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Abstract

Transition metal dichalcogenides (TMD) MX2 (M=Mo, W, Nb; X= S,
Se, Te) are promising materials for optoelectronic applications due to their
exceptionally tunable properties. Monolayers (1L) of some TMDs present
different optical and electrical properties than bulk. In the single-layer limit,
MoS2 and WSe2 behave as a direct-gap-like semiconductor, whereas bulk
MoS2 and WSe2 are indirect-gap-like semiconductor. This difference, which
comes from a change of the electronic band structure with thickness, gives
to higher photoluminescence quantum efficiency in the single-layer regime.

Another interesting property of these materials appears as a consequence
of the inversion symmetry breaking for an odd number of layers. The bro-
ken symmetry and the strong spin orbit coupling (SOC) in the single layer
limit make the gaps in K and K′ point distinguishable. Therefore, the elec-
trons are described not only by their charge and spin but also by the extra
degree of freedom called "valley". This gave raise to a new field with appli-
cations in information encoding and processing, called "valleytronics". Most
of the research lines efforts are devoted to obtain valleytronic devices able
to produce a current coming exclusively from one of the valleys.

The properties of single layer TMDCs can be also highly affected by the
interaction with the substrate where they are deposited. Here, we study
the optical and electrical properties of 1L-MoS2 and 1L-WSe2 on top of a
superconductor and an insulating ferrimagnetic material respectively. In the
first case, we aim to study the properties of a superconductor semiconductor
junction. Our structures are formed by 1L-MoS2 deposited on top of a bulk
like NbSe2, all in a SiO2 substrate. NbSe2 is a superconductor with Tc=7 K.
Above this temperature, NbSe2 behaves as a normal metal and the hybrid
presents a typical Schottcky barrier.

However, below the critical temperature the resistance of NbSe2 drops
to zero and we can study the formation of a super Schottky barrier. In the
second case, we explore the properties of 1L and few layer flakes (MoS2 and
WSe2) on top of a ferrimagnetic substrate (Yttrium Iron Garnet-YIG). In
these samples, we study the effect of the inhomogeneous magnetic texture
of the substrate on the valley exciton transitions of the MoS2.



We study the optoelectronic properties by combined luminescence and
electronic transport measurements, at room and low temperatures. Since
the substrate could modify not only the electron but also the phonon prop-
erties of MoS2, heterostructures are also studied by Raman Spectroscopy
under different excitation wavelengths and temperatures. To determine the
role of the substrate, results are compared to those of samples deposited on
SiO2 substrate.



Resumen

Esta tesis presenta un estudio detallado de las propiedades optoelectrónicas
de materiales confinados en 2 dimensiones. Principalmente se estudian ma-
teriales de la familia de los dicalcogenuros de metales de transicion (TMDs).
Las propiedades de estos materiales se pueden modificar con relativa facil-
idad por lo que actualmente aparecen como el futuro en campos de gran
impacto social como puedan ser la conversión de energía, el almacenamiento
y codificación de la información o en telecomunicación [1–11].

Muchos de los materiales 2D como por ejemplo el grafito o la molib-
denita (MoS2) son minerales que existen en la naturaleza. El hecho de
confinarlos en dos dimensiones modifica sus propiedades ópticas, eléctri-
cas y mecánicas, aumentando el número de posibles aplicaciones. Un gran
número de estos materiales 2D pertenecen a la familia de los dicalcogenuros
de metales de transición (TMDs) [12–14, 14, 15]. Los TMDs responden a
una estequiometría MX2 en la que M corresponde a un metal de transición
(Mo, W, Nb, V) y X a un elemento del grupo de los calcógenos (Se, S o Te).
Los diferentes materiales tiene una estructura cristalina triangular en la que
el elemento metálico se encuentra embebido entre dos capas del elemento
calcógeno. Los diferentes elementos se unen entre sí por enlaces covalentes
fuertes, mientras que la unión entre las diferentes capas se produce mediante
fuerzas de Van der Waals más débiles. Esto permite aislar mono-capas de
estos materiales mediante exfoliación mecánica.

Para estudiar las propiedades optoelectrónicas de los TMDs, hemos real-
izado varios dispositivos con MoS2 como semiconductor. Inicialmete, hemos
fabricado dispositivos conectando una mono-capa de MoS2 con dos con-
tactos metálicos para caracterizar la formación de las barreras de poten-
cial. Una de las formas de aumentar la eficiencia de los dispositivos es
restringiendo la dirección de la corriente en un sentido, aumentando el ratio
entre la parte que conduce y la rectificadora. Esto se puede conseguir cre-
ando barreras de potencial en los dispositivos mediante la combinación de
diferentes materiales. En esta tesis creamos dos tipos de heteroestructuras.
La primera creada contactando una lámina multi-capa de MoS2 y la otra
formada por una mono-capa de MoS2 depositada encima de una lámina con



varias capas de NbSe2. Se establece una conexión entre las láminas me-
diante contactos de Cr/Au. Los procesos de escritura de los contactos se
realizan mediante un proceso de litografía con electrones (EBL por sus siglas
en inglés) y la posterior deposición de Cr y Au como metales de contacto.
Esta parte de la fabricación de las muestras la llevaron a cabo Saül Velèz y
Juan Manuel Gómez del grupo de Nanodevices de nanoGUNE.

El cambio de las propiedades ópticas de estos materiales se puede utilizar
para detectar el número de capas. La espectroscopía Raman es una técnica
muy extendida para realizar esta caracterización sin dañar el material. En
MoS2 lo separación de los picos correspondientes a los modos E1

2g y A1g,
aumenta con el número de capas (Figura 1-a) [16–18]. En el caso del WSe2
el ratio entre los principales modos (E1

2g/A1g) aumenta con el número de
capas hasta que llega a un valor máximo (Figura 1-b) [16,17]. El NbSe2 es
un material que se oxida con relativa facilidad. El óxido de este material
hace que los modos de vibración activos en Raman disminuyan (E1

2g y A1g)
y aparezca un nuevo modo de vibración (Figura 1-c) [19].
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Figure 1: a) Espectro de Raman tomado en una lamina con 1 y 6 capas de
MoS2. b) Espectro de Raman de WSe2 con diferente número de capas 1 a 20.
c) Evolución temporal del espectro de Raman del NbSe2. Todos los espectros
en esta figura se miden con una excitación de 532 nm.

