrication of optoelectronic devices. The CVD sheets are
characterized by a higher density of defects, which is further increased during their mechanical
transfer from the Si/SiO2 growth substrate to the target substrate. In fact, the exfoliated V-WSe2
flakes exhibit better optical and charge transport properties (see Fig. 5.4 and Fig. 5.8(c)), and
also higher stability against air exposure compared to the CVD films. Furthermore, the exfoliated sheets can be more easily integrated in vdW heterostructures, for instance by covering
them with mechanically transferred thin h-BN flakes as a passivation layer or tunneling barrier.
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Real V concentration (%)

However, in contrast to the CVD-grown films, the actual V concentration in the CVT-grown
crystals was found to significantly deviate from the nominal values. Fig. 5.3 shows the actual
V concentration in four CVT-grown samples with different nominal doping levels (0%, 1%,
2%, 5%), with the former being determined using an electron micro probe analyzer (EMPA).
The incorporation of V dopants atoms turned out to be much less effective than expected.
Since the ferromagnetic domains are laterally more extended in 0.1% V-WSe2 CVD films (as
concluded from magnetic force microscopy measurements [27]), 1% V-WSe2 exfoliated sheets
were used for the experiments in order to ensure a comparable effective V concentration.
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Figure 5.3 – Actual vs. nominal vanadium concentration in bulk V-WSe2
crystals. The former values were determined with an electron micro probe
analyzer (EMPA).

5.2 Circular polarization-resolved PL measurements
Comparison between the PL spectra of a 0.1% V-WSe2 CVD sheet (black line) and a 1% V-WSe2
flake exfoliated on a SiO2 substrate (red line) testifies a better quality of the latter (Fig. 5.4).
In order to further enhance their optical characteristics, the exfoliated V-WSe2 monolayers
were encapsulated in h-BN, which resulted in a narrowing of the PL peak, as apparent from
the green spectrum in Fig. 5.4.
For comparison, the PL spectrum of a pristine WSe2 monolayer encapsulated in h-BN is shown
in blue color. The significantly reduced PL of the doped sample vs. the pristine flake is most
likely due to non-radiative recombination channels introduced by the V atoms [136].
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Figure 5.4 – Comparison between the PL spectra of a 0.1% V-WSe2 CVD
monolayer (black line) and a 1% V-WSe2 monolayer exfoliated from a CVT
bulk crystal onto a Si/SiO2 substrate (red line). The PL peak is narrower
for exfoliated sheets encapsulated in h-BN (green line). The blue line is
the PL spectrum of a pristine WSe2 monolayer encapsulated in h-BN. All
measurements were performed with 633 nm excitation and an acquisition
time of 1 s at room temperature.

As already discussed in Sec. 2.5.1, the valley degeneracy in monolayer WSe2 can be lifted
through the valley Zeeman effect induced either by an external magnetic field [81, 82] or by the
proximity effect [85, 86]. On this basis, we performed circularly polarized PL measurements on
V-WSe2 in order to detect possible valley polarization as a signature of intrinsic ferromagnetic
order. For this purpose, we used an exfoliated 1% V-WSe2 flake encapsulated in h-BN. An
optical image of the heterostructure is displayed in Fig. 5.5(a), where the inset shows the
exfoliated V-WSe2 sheet before the encapsulation.
In order to magnetize the V-WSe2 monolayer, the sample was glued on a permanent magnet
before being mounted into the cryostat, as schematically illustrated in Fig. 5.5(b). The disc
magnet at the bottom consists of a NdFeB core with a Ni/Cu/Ni coating and provides a nominal out-of-plane magnetic field of around 1.3 T. It should be noted, however, that the effective
magnetic field experienced by the V-WSe2 sheet will be somewhat smaller due to the ∼ 500
µm separation between the latter and the magnet.
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V-WSe2
Si/SiO 2
magnet

Figure 5.5 – (a) Optical image of the heterostructure used for the polarization resolved PL measurements comprising a 1% V-WSe2 monolayer
(1L) encapsulated between two h-BN sheets with a thickness of around 15
nm each. Scale bar is 10 µm. The inset shows the V-WSe2 flake exfoliated
onto a Si/SiO2 substrate prior to the encapsulation. Scale bar is 5 µm. (b)
Schematic of the sample structure wherein the magnetic substrate is used
to magnetize the V-WSe2 sheet.

Figs. 5.6(a-c) show the low temperature circular polarization-resolved PL spectra obtained
from three different spots separated by around 2 µm from each other. The measurements were
performed with co-circular polarized excitation and detection, i.e., σ+ /σ+ and σ− /σ− . The
narrower peak located at around 1.74 eV represents the neutral exciton (X0 ), whose spectral
position is in good agreement with reports on pristine WSe2 [81, 82]. The lower energy peak at
1.59 eV is most likely attributable to a defect state transition rather than a trion. In fact, the
energy separation of the aforementioned PL peak from X0 is comparatively too large to be
explained by a charged exciton, whose binding energy is typically between 20 and 30 meV in
WSe2 [81, 137].
The three investigated spots exhibit different responses to the change of the excitation and
detection polarization. The spectra recorded at the first spot (Fig. 5.6(a)) show no variation
upon reversal of excitation and detection handedness. By contrast, the two other points
(Figs. 5.6(b-c)) show a small modification of the PL intensity upon inversion of the circular
polarization. Furthermore, the intensity variation is opposite in the two cases: the σ+ /σ+ PL
is stronger than the σ− /σ− in Fig. 5.6(b), while the σ+ /σ+ spectrum has lower intensity than
the σ− /σ− in Fig. 5.6(c). Remarkably, the lower energy PL peak shows the same dependence
of the X0 peak upon reversal of excitation and detection helicity.
In all cases, the σ+ /σ+ and σ− /σ− PL peaks have the same spectral position, hence no Zeeman
valley splitting is observed. Nevertheless, the difference between the PL intensities detected
for opposite helicity points toward lifting of the valley degeneracy. The observation of opposite
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Normalized intesnity (a.u.)

valley polarization between two spots on the same flake indicates the presence of magnetic
domains with opposite magnetization. This makes a direct impact of the external magnetic
field provided by the permanent magnet unlikely, as it should induce valley polarization with
the same sign over the entire flake. On this basis, the absence of valley polarization in the first
spot (Fig. 5.6(a)) could be due to the presence of a local impurity or defect that prevents the
formation of a magnetic domain.
Taken together, the observation of a small valley polarization, the presumed presence of small
local magnetic domains as well as the absence of a detectable Zeeman valley splitting suggest
that the present V-WSe2 sample is not fully magnetized and hence a stronger magnetic field
would be needed to achieve full magnetization.

(a)

1.5

σ +/σ +
_ _
σ /σ

(b)
X0

1.6 1.7 1.8
Energy (eV)

1.5

σ +/σ +
_ _
σ /σ

(c)
X0

1.6 1.7 1.8
Energy (eV)

1.5

σ +/σ +
_ _
σ /σ

X0

1.6 1.7 1.8
Energy (eV)

Figure 5.6 – Co-circular polarized PL excitation and detection (σ+ /σ+ in
red, σ− /σ− in blue) measurements on three different locations (a,b,c) of
the investigated V-WSe2 sample. The neutral exciton peak is marked as X0 .
All spectra were taken at 5 K using a 633 nm laser with a power of 700 µW
and an integration time of 10 s.

Figs. 5.7(a-b) show the σ+ /σ+ and σ− /σ− PL spectra presented in Fig. 5.6(b) together with
the spectra measured with a detection helicity opposite to that of the excitation (σ+ /σ− and
σ− /σ+ ). As expected, the intensity of the counter-polarized PL signal is substantially smaller
than that measured under co-polarized excitation and detection. The intensity difference
between the two signals provides a measure of the intervalley scattering rate: the larger the
difference the weaker the intervalley scattering. In the present case, the intervalley scattering
upon σ+ excitation (i.e., from K to K’) is similar to that for σ− excitation (i.e., from K’ to K), as
apparent from comparison of the spectra shown in Figs. 5.7(a) and (b). A previous study reported different intervalley scattering rates with opposite excitation helicities in pristine WSe2
under high external magnetic field (around 7 T) [81]. It thus follows that the magnetization
of the present V-WSe2 sample is too weak to produce a detectable effect on the intervalley
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Figure 5.7 – Co-polarized and counter-polarized PL spectra with (a) σ+ and
(b) σ− excitation. The spectra are normalized to the σ+ /σ+ and σ− /σ− X0
peak, respectively. The measurements were performed at 5 K using a 633
nm laser with a power of 700 µW and an acquisition time of 10 s.