Las propiedades ópticas del MoS2 cambian con el confinamiento. La
molibdenita es un semiconductor con un gap indirecto pero al disminuir el
número de capas se produce un cambio en la estructura de bandas del ma-
terial y el gap pasa a ser directo (Figura 2-a) [20–22]. Este cambio aumenta
la eficiencia cuántica de la fotoluminiscencia en varios ordenes de magnitud
(Figura 2-b). Es interesante ver como a baja temperatura el espectro de
fotoluminiscencia cambia de intensidad y apariencia dependiendo del ma-
terial. Estos cambios están directamente relacionados con la estructura de
bandas de cada material. Por ejemplo, para el WSe2 es posible resolver
diferentes picos de emisión producidos por excitones o triones [23].
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Figure 2: a) Diagrama de bandas del MoS2 calculado para el cristal, 4, 2 y 1
capa. Las flechas indican la transición de menor energía. Esta figura es una
adaptación de [22]. b) Espectro de fotoluminiscencia correspondiente a 3 y 1
capa de MoS2.

La caracterización óptica y eléctrica de los diferentes materiales se re-
aliza principalmente mediante microscopía confocal. Para ello, se equipa
el microscopio con un multímetro digital capaz de analizar la señal eléc-
trica y un espectrofotómetro con con una camara CCD (por sus siglas en
inglés, Charge Coupled Device) acoplada, que analiza la señal óptica. En el
camino óptico es posible añadir diferentes componentes para realizar medi-
das de polarización de la luz con el fin de estudiar el grado de libertad del
valle. La microscopía confocal es una técnica óptica en la cual la resolución
espacial viene determinada por el límite de difracción. Por ello, también
se ha medido la fotocorriente de algunos dispositivos con un microsopio de
campo cercano (SNOM). La microscopía de campo cercano mide la señal
reflejada por una punta de AFM. Por ello, la resolución espacial en esta
técnica viene dada por el tamaño de la punta y no por la longitud de onda.
En una colaboración con el grupo de Nanoóptica en nanoGUNE, se equipó
este microscopio con un espectrofotómetro y un detector CCD [24]. De esta
forma conseguimos detectar las señales ópticas y eléctricas de forma casi
simultánea mediante una técnica conocida como tip enhanced spectroscopy.

Al poner en contacto un semiconductor con un metal se produce una
transferencia de electrones de un material a otro. La migración de la carga
está directamente relacionada con la función de trabajo del metal y con
la afinidad electrónica y tipo de dopaje del semiconductor. En el caso de
dispositivos de MoS2 (semiconductor de tipo n) conectado con contactos
metálicos de Cr/Au, se produce una migración de electrones hacia el metal,
produciendo una disminución del número de electrones en el semiconductor.
Esto genera un potencial que decrece en la dirección del semiconductor,
creando un área de disminución de carga (W) [25, 26]. La presencia de



defectos capaces de atrapar electrones en ellos o la existencia de estados
localizados produce una desviación de la descripción ideal de la formación
de la barrera. Esta desviación viene dada principalmente por una fijación
del nivel de Fermi del semiconductor a una energía determinada promovida
por los defectos [27–29].

En semiconductores es posible excitar electrones desde la banda de va-
lencia a la banda de conducción mediante su iluminación, generando un
par electrón-hueco. Estos pares tiene dos mecanismos de recombinación,
de forma radiativa o no radiativa. Sin embargo, bajo una determinada
diferencia de potencial existe una cierta probabilidad de que estos pares
electrón-hueco se separen y difundan siguiendo la caída de potencial. Los
electrones extras así generados producen un aumento de la corriente del
dispositivo.

En los dispositivos de una mono-capa de MoS2, observamos corriente
de electrones para ambas polaridades debido a la simetría del dispositivo.
Lo singular, es que la fotocorriente se genera mediante procesos diferentes
dependiendo de la posición del laser (Figura 3-a). En la zona central del
dispositivo no hay una caída de potencial, por lo que es necesario aplicar
un Vsd para generar fotocorriente, fotoconductividad. Por el contrario, en
zonas cercanas a los contactos la caída de potencial permite que el par
electrón-hueco se separe, produciédose un aumento de la intensidad de cor-
riente, efecto fotovoltaico (Figura 3-b) [30]. El cambio en la energía del
gap y del grado de dopaje del MoS2 con el número de capas, hace que se
genere una barrera de potencial (unión nN) en la unión entre las diferentes
capas. Esta barrera de potencial hace que la corriente solo pueda fluir en
una dirección creando una respuesta rectificadora (Figura 3-c) [8].
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Figure 3: a) Evolución de la fotocorriente a bajos Vsd con la iluminación cerca
del contacto metálico (azul) y en el centro del dispositivo (naranja). b) Mapa
de fotocorriente a Vsd = 0 V c) Curva de corriente-voltaje de un dispositivo
con 3 y 1 capa de MoS2 sin iluminación y con excitación con un laser verde.