5.3 Improvement of charge transport in V-WSe2
The charge transport properties of V-doped WSe2 were first explored for CVD-grown films with
0.1% vanadium concentration. Due to the p-type character of V-WSe2 , large work function
metals (φ > 5 eV) like Au, Pd and Pt are expected to yield low contact resistance. Although
lower resistance contacts were obtained with Pd vs. Au contacts, the carrier mobility in CVD
V-WSe2 films is still too low to permit low temperature magnetoresistance measurements.
Therefore, we focused instead on exfoliated 1% V-WSe2 sheets which exhibit higher material
quality.
The black and red traces in Fig. 5.8(c) represent typical room temperature transfer curves
measured on 0.1% CVD and 1% V-WSe2 exfoliated sheets, respectively. In both cases, there
is a strong hysteresis over the entire gate voltage (Vg ) sweep. This common feature is due to
the presence of surface charge traps in the SiO2 layer which at the same time act as scattering
centers.. Their influence can be reduced by transferring the V-WSe2 flake onto an h-BN sheet,
as mentioned in Sec. 2.1.1. The studied h-BN/V-WSe2 devices were also covered with an h-BN
capping layer to protect the V-WSe2 sheet from air, as discussed in Sec. 2.6.1.
Fig. 5.8(b) shows an example of a fully encapsulated V-WSe2 device along with its schematic
structure. The transfer characteristics of the encapsulated 1% V-WSe2 sheet is exemplified
by the green trace in Fig. 5.8(c). The measured drain current is enhanced by one order of
magnitude and the hysteresis is drastically reduced with respect to the V-WSe2 devices on
SiO2 , confirming the beneficial effect of the h-BN encapsulation. Furthermore, the contact
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mode AFM flattening method (see Sec. 3.4.1) was applied to the present device before and
after capping it with the top h-BN layer, with the goal to remove possible polymer residues
from the transfer process and to improve the adhesion between the layers.

(a)

(b) h-BN

Pd

V-WSe 2

Si/SiO2

(c)

Encaps.
Exf.
CVD

10

I ds (μA)

1
-1

10

-2

10

-3

10

-4

10

-60

-40

-20
Vg (V)

0

20

Figure 5.8 – (a) Optical image of an electrically contacted 0.1% V-WSe2
CVD monolayer. Scale bar is 10 µm. (b) Optical image of an exfoliated 1%
V-WSe2 sheet (indicated by the red dashed line) encapsulated in h-BN. The
sketch on top illustrates the structure of the device. Scale bar is 10 µm. (c)
Comparison of the transfer characteristics of a 0.1% V-WSe2 CVD monolayer
on SiO2 (black), a 1% V-WSe2 exfoliated sheet on SiO2 (red) and a 1% VWSe2 exfoliated sheet encapsulated in h-BN (green). The measurements
were done in a two-terminal configuration at room temperature with DC
bias voltage.
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5.4 Magnetoresistance measurements
Fig. 5.9(a) shows an optical image of a device employed for the magnetoresistance measurements. It consists of a 1% V-WSe2 flake electrically contacted in Hall bar geometry and
encapsulated in h-BN, similar to the device shown in Fig. 5.8(b). Fig. 5.9(b) displays an AFM
scan of the device along with the electrical measurement configuration. In order to promote
the formation of the ferromagnetic phase, the sample was annealed at 100 °C for 2 hours in
forming gas (Ar:H2 ) flow before being inserted into the cryostat.
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Figure 5.9 – (a) Optical image of the investigated h-BN/V-WSe2 /h-BN heterostructure. The V-WSe2 flake is sandwiched between two h-BN sheets
(∼ 15 nm thick) and electrically contacted in a Hall bar geometry with 50
nm thick Pd electrodes. (b) Contact mode AFM scan of the device together
with the employed measurement configuration. The contact mode AFM
flattening process was carried out before and after capping the device with
the top h-BN layer. Scale bar is 1 µm. (c) AFM height profile of the V-WSe2
sheet.