Por último, se han estudiado heteroestructuras creadas a base de MoS2
y NbSe2 (Figura 4-a). El NbSe2 es un aceptor fuerte de electrones, por lo
que se esperaba que se produjera una barrera de potencial alta en contacto
con el semiconductor. En la heteroestructura el MoS2 es atómicamente fino
por lo que en la dirección perpendicular al plano no hay material para que se
recupere la estructura de bandas. Por ello, en la zona de la heteroestructura
el MoS2 aparece con un dopaje de tipo p mientras que el resto del material
permanece tipo n (diagrama de bandas en la figura 4-a). Dado que todos
los materiales en la heteroestructura están en contacto, es posible medir
barreras de tipo p-n y tipo n-p-n. Las medidas de corriente y fotocorriente
que hemos realizado confirman el diagrama de bandas propuesto y muestran
un ratio Iluz/Ioscuro muy alto de la unión p-n iluminando la heteroestruc-
tura (Figura 4-b). Además, se ha calculado la estructura de bandas y la
transferencia de carga mediante cálculos de DFT. Los cálculos realizados
por Ernesto Ruiz y el Dr. Emilio Artacho confirman la estructura de ban-
das de la heteroestructura. Sus resultados muestran un dipolo generado en
el MoS2 debido a la transferencia de cargas que produce un movimiento
de las bandas del MoS2, apareciendo con la energía de Fermi en la parte
inferior del gap (p-MoS2) (Figura 4-c). Por último, el NbSe2 es también
un superconductor por debajo de 7 K. Por ello, en esta heteroestructura se
puede estudiar la barrera de potencial creada entre un semiconductor y un
superconductor [31–37]. Desafortunadamente, estos dispositivos presentan
una resistencia demasiado alta para detectar corriente a baja temperatura.
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Figure 4: a) Esquema mostrando la heteroestructura hecha de una capa de
MoS2 sobre una lámina gruesa de NbSe2 contactada con contactos de Cr/Au.
Imagen hecha por David Arias. b) Curva de corriente-voltaje sin iluminar el
dispositivo e iluminando en la heteroestructura (unión p-n). c) Diagrama de
bandas de la heteroestructura (negro) con el diagrama de bandas del MoS2
con un 4% superpuesto (azul). Calculos de DFT realizados por Ernesto Ruiz.

La última parte de esta tesis trata de estudiar el nuevo grado de lib-
ertad que aparece en los TMDs semiconductores, el valle. El WSe2 tiene



una interacción spin-órbita fuerte y la simetría de inversión está rota en la
mono-capa. Por ello, en este material las transiciones de los puntos K y
K′ de la zona de Brillouin tienen asociadas un momento opuesto protegido
por la simetría de inversión temporal [9, 10, 38]. En ausencia de un campo
magnético, la única diferencia entre las transiciones producidas en K o K′
es la helicidad de la luz emitida. En presencia de un campo magnético,
este se acopla con el momento del orbital d del metal de transición, pro-
duciendo una separación de las bandas (Figura 5-a). La separación entre las
bandas corresponde a la energía de Zeeman y hace que para una dirección
determinada del campo magnético en la dirección perpendicular al plano las
transiciones en K y K′ tengan diferente energía (Figura 5-b).
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Figure 5: a) Evolución de las bandas en K y K′ bajo el efecto de un campo
magnético negativo. b) Espectros de fotoluminiscencia excitando con luz
polarizada circularmente bajo un campo magnético. c) Mapa de fotoluminis-
cencia del trion a 77 K bajo una excitación verde polarizada circularmente.
La imagen pequeña muestra una superposición de imagenes de AFM y MFM
que muestran la topografía de la lamina de WSe2 y los dominios magnéticos
del sustrato ferrimagnético.

Las medidas las hemos realizado en una mono-capa de WSe2 sobre un
substrato ferrimagnético (YIG, Yttrium Iron Garnet). La idea era correla-
cionar la estructura de dominios magnéticos del sustrato con un efecto de
Zeeman sobre el semiconductor. Hemos conseguido con éxito ver la difer-
encia de energía al aplicar un campo magnético externo bajo diferentes
polarizaciones. Pero no se ha podido correlacionar la señal con la estruc-
tura de dominios del substrato ferrimagnético. El substrato utilizado tiene
una rugosidad relativamente alta, capaz de producir estrés en el material.
Se ha publicado en varios trabajos que un estrés grande sobre este tipo de
materiales puede producir un efecto similar a aplicar un campo magnético
del orden de 100 T [39–44]. Por ello, la distribución espacial de la energía
del excitón sin campo magnético, es relativamente aleatoria (Figura 5-c).



Acronyms and notation

AFM Atomic Force Microscope
BS Beam Splitter
CB Conduction Band
CCD Charge-Coupled Device
DFT Density Functional Theory
DOS Density Of States
EBL Electron Beam Lithography
EQE External Quantum Efficiency
FC/APC Fiber Channel/Angled Physical Contact
FE Field Emission
GGG Gadolinium Gallium Garnet
IQE Internal Quantum Efficiency
IR Infrared
IPA Ispropanol
KPFM Kelvin Probe Force Microscopy
LP Linear Polarizer
MM Multi-mode
MIBK Methyl Isobutyl Ketone
MFM Magnetic Force Microscopy
NA Numerical Aperture
PC Photocurrent
PDMS Polydimethylsiloxane
PL Photoluminescence



PMMA Polymethyl methacylate
PV Photovoltaic
QE Quantum Efficiency
QY Quantum Yield
REG Rare Earth Garnets
RR Rectifying Ratio
RT Room Temperature
SERS Surface Enhanced Raman Spectroscopy
SM Single Mode
SNOM Scanning Near field Optical Microscopy
s-SNOM scattering-Scanning Near field Optical Microscopy
SOC Spin-Orbit Coupling
SOS Spin-Orbit Splitting
SPCM Scanning Photocurrent Confocal Microscopy
SPM Scanning Probe Microscopy
TEM Transmission Electron Microscopy
TFE Thermionic Field Emission
TEPC Tip-Enhanced Photocurrent
TEPL Tip-Enhanced Photoluminescence
TERS Tip-Enhanced Raman Spectroscopy
TMD Transition Metal Dichalcogenide
VB Valence Band
YAG Yttrium Aluminum Garnet
YIG Yttrium Iron Garnet
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Chapter 1

Introduction

Since the isolation of a single graphene layer in 2004, materials science has
seen the emergence of a new field of research with two-dimensional materials
(2D). Bulk materials such as graphite, molybdenite (MoS2) or paramontro-
seite (VO2) are minerals that have been present for many years, but the
importance of this family of materials relies on the role of confinement.

Confinement changes the dimensionality of materials, what drastically
changes not only their electronic properties but also their vibrational prop-
erties (phonons). An example of this is MoS2. Bulk MoS2 is an indirect
gap semiconductor, whereas an isolated layer of this material behaves as a
direct gap semiconductor. Therefore, many of these materials are studied
now for different applications than the bulk ones.

The 2D family includes materials with a wide variety of highly-tunable
properties, in the nanometer scale. Devices made from this materials have
reached higher efficiencies than traditional bulk, macroscopic scale, materi-
als. Therefore, 2D materials are a breakthrough in a wide variety of fields
with high social impact, such as energy conversion, information encoding
and storage, high-speed communications or detectors, among others.
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1.1 Two-dimensional materials
Two dimensional materials have many advantages compared with their peer
bulk materials. They have remarkable mechanical, electric and optical prop-
erties that can be easily tuned by changing doping, strain, external elec-
tric/magnetic field. The high stability of atomically flat layers combined
with their high flexibility opens the possibility of integrating single layers
in high quality devices, improving the final performance of the device.

2D materials attracted a lot of interest for scientific and technological ap-
plications. These materials are used for different applications such as energy
and information conversion and storage. More specifically, for plasmonics
(h-BN, graphene) [1–3], optoelectronics (graphene, MoS2, WSe2) [4–8] and
valleytronics (MoS2, WSe2) [9–11].

Figure 1.1: Schematic illustration of 2 dimensional materials organized in in-
sulators, semiconductors, half-metals, semi-metals, metals and supercon-
ductor. Image adapted from [45].

Their crystalline structure is characterized by strong intra-layer covalent
bonds and weak inter-layer Van der Waals interactions. Due to the weak
inter-layer interaction, 2D materials can be mechanically exfoliated in order
to get single layers (Chapter 2.1). A single layer of a 2D material can be
made of 1 atomic layer (graphene), 2 atomic layers (h-BN), 3 atomic layers
(MoS2, WSe2) or more. Moreover, depending on the elements bonded in
the single layer, we can classify the materials as insulators (h-BN), semicon-
ductors (MoS2, WSe2), half-metals (CrO2, CrS2), semi-metals (graphene),
metals (VO2, VS2) or superconductors (NbSe2). The biggest family of 2D
materials is the transition metal dichalcogenides. In TMDs we find a layer
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of transition metal atoms (M = Mo, W, Nb, V,...) embedded in two lay-
ers of chalcogenide atoms (X = S, Se, Te), giving an MX2 stoichiometry.
Depending on M and X, can be obtained materials with different electrical
and optical properties.

TMDs are very promising materials for optoelectronic devices, mainly
due to their larger conductance and optical response compared to their non-
2D counterparts. Also, it is important to highlight the high degree of tun-
ability of these materials, allowing band-structure engineering by changing
the number of layers or inducing strain on the material [12–14,14,15].

Along this thesis we study different TMDs: two semiconductor (WSe2
and MoS2) and a superconductor (NbSe2). To study the optoelectronic
properties we prepare MoS2, MoS2 isotype heterostructure and MoS2-NbSe2
heterostructure devices. The valley properties are studied for 1L-WSe2,
choosing this material for different experimental reasons that will be de-
scribed later in this thesis.

1.1.1 Transition metal dichalcogenides

Semiconducting TMDs (MoS2 and WSe2): Semiconducting TMDs
(MX2, WX2) are indirect-gap bulk semiconductors. However, by decreasing
the number of layers the gap turns to direct-type with larger energy at the
K point of the Brillouin zone. In the single-layer regime inversion symmetry
is broken and the large spin-orbit interaction of the atoms induces the spin-
splitting of bands located at the inequivalent K and K′ points. The helicity
of the two distinguishable valleys at K and K′ related by time reversal sym-
metry gives the possibility to access and manipulate with electro-magnetic
fields the valley (pseudo-spin) degree of freedom.

The energy gap of these material appears in the visible range of the elec-
tromagnetic spectrum. As a consequence, the electrons in the valence band
(VB) of the semiconductor can be promoted to the conduction band (CB)
by optical excitation. Additionally, semiconductor TMDs can be grouped as
bright (MX2) or darkish (WX2) semiconductors depending on whether the
transition allowed by selection rules appears at hight or low temperatures.

Excitons have a relatively long lifetime (hundreds of ps) and large ex-
citon binding energies (few hundreds of meV) compared with other semi-
conductors, enabling the formation of charge excitons; trions. There are
positive trions (1 electron bounded to 2 holes) and negative trions (2 elec-
trons bounded to 1 hole). As excitons, the emission from the trions also
follows the selection rules and thus needs to conserve the spin momentum.

In chapter 3, different properties of WSe2 and MoS2 are more extensively
described and studied by optical spectroscopy.

Superconducting TMDs (NbSe2): NbSe2 is a type-II superconduc-



4 Introduction

tor from the family of TMDs materials with a critical temperature (Tc) of
7.2 K [46–48]. Most of the measurements that will be shown in this thesis
were performed at room temperature, at which NbSe2 behaves like a strong
electron-acceptor metal. The reported work function (φB) is around 5.9
eV [49], larger than that of other metals (φAu = 5.1 eV, φT i = 4.33 eV, φCr
= 4.5 eV, φPb = 4.14 eV) [50,51].

a) b)MFM image at 20 mT
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Figure 1.2: a) Magnetic force microscopy image showing the magnetic vortices
arranged in the Abricosov lattice. b) Phase diagram of a type II supercon-
ductor, repulsion of the magnetic field below Hc1, magnetic vortices form
between Hc1 and Hc2 and no superconductivity above Tc or Hc2.

Type II semiconductors are characterized by the formation of magnetic
vortices under an external magnetic field (betweenHc1 andHc2) (Figure 1.2-
b). Magnetic vortices arrange in a triangular lattice (Abrikosov lattice) and
the distance between them depends on the applied magnetic field [47]. The
magnetic vortex structure can be measured by magnetic force microscopy
(MFM) [52–55] (Figure 1.2-a). Bellow this critical magnetic field, Hc1, the
superconductor repels the magnetic field. Above Tc or Hc2, superconduc-
tivity in the material is destroyed. The critical values for Tc, Hc1 and Hc2
in NbSe2 also vary as a function of the different number of layers.



Chapter 2

Experimental introduction

During the last few years there has been a growing interest in potential ap-
plications in nanoelectronics of TMD materials due to their highly tunnable
properties. Part of their tunnability appear from the 2D confinement of
the materials into the monolayer regime. The very promising properties of
TMDs encouraged an intense investigation of their optical and mechanical
properties by different techniques.