The transfer characteristics of the device at room temperature and cryogenic temperature are
shown in Figs. 5.10(a and b), respectively. The red data points represent the four-terminal
resistance (Rxx ), which is approximately two orders of magnitude larger at low temperature
compared to the room temperature value. At low temperature, the Rxx curve displays a kink at
around -40 V, which, based upon the calculated V-WSe2 band structure in Fig. 2.14(a), may
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be attributed to impurity states within the VB. The carrier mobility was extracted from the
transfer curve using the following expression for the field-effect mobility [138]

µF E =

∂I d s L
1
∂Vg W C g Vd s

,

(5.1)

where L=4.8 µm is the channel length, W =3.1 µm is the channel width and C g =1.15 F m−2 is
the gate oxide capacitance per unit area (C g = ε0 εSiO 2 / 3t SiO 2 , t SiO 2 =300 nm). Thus obtained
field-effect hole mobility is 8.35 cm2 V−1 s−1 at room temperature, and 1.62 cm2 V−1 s−1 at cryogenic temperature (T = 1.3 K). The typical field-effect hole mobility in pristine WSe2 falls into
the range of 5-200 cm2 V−1 s−1 [139, 140].

(b)
0.5
0.4

I ds (μA)

0.3
0.2

0.1

0.1
-60 -40 -20 0
Vg (V)

20 40

1.3 K
Vds = 3 V

100

0.1

R xx (MΩ)

300 K
Vds = 0.3 V

I ds (μA)

1

R xx (MΩ)

(a)

10

0.01
-60 -40 -20 0
Vg (V)

20 40

Figure 5.10 – Transfer characteristics (grey curves) and four-terminal resistance (Rxx ) of the device in Fig. 5.9 at room temperature (a) and cryogenic
temperature (b). Rxx increases significantly upon cooling. The measurements were performed with a DC bias of 0.3 V (a) and 3 V (b).

The low temperature output characteristics of the device as a function of gate voltage is presented in Fig. 5.11(a). The non-linearity of the Ids vs. Vds curve reflects the non-Ohmic nature
of the contacts. The gate voltage dependence of the two- and four-terminal resistance plotted
in Fig. 5.11(b) points toward a large contact resistance (RC ) on the order of a few MΩ. It should
be emphasized, however, that care has to be taken when equating the difference between the
two curves with the contact resistance, as both the two- and four-terminal resistance show a
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pronounced and distinguished non-linear behaviour (i.e., they depend on the applied bias
voltage in a different manner). With the aim of reducing the contact resistance, the effect of an
Argon plasma pretreatment on the sample transport properties was performed. To this end,
the contact area was etched with Ar plasma (200 W, 0.3 mTorr) for a few seconds before the
metal evaporation without breaking the vacuum (∼ 7 × 10-8 mbar) in order to remove possible
surface adsorbates or an oxide layer. However, this treatment did not significantly reduce RC ,
suggesting the presence of large, intrinsic Schottky barriers at the metal contacts.
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Figure 5.11 – (a) Output characteristics of the device in Fig. 5.9 at cryogenic
temperature for different gate voltages. The non-linear shape of the curves
indicates non-Ohmic contacts. (b) Two and four-terminal resistance as
a function of the gate voltage. All measurements were carried out in a
four-terminal configuration under DC bias voltage.

Despite the high sheet resistance observed at low temperature, magnetoresistance measurements were performed in order to detect possible fingerprints of magnetization, as manifested,
e.g., in a hysteresis. The measurements were carried out with the lock-in technique (see Sec.
3.6) by applying a constant AC current (10 nA, 3 Hz). The determined longitudinal magnetoresistance (Rxx ) in Fig. 5.12 exhibits a typical parabolic behavior with weak localization (WL)
behaviour around zero magnetic field, which is better visible in the inset. The red and the
black curves represent the two opposite directions of the magnetic field sweep. The two curves
perfectly overlap, i.e., no hysteresis is observed.
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Figure 5.12 – Longitudinal magnetoresistance of the device in Fig. 5.9
recorded under perpendicular magnetic field at Vg =-20 V and T = 1.3 K. The
forward and backward magnetic field sweeps are indicated in black and red
colors, respectively. Inset: zoom-in around H = 0 showing weak localization
(WL).