This chapter is an introduction to the experimental techniques used to
investigate different properties of TMD materials, together with the sample
preparation procedure. The weak interlayer interactions of TMDs enable the
mechanical exfoliation of single layers. The TMD flakes are then stamped
on different substrates.

The optical and electrical characterization of the different materials and
the devices is performed mostly with a confocal microscope. This micro-
scope is equipped with a digital multimeter for electrical measurements and
a spectrometer for the optical characterization. The spectrometer has differ-
ent grids and a CCD detector with very low signal to noise ratio. Moreover,
it is possible to add different optical components to the detection and emis-
sion path in order to perform a polarization characterization.

Confocal microscope are diffraction limitted, so to increase the spatial
resolution for the optoelectronic characterization the devices are studied by
near field optics using a s-SNOM. The microscope was equipped with an
inelastically scattered light detector, spectrometer and CCD detector, to de-
tect the optical and electrical signal quasi-simultaneously (TERS-s-SNOM
setup).
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2.1 Sample preparation

2D materials and more specifically TMDs are characterized by their strong
intralayer and weak interlayer interactions, enabling a layer by layer sepa-
ration by mechanical exfoliation. The exfoliation occurs along the crystal-
lographic planes breaking the layer-to-layer bonds. Hence, this is a widely
used technique to prepare samples with single-layer flakes.

In this thesis, we aimed to produce single-layer and heterostructure de-
vices. The number of steps needed to obtain monolayers differs from one
material to the other depending for example on the cohesive force between
the layers. All the steps were performed with a setup and the knowledge
developed in the nanodevices group at CIC nanoGUNE, which is shown in
figure 2.1.

The bulk crystal is exfoliated using a scotch-type tape (blue tape). The
first exfoliation cleans the crystal, removing possible oxide layers. The other
blue tapes are re-exfoliated several times to obtain the optimum quantity
of material. We found that this step is the limiting step for later obtaining
larger monolayer flakes.

a) b)

Figure 2.1: a) Exfoliation process. The crystal is exfoliated with a blue tape,
separating the material by layers. The blue tape can be place on a PDMS
place on the microscope slide and later stamp it. b) Stamping setup devel-
oped by the nanodecices group in CIC nanoGUNE.

Then, there are two possible methods for stamping the clean flake on
the substrate: to place the tape directly on the substrate or to re-exfoliate
the blue tape with a polydimethylsiloxane (PDMS) placed on transparent
microscope slide (Figure 2.1). The fastest method is to place the material
directly on the substrate. However, in this way we lose the control on the
stamping position and on the number of layers. Therefore, this method
used only to obtain thick flakes of NbSe2. The second method is more
controlled, allowing to select a flake with a specific number of layers and
select the place where it will be stamped. Therefore, we used this method
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to obtain monolayer flakes of MoS2 and WSe2.
Monolayers of MoS2 and WSe2 on the PDMS can be identified with an

optical microscope. They are almost transparent in transmission mode, but
in reflection mode can be observed. Furthermore, the number of layers can
be confirmed via photoluminescence and Raman spectroscopy before the
stamping step (see section 3.2). Then the single-layer flakes are stamped on
different substrates (SiO2 and YIG) or on top of other materials (NbSe2) to
create heterostructures using a positioning stage and optical access.

Some of the materials studied in the thesis, specially NbSe2, get easily
oxidized after being in contact with air for few minutes. The oxidation is ex-
pected to appear only in the upper-most layers. Hence, the heterostructure
devices used in chapter 4 have a rather thick (50 nm) NbSe2 flake. Then,
the 1L-MoS2 flake is stamped on top creating a vertical heterostructure.
Even that this second process is done as fast as possible after the exfolia-
tion of NbSe2, a small barrier is assumed to exist in the contact area between
the two materials. Shortly after, the sample is covered by the lithography
resist (PMMA-polymethyl methacrylate) protecting the full sample from
oxidation.

The covering of the sample with PMMA includes two spinning steps to
place the resists used for the lithography (PMMA resist covering: 1. PMMA
(495 A4) 4000 rpm for 1 min 2. PMMA (950 A2) 4000 rpm for 1 min, bake
after each spinning step at 180◦ for 90 seconds). The two steps are able to
damage the sample due to the weak adhesion of MoS2 to SiO2 or to NbSe2.
Afterwards, the sample is patterned by electron beam lithography (EBL)
and developed with 1:3 MIBK:IPA (methyl isobutyl ketone:isopropanol) for
60 seconds. The e-beam interacts with the PMMA, so the developer leave
the patterned areas exposed.

Later, the sample is fully covered with the contacting metal by evapo-
rating 5 nm of titanium (Ti) or chromium (Cr) and 50 nm of gold (Au).
The Ti and Cr are used as adhesive layers, since Au does not easily stick to
the materials when is evaporated. The final step consists on an overnight
lift-off in acetone, removing the extra deposited metal over the unpatterned
PMMA region. For the heterostructure devices the samples were longer in
acetone to avoid the usage of the ultrasound bath and still ensure a total
lift-off. (Special acknowledgment to Saül Vélez and Juan Manuel Gómez).

2.2 Confocal microscopy

The optical and electrical properties of materials can be studied through op-
tical spectroscopy, based on the study of the interaction of matter and light,
originally visible light. Nowadays, optical spectroscopy has improved and
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includes the study of the interaction between matter and light along a larger
area of the electromagnetic spectrum (ultraviolet, infrared, microwaves or
terahertz). Moreover, the appearance of light microscopy and the later im-
provement with confocal microscopy, revolutionized the field by increasing
the resolution and capability of the technique.

Sample
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Figure 2.2: Confocal microscope setup in the Attocube low temperature sys-
tem. The LHe cryostat (in blue) contains the superconducting coil, the
sample on top of x-y-z positioners and the objective that focuses the excita-
tion and collect the scattered light. The optical head (red) can hold filters,
polarizers or wave retarders. The spectrometer (black) disperses the signal
and the spectrum is recorded by the a charge-coupled-device, CCD camera
(turquoise).