In order to further investigate the localization effect, we measured the gate voltage dependence of the magnetoconductance, as shown in Fig. 5.13(a). The black curves represent fits
to the experimental data, as obtained using the HLN model (Eq. 2.11). Since the theoretical
formula does not include the classical magnetoresistance scaling with B2 , the fitting range was
limited to reduce the deviation of the model curve from the experimental one. Furthermore,
all data were symmetrized to remove possible spurious contributions. A crossover from WL to
WAL is visible at positive gate voltages between 20 and 30 V. Fig. 5.13(b) shows the extracted
phase-coherence length (Lφ ) and spin-relaxation length (LSO ) as a function of the applied gate
voltage.
The measured magnetoconductance is significantly smaller than that reported for both pristine WSe2 [141] and p-type WSe2 [142] with ionic liquid gating. Specifically, the magnitude of
the localization effects in V-WSe2 is between 3 to 4 orders of magnitude smaller than in these
two studies [141, 142]. As another relevant observation, the WL-WAL crossover behavior in
V-WSe2 is reversed with respect to the latter two cases, in which the magnetoresistance exhibits
a transition from WL to WAL upon increasing the hole concentration [141, 142]. Although
the detailed mechanism remains to be clarified, this difference is tentatively attributed to the
vanadium doping of the WSe2 . The determined phase-coherence length is around one order
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of magnitude smaller, while the spin-relaxation length is comparable to the previous reported
values [141, 142]. Furthermore, the comparatively weak gate voltage dependence of Lφ and
LSO reflects the reduced magnitude of the localization effects.

(a)
5

Vg (V)
-60

(b)
22

0

0.5

-40
-30
-20
-10
0
10
20

-5

L SO

18
16
14
12
10

30
40

8

50

-0.5

LΦ

20
L Φ , L SO (nm)

Δσ (e 2 /πh) x 10

-5

-50

0
H (T)

0.5

6

-60 -40 -20 0 20 40
Vg (V)

Figure 5.13 – (a) Gate voltage dependence of magnetoconductance of the
device in Fig. 5.9 at T = 1.3 K. A crossover from WL to WAL occurs between
+20 and +30 V. The solid lines are fits to the HLN model. All curves are
shifted vertically by 0.5 × 10−5 e 2 /πh for clarity. (b) Extracted values of
phase-coherence length Lφ and spin-relaxation length LSO as a function of
the applied gate voltage. The error bars indicate the standard error of the
fit.

5.5 SQUID magnetometry measurements
With the aim to further evaluate the magnetic properties of the exfoliated V-WSe2 sheets,
SQUID (superconducting quantum interference device) magnetometry measurements were
performed on a 1% V-WSe2 CVT-grown bulk crystal. The obtained magnetization curves are
displayed in Figs. 5.14(a-b) for three different temperatures under out-of-plane and in-plane
applied magnetic field, respectively. In both cases, a small hysteresis loop is visible only at
T = 2 K, indicating a TC below 20 K. Interestingly, the hysteresis loop closes around H = 0 for
both B-field directions. The similar shape of the out-of-plane and the in-plane magnetization
curves suggests that the easy axis is tilted. Furthermore, from the out-of-plane magnetization
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curve a magnetic moment of around 1.09 µB per V atom was calculated, which is in good
agreement with the value obtained by DFT calculations (see Sec. 2.6.1) [100].
The SQUID magnetometry measurements were extended to V-WSe2 crystals with lower V
concentrations. The obtained magnetization curves retain their shape upon rotating the
applied magnetic field orientation from out-of-plane to in-plane, similarly to the 1% V-WSe2
sample. Fig. 5.14(c) shows an exemplary magnetization curve of a 0.3% V-WSe2 crystal at the
same three temperatures. The sample exhibits a remnant magnetization at H = 0, in contrast to
the magnetization curve of the 1% V-WSe2 . Furthermore, the hysteresis loop is clearly visible
even at 200 K, which indicates a rise of TC upon decreasing the doping concentration, in close
correspondence to the behavior reported for the CVD V-WSe2 films [27].
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Figure 5.14 – SQUID magnetometry data gained from a 1% V-WSe2 crystal
under out-of-plane (a) and in-plane (b) magnetic field at three different
temperatures. (c) SQUID magnetometry data of a 0.3% V-WSe2 crystal for
in-plane magnetic field. In contrast to the 1% V-WSe2 case, this sample
displays pronounced hysteresis at H = 0, and the ferromagnetic state is
preserved even at higher temperatures.