For the development of this thesis I used two commercial confocal micro-
scopes one from Witec with the optical spectroscopy implemented (Witec
alpha 300) and an Attocube microscope only with confocal access (attoCFM
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I). The attoCFM is a multi-functional microscope that can be use as a con-
focal microscope or as an atomic force microscope (AFM) by exchanging
the lens by a head with a cantilever and detecting the signal with an optical
interferometer detector.

The Attocube microscope works at variable temperatures from room
temperature to a minimum of 2 K. In addition, three superconducting
solenoids can apply a vector magnetic field of 5 T in z-axis and 1 in X-
Y-axis. The solenoids are at the bottom of the LHe cryostat where the
microscope stick is inserted and on top of all is placed an optical head
(Figure 2.2). During the thesis, we updated this versatile setup to addition-
ally perform spectroscopic analysis, by coupling it with a confocal optical
setup [56–58] described in figure 2.2.

The light from a monochromatic laser is driven to the optical head
through a multi-mode FC/APC optical fiber (MM) and the detection is
introduced into the spectrometer by a single-mode FC/APC optical fiber
(SM). The usage of optical fibers simplifies the alignment procedure at LT
when there is no visual access to the optical path. In order to analyze the
inelastically scattered light the sample has to be excited with a monochro-
matic excitation. The excitation beam passes through a band pass filter
before the beam splitter (90:10 for most of the experiments to maximized
the transmission, emitted light) and is guided as a free collimated beam into
the low temperature inset towards the objective. The Attocube microscope
has such a long optical path (2 m optical path) that the collimation is a
limiting aspect in the intensity detection limit.

The objective focuses the light into the focal point and collect both the
Rayleigh and the inelastically backscattered light. The objective is a high
numerical aperture apochromatic objective (NA = 0.82), with a 654 nm
spot size, 463 nm confocal resolution in the visible and a magnification of
50. The optimum working spectral range is from 400 to 700 nm and it has
a optimum working distance of 0.65 mm. The sample sits on top of a stack
of x-y-z positioners and a scanner for image acquisition and has 8 electric
contacts. The contacts are used to characterize the electronic properties
of the devices with a digital multimeter (Keithley’s Series 2600B System
SMU).

The backscattered light from the sample is collected and collimated by
the objective. In the optical head, a notch filter suppresses the elastically
scattered light before the inelastic light is driven by an optical fiber (mul-
timode fiber) into the spectrometer. The grating inside the spectrometer
(Acton SP2500i, Princeton instruments, gratings: 300, 600 and 1200 points)
disperses the spectrum emitted by the sample (Raman or photolumines-
cence). The spectrum is then recorded by a charge-coupled-device (CCD)
camera (iXON ultra, ANDOR Si CCD camera with 1024 x 1024 pixels).
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In addition to the filters placed in the optical head, which allow the spec-
troscopic characterization of the materials, other optical components such
polarizers or wave retarders can be added. This enables the selective exci-
tation and detection with linearly and circularly polarized light in different
directions, as discuss in a later section.

2.2.1 Programing in LabVIEW

The setup described in the previous section has three different equipments.
For the optical detection we need the spectrophotometer and the CCD, the
digital multimeter for the electrical characterization and the microscope
electronics for scanning through the device. The communication among
them and the saving of the acquired data is programed by Labview.

LabVIEW is a National Instrument software that allows to combine
the data acquisition with different hardwares and the data saving, all by
graphical programming. The program also allows the user to represent
graphically the data and to analyze it. However, during this thesis all
the effort was focused on the communication and data acquisition role.
The program was implemented in a way that enabled to use it in the two
microscopes used during the thesis (Attocube and Wittec).

The optical characterization (point spectra measurements) were done
with the commercial software provided by the company of the CCD. For the
electrical measurements the developed LabVIEW program is mainly used
to perform current-voltage curves. The voltage is ramped while the current
is measured. In this program it is also possible to perform 2D sweeps, Vsd
and Vg ramp while measuring the current.

For mapping the device, the LabVIEW program uses as a base a scan-
ning grid option from each microscope (Attocube and Wittec). The scan-
ning grid is determined by a the number of pixels of the map, the size of
the map and the acquisition time. When the microscope reaches one of
the pixels it sends an order to the spectrometer and the multimeter. Then
both equipments measure simultaneously the optical and the electrical sig-
nal (photoluminescence and current) and send the order to the microscope
to move to the next pixel. This is repeated over the grid creating two XY
2D arrays with the light and current intensity on each point.

Moreover, it is possible to obtain XY 3D arrays performing at each pixel
a photoluminescence spectrum or a current-voltage sweep. Finally, I would
like to thank Oscar Val that started one of the LabVIEW programs and
Reyes Calvo for the help.
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2.2.2 Polarized light setup

Optical properties can be generally tunned by either linearly or circularly
polarized light in most of the materials. More specifically in TMDs, po-
larized light enables the accesses to a new degree of freedom, the valley
pseudo-spin, increasing the number of possible applications for TMDs. The
goal of the polarized light setup is mainly to excite and detect linearly and
circularly polarized light, to access this degree of freedom .
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Figure 2.3: a) Linearly polarized light setup, fixed linear polarizer (LP) in both

excitation and detection paths and rotating λ/2 wave plate between the
beam splitter and objective. Parallel and cross linear polarization detection.
b) Circularly polarized light setup, fixed LP in the excitation path, rotating
λ/4 wave plate between the beam splitter and objective, and analyzer in the
detection path (fixed LP and rotating λ/2 wave plate). Co- and counter-
rotating detection for left- and right-handed circularly polarized light.

The linear polarization of the excitation green laser is not 100% main-
tained by the optical fibers and thus a fixed linear polarizer before the beam
splitter filters the direction of linearly polarized light (horizontal direction).
Similarly, the polarization direction of the detection is fixed to the maximum
intensity of the spectrometer (horizontal direction).