One plausible explanation for the observed difference between the magnetization curves of
the 1% and 0.3% V-WSe2 crystals is a transition from layered antiferromagnetism to ferromagnetism in the sample with stronger V doping. The mechanism is schematically depicted in Fig.
5.15, where the black-dotted curve represents the experimental out-of-plane magnetization
curve of the 1% V-WSe2 crystal at 2 K. The closure of the hysteresis loop around H = 0 is
consistent with a layered antiferromagnetic ordering, which transforms at higher B-fields
into a ferromagnetic state which displays magnetic hysteresis. A similar behavior has been
reported also for CrI3 crystals [143, 144]. In this scenario, the ferromagnetic ordering is more
favored at lower V doping, in agreement with the increased TC in Fig. 5.14(c).
The proposed transition between layered antiferromagnetism and ferromagnetism might
also explain the absence of hysteresis in the measured longitudinal magnetoresistance of 1%
V-WSe2 (see Fig. 5.12). A more sensitive probe of the layered magnetic order in V-WSe2 could
be vertical charge transport measurements, in an analogous manner to recent experiments on
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CrI3 vertical heterostructures [143, 144].
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Figure 5.15 – SQUID magnetometry data of a 1% V-WSe2 crystal under
out-of-plane magnetic field at T = 2 K, along with a schematic illustration
of the proposed transition from a layered antiferromagnetic (AFM) to a
ferromagnetic (FM) state.
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6 Conclusions and outlook