For linearly polarized light experiments, a rotating λ/2 wave plate is
placed between the beam splitter and the objective as it is shown in figure
2.3-a. This allows turning the direction of the excitation and detection po-
larization in the same direction. This way the detection is always done in a
parallel configuration. For experiments in which we measure the cross detec-
tion, the rotating λ/2 wave plate is placed right before the linear polarizer
fixed in the detection.
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For experiments with circularly polarized light (Figure 2.3-b), the rotat-
ing λ/2 wave plate is kept at the detection and a wave retarded, λ/4 wave
plate, is placed before the objective. Linearly polarized light reaches the
rotating λ/4 wave plate that retards the electromagnetic wavefront creating
left and right circularly polarized light. Then the backscattered circularly
polarized light from the sample passes through the λ/4 wave plate getting
back to linear polarization. The emission with left-handed polarization is
turned into a linearly polarized light with the wavefront in the horizontal
direction. Contrary, the circularly polarized scattered light in the right-
handed direction will be turn in a linearly polarized light in the vertical
direction.

Finally, the λ/2 wave plate located in the analyzer, turns the linear
polarization to fit the direction of the fixed linear polarizer. The rotation
of the λ/2 and the λ/4 wave plates allows the combined excitation and
detection of different polarizations (Table 2.1).

λ/4 wave plate λ/2 wave plate
Parallel (I‖) No 0◦
Parallel (I=) No 45◦

Co-rotating left (I(σ+−σ+)) 45◦ 0◦
Co-rotating right (I(σ−−σ−)) -45◦ 0◦

Counter-rotating left (I(σ+−σ−)) 45◦ 45◦
Counter-rotating right (I(σ−−σ+)) -45◦ 45◦

Table 2.1: λ/2 and λ/4 wave plates angles to obtain linearly polarized excita-
tion and parallel and cross detection and co- and counter rotating detection
for left- and right-handed circularly polarized excitation.

The first and most important step of the setup alignement, is to deter-
mine the polarization axis of the excitation light. This characterization is
done using Si wafers with different crystallographic orientations. The in-
tensity of the main Raman mode changes with the orientation of linearly
polarized light for Si (100), while stays invariant for Si (111) (Figure 2.4-
b, peak at 500 cm−1). Thus, the Raman spectrum of Si is measured while
turning the λ/2 wave plate in the microscope stick. This ensures the parallel
detection, while the polarization direction is turned over the sample.

The polar plot of the Si Raman mode intensity in figure 2.4 as a function
of the λ/2 wave plate angle shows a maximum-minimum, cross-like shape
for Si (100) and circular shape for Si (111). The different shapes of the
polar plots are the characteristic dependences of the Si Raman mode in
linear polarization basis.
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Figure 2.4: a) Polar plot of the Si (100) Raman mode (peak at 500 cm−1)
for different detection angles. b) Raman spectra of Si (100) (left) and of
Si (111) (right). c) Polar plot of the Si (111) Raman mode (peak at 500
cm−1) for different detection angles.

The last step of the alignment consists on moving the λ/2 wave plate to
the detection path and adding the λ/4 wave plate before the objective. The
measurements on Si 100 and 111 are repeated, showing the same depen-
dence when the λ/4 wave plate is kept at 0◦, linear polarization does not
change when passing by the circular polarizer. Additionally, circular po-
larization can be characterized by using chiral molecules such CCl4 (tetra-
chloromethane), having in mind the high toxicity of the substance. I spe-
cially thank Patryk Kusch and Stephanie Reig for the help while mounting
the setup.

2.3 Combined TEPC/TEPL and a near-field op-
tics (TEPC-TEPL-s-SNOM)

The spatial resolution in confocal microscopes is diffraction limited due to
the diffraction of the propagating light. The resolution is typically obtained
as NA*λ (NA: numerical aperture of the objective; λ: excitation wave-
length) and the maximum resolution achievable with these microscopes can
be approximated to λ/2, the Abbe limit. However, there are other imaging
techniques capable to beat the diffraction limit, the scanning probe micro-
scopies (SPM). An example of these microscopes are the Scanning Tunneling
Microscope (STM), the Atomic Force Microscope (AFM) or the Magnetic
Force Microscope (MFM). The SPM image is created by a sharp probe (tip)
scanned along the sample and the resolution is given by the size of the tip
apex (10-20 nm for commercially available tips).

The combination of the SPM techniques with the spectroscopic analy-
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sis (optical and electrical) is a very powerful technique able to overcome
the diffraction limit of conventional microscopes. Tip-enhanced Raman
Spectroscopy (TERS), Tip-enhanced Photoluminescence (TEPL) and Tip-
enhanced Photocurrent (TEPC) are a derivation from surface-enhanced Ra-
man spectroscopy (SERS) where the tip focuses light generating an enhance-
ment of the point Raman scattered signal. Typically, the TERS-TEPL-
TEPC signals are collected from an area of tens of nanometers bellow the
tip corresponding to the size of the concentration of the electromagnetic
field to a near-field spot at the tip-apex [24].
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TERS-s-SNOM setup. [24]

Scanning Near-field Optical Microscopy (SNOM) studies tip-sample in-
teractions in order to create an optical image of the sample. We use a com-
mercial s-SNOM (NeaSNOM from Neaspec GmbH, Germany), that uses an
AFM in tapping mode. The tip is mounted on a flexible cantilever and the
bending caused by the tip-sample interactions is monitored by a reflecting
laser and an interferometer detector.

The sharp metallic tip of the AFM is illuminated by visible light (He-Ne
laser-1.9 eV). The laser light passes through a band pass filter, power filters
and a linear polarizer before is guided by a beam expander to a parabolic
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mirror that focuses the light in the AFM tip and collects the backscattered
signal (Figure 2.5). This signal is then analyzed by a photo-detector with a
lock-in or by the spectrometer, selected by the flip mirror.

The modulation of the tip-sample separation allows the effective suppres-
sion of the background by selecting the 3rd harmonic of the demodulated
backscattered signal from the tip. In order to correlate the spectroscopic
response (photoluminescence and Raman spectroscopy) and the optoelec-
tronic properties of TMDs with a resolution bellow the diffraction limit, we
equipped the s-SNOM with a single grating Raman spectrometer (Acton
SP2500i, Princeton instruments), coupled to a silicon charge-coupled-device
(iXON ultra, ANDOR Si CCD camera with 1024 x 1024 pixels). Moreover,
the sample sits on a sample holder with electric contacts for photocurrent
measurements analyzing the signal with a lock-in amplifier.