Defects in semiconductors attract enormous scientific interest since while they often disturb
the properties of the material, they can also introduce new functionalities. Upon reducing
dimensionality from 3D to 2D, the role of defects becomes even more pronounced, which
opens new possibilities for tuning the properties of 2D materials. The results of this thesis
work highlight the potential of atomic defects in h-BN as single-photon sources, and that of
controlled magnetic doping of WSe2 to obtain a novel magnetic 2D platform.
In the first experimental part of the thesis, a large and robust Stark tuning of the quantum
emission originating from defects in atomically thin h-BN was demonstrated. For this purpose
we investigated and compared the optical properties of emitters located in mechanically
exfoliated h-BN flakes and CVD-grown h-BN monolayer films. The color centers found in CVD
films exhibit sharper spectral features compared to that in exfoliated sheets. Moreover, the
large lateral size of the h-BN CVD films makes them advantageous compared to the smaller
nanoflakes. Electrical tuning of the single-photon sources was attained for both, an out-ofplane and an in-plane electric field configuration. In the first case, we used a graphene top
gate contact stacked onto the h-BN film. In the other case, the horizontal electric-field was
implemented by fabricating narrow electrode patterns on the h-BN film.
For both configurations, the obtained Stark shift is highly reproducible and shows minimal
hysteresis, thus proving the efficiency of the electrical tuning to control and stabilize the emission. Furthermore, the Stark effect allowed to evaluate fundamental properties of the emitters,
including the dipole orientation, the dipole moment and the polarizability, all of which could
help to gain a better understanding of the nature of the defects. In addition to the spectral
tuning, we detected a notable gate voltage dependence of the PL intensity in graphene/h-BN
vdW heterostructures. We explain the intensity modulation - which is accompanied by a
corresponding modification of the fluorescence lifetime - by gate voltage-controlled charge
tunneling from quantum emitters in h-BN to graphene. We also noticed that the presence of
graphene reduces the PL instabilities by screening the emitter dielectric environment.
The obtained results, in particular the first-time demonstration of electrical tuning of SPE
in atomically thin h-BN, help to advance the understanding of solid state quantum emitters.
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Furthermore, the fabrication of high-quality graphene/h-BN heterostructures from laterally
extended CVD films is a novelty in the field, and provides a useful guideline for the future
scaling of vdW heterostructures.
The second part of the thesis addresses the magnetic properties induced in WSe2 by substitutional doping with V atoms. The knowledge gained through the performed experiments
lay a solid ground for follow-up studies aiming to further consolidate this novel, promising
2D material. Characterization of CVD-grown films and flakes mechanically exfoliated from
CVT-grown crystals yielded relevant information on the material’s air stability, reactivity with
metals and effective V doping concentration. It was found that the mechanically exfoliated
V-WSe2 flakes have better charge transport properties and stronger PL intensity than the
CVD-grown films. Furthermore, the encapsulation of mechanically exfoliated V-WSe2 sheets
in h-BN was proven to enhance their performance significantly.
First circular polarization-resolved PL experiments performed on V-WSe2 revealed a small
valley polarization whose sign can change with the location on the monolayer flake. This
finding suggests the presence of local magnetic domains. Besides the conventional WSe2
exciton peak, the measured PL spectra feature a lower energy peak, whose energy is around
100 meV smaller than that reported for the trion peak in pristine WSe2 . Interestingly, this
presumed defect bound exciton peak displays the same PL circular dichroism like the neutral
exciton peak.
The magnetotransport measurements on few-layered 1% V-WSe2 yielded no evidence of
magnetic ordering. A possible explanation for this lack could be a transition from layered
antiferomagnetism to feromagnetism upon application of an out-of-plane magnetic field.
This assertion gains support by SQUID data acquired on a 1% V-WSe2 bulk crystal. However,
this does not exclude that the vertical magnetoresistance (magnetotunneling transport) may
show signatures of layered magnetism. Finally, we observed a crossover from WL to WAL as
a function of the applied gate voltage. Interestingly, the WL-WAL transition displays a gate
voltage polarity opposite to that previously reported for pristine WSe2 which we tentatively
ascribe to the V doping of WSe2 .

6.1 Perspectives on h-BN quantum emitters
The prospective use of h-BN SPEs in quantum technologies requires a better understanding of the physical, electronic and magnetic structure of the underlying defects [41]. Along
these lines, most recent theoretical studies increasingly rely upon group theory and high-level
ab initio calculations in the attempt to identify the exact nature of the defects [145, 146].
Complementary to these theoretical efforts, various experimental techniques were employed
to investigate the detailed atomic structure of the defects, such as scanning tunneling microscopy (STM) [147] and transmission electron microscopy (TEM) [148]. However, these
approaches face limitations due to time consuming sample preparation and small imaging
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areas. Furthermore, TEM imaging by itself may introduce additional defects in the studied
h-BN samples [149]. Recently, notable advances in the imaging of h-BN defects were made
by using single-molecule localization microscopy (SMLM), which allows to overcome the
diffraction limit of traditional confocal techniques, thus providing a resolution down to 10 nm
[149, 150].
Besides efforts to better understand the fundamental characteristics of h-BN defects, research
is now exploring possible routes for coupling h-BN quantum emitters with photonic structures
in order to enhance the collection efficiency, i.e., the emission intensity. In this manner, a 4fold and 7-fold enhancement of the PL intensity of h-BN SPEs integrated in a plasmonic optical
resonator [151] and in a metallo-dielectric cavity [152], respectively, has already been achieved.

6.2 Planned experiments on V-WSe2
The circular polarization-resolved PL experiments on V-WSe2 carried out in this thesis underscore that this novel material represents a promising addition to the expanding group of
2D magnets. For the future, it would be of strong interest to perform such experiments in a
cryostat equipped with a superconducting magnet. Thus enabled magnetic field-dependent
measurements could help verifying the possibility to switch the valley polarization (i.e., the
magnetization) and measuring the g -factor associated with the valley Zeeman effect. Furthermore, gate voltage-dependent PL measurements would be highly beneficial to explore the
dependence of the magnetic properties on the carrier concentration. Fig. 6.1(a) exemplifies
the optical image of a sample fabricated for such purpose. The heterostructure consists of a
V-WSe2 monolayer encapsulated in h-BN and transferred onto a graphite flake which serves
as a local back gate electrode, whereas the bottom h-BN layer serves as gate dielectric. A
cross-sectional view of the sample is given in Fig. 6.1(b). Through the graphite local back
gate, the influence of charge inhomogeneities can be avoided, in contrast to a global Si back
gate [153]. The gate voltage-dependent PL measurements furthermore offer the possibility
to clarify the origin of the energy peak located at around 1.6 eV in the PL spectra. In a recent
study, similar experiments on WSe2 contributed to a better understanding of the nature of
various excitonic complexes [154].
Future experiments could also address vertical magnetotransport through few-layer V-WSe2
flakes in order to detect a possible magnetoresistance hysteresis as a signature of layered
magnetic order. Suitable samples for this purpose are obtainable through stacking the V-WSe2
sheet between two graphene electrodes.
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Figure 6.1 – (a) Optical image of a device fabricated for carrying out magnetic field and gate voltage-dependent PL measurements. The heterostructure consists of a V-WSe2 monolayer encapsulated in h-BN with a local
graphite back gate. Scale bar is 10 µm .(b) Schematic illustration of the
device heterostructure, where Vbg is the applied back gate voltage.

The exploration of the properties of V-WSe2 is still in its infancy, and many more efforts
are required in order to improve the charge carrier mobility and enhance the saturation
magnetization. One possible strategy would be the incorporation of Co atoms into WSe2 in
addition to V, in analogy to a recent work reporting the coexistence of ferromagnetic order
and strong PL in (Co,Cr)-doped MoS2 [136].
Furthermore, an enhanced saturation magnetization would be essential for the potential use
of V-WSe2 as a magnetic substrate for gate-voltage controlled proximity exchange coupling
with 2D materials such as graphene [155].
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A Appendix

Perturbation theory
A complement to the perturbation theory presented¯ in Sec.E2.4 is here reported. The unper¯
turbed Hamiltonian has well-known eigenfunctions ¯ψ(0)
and eigenvalues E n(0) :
n,l ,m
¯
¯
E
E
¯
(0) ¯ (0)
H0 ¯ψ(0)
=
E
ψ
¯
n
n,l ,m
n,l ,m

(A.1)

where the eigenfunctions are chosen to be normalized and the unperturbed eigenvalues to
be non-degenerate (non-degenerate perturbation theory). The perturbation theory aims at
approximating the eigenvalues and eigenfunctions of the total Hamiltonian H = H0 + H 0
¯
¯
®
®
H ¯ψn,l ,m = E n ¯ψn,l ,m

(A.2)

by finding the first orders of their expanded power series:
E n = E n0 + E n(1) + E n(2) + ...
E ¯
E ¯
E
¯
® ¯
¯ (1)
¯
¯ψn,l ,m = ¯¯ψ(0)
+
ψ
+ ¯ψ(2)
+ ...
¯
n,l ,m
n,l ,m
n,l ,m

(A.3)
(A.4)

The first and second-order energy corrections are reported in Sec. 2.4. The first-order correction in the hydrogen ground state wave function is:
¯
E
¯ (1)
¯ψ1,0,0

=

|1, 0, 0〉

X

+

|n, l , m〉

〈n, l , m|eF z|1, 0, 0〉

(nl m)6=(100)

E 1(0) − E n(0)

(A.5)

For completeness, the expression of the polarizability indicated in Eq. 2.6 is given by:
α

=

−2e

2

X
(nl m)6=(100)

〈1, 0, 0|z|n, l , m〉 〈n, l , m|z|1, 0, 0〉
E 1(0) − E n(0)

(A.6)
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Photonics, 3(12):687–695, 2009.
[25] T. E. Northup and R. Blatt. Quantum information transfer using photons. Nature
Photonics, 8(5):356–363, 2014.
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