With this combined microscope it is possible to simultaneously obtain
the topography, the near-field signal, the photocurrent and the Raman or
photoluminescence signal.The resolution in this case is determined by the
tip apex (10-20 nm for commercially available tips) and not by the illumina-
tion wavelength. I would like to specially thank Stefan Master and Rainer
Hillenbrand for all the near-field optics discussions, Patryk Kusch involved
in the setup preparation and CIC09 (nanoimaging group) members for AFM
discussions.





Chapter 3

Optical Characterization of
TMDs

The optical properties of TMDs change with the number of layers, hence we
can characterize the number of layers by Raman spectroscopy and photolu-
minescence. Raman spectroscopy is a very extended technique to determine
the number of layers and the purity without damaging the material.

The photoluminescence intensity and energy also change with the number
of layers due to a change in the band structure of TMDs. Additionally,
the photoluminescence peaks are narrower at low temperature, allowing the
identification of different resonances.

The characterization by Raman active modes and the photoluminescence
or emission, is performed for the three different materials that we used for
the measurement: MoS2, WSe2 and NbSe2. All the optical characterization
showed in this chapter is performed in a confocal microscope. The micro-
scope is equipped with a spectrophotometer with a CCD camera.
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3.1 Photoluminescence

The main characteristic that differentiates semiconductors from metals is
the appearance of an energy gap (Eg) between hundreds of meV and few eV.
In principle, inside the gap there are no available states, whereas inside the
bands there is a continuum of energy levels. Similar to the HOMO/LUMO
levels in a molecule, semiconductor materials has a fully occupied band, the
valence band (VB) and an unoccupied band, the conduction band (CB).

The absorption of certain electromagnetic radiation, can excite an elec-
tron from the VB to the CB, leaving a positively charged, hole, in the VB.
The electron in the CB and the hole in the VB are attracted by Coulomb
interactions forming a quasi-particle known as "exciton". The later recom-
bination of the e-h pair has a certain probability of emitting a photon, pro-
ducing the photoluminescence (PL) radiation. The efficiency is determined
by the excitation and recombination process and by the selection rules.

Excitation process: In any spectroscopy measurement, the photo-
excitation can be done with a resonant, quasi-resonant or non-resonant en-
ergy. In a resonant excitation situation, the excitation energy is similar to
the emission energy (λexc = Eg), making more challenging to distinguishing
between the Rayleigh radiation and the inelastic emission. To overcome this
problem, in the quasi-resonant case, the excitation energy is slightly higher
than the transition energy. Finally, in non-resonant excitation experiments,
the electrons in the VB are excited with an energy higher than the gap en-
ergy. In this thesis, I explore the photoluminescence response mostly after
a non-resonant excitation, using a green laser (532 nm, 2.33 eV).

Recombination process: The recombination of the electron-hole pair
can follow radiative or non-radiative paths depending if the electron inter-
acts with other electrons, holes or vibrational states. The non-radiative
path, for example occurs when the recombination has a certain momentum
mismatch. The recombination can be assisted by impurities of the lattice,
which create mid-gap or localized states. Contrary to non-radiative recom-
bination, when the excited electron can recombine without any momentum
change, it emits a photon with an energy corresponding to the band gap of
the semiconductor. This recombination process occurs mainly in direct-gap
semiconductors for which the VB and CB have the same momentum energy
at the band maxim or minim.

Selection rules in photoluminescence: Electronic transitions are
governed by two selection rules: spin and parity. The spin section rule
forbids any electronic transition implying levels with a different spin states
(i.e. ∆S 6= 0) because of spi-momentum conservation. For materials with
small spin-orbit coupling this selection rule is strict. However, in materials
with a strong spin-orbit coupling, such as TMDs, this selection rule is not
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determinant because of a mixing of different spin states.
The parity selection rules forbids any electronic transition from states

with the same parity, because the absorption of a photon through electric
dipole transitions, requires a charge of the electric dipole in the transition
state between ground state and excited state. In transitions between states
with the same parity there is no dipolar change, so these transitions are
forbidden by this selection rule.

Charge excitons: In some semiconductors the presence of extra nega-
tive or positive charge carriers, induces the formation of trions. Trions are
charged excitons formed by two electrons and a hole (T−) or by one electron
and two holes (T+). In principle, both T− and T+ should have the same
energy and their intensity should only depend on the available extra charges
typically tunned by a back gate voltage [59–61].

3.1.1 Photoluminescence of semiconducting TMDs

In bulk TMDs such MoS2 or WSe2, the direct transition at K point has
higher energies than the indirect, phonon-mediated transition [20–22]. The
reduction in the number of layers induces an increment of the energy of
indirect transition favoring an exciton recombination at the K point (Fig-
ure 3.1-a). The direct recombinations are also favored by selection rules,
angular momentum conservation transitions. Thus, in the single-layer limit
the less energetic direct recombination occurs with more probability than
the indirect recombination. The change in the type of gap and the renor-
malization of the gap when reducing the number of layers of both studied
materials, MoS2 and WSe2, increases the photoluminescence quantum ef-
ficiency (QE) and modifies the energy of the transition. The indirect- to
direct-gap transitions is one of the most interesting and tunable proper-
ties of these materials, increasing the interest for possible opto-electronic
applications.

The strong spin orbit coupling in these materials produces a splitting
of the bands. The spin-orbit splitting (SOS, ∆SO) is on the order of 30 to
40 meV, and is negative for W-based materials and positive for Mo-based
materials. For WX2 the lowest energy transition does not preserve spin,
thus is not optically active and is called "dark exciton" (Figure 3.1-b). The
optically active exciton (bright exciton) in WX2 materials is generated by
the recombination of an electron in the upper-splitted level of the conduction
band with a hole from the valence band. Since ∆SO is positive for MoX2
materials, the bright exciton corresponds to the lowest energy transition [23].
This specific ordering of the bright and dark excitons lead to the growth of
photoluminescence intensity with temperature for W-based materials and
the decrease for Mo-based ones.
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Photoluminescence spectrum for different number of layers: At
room temperature WSe2 has a large QE what allows to measure the emission
of flakes with large number of layers, observing an energy shift from 1.57 to
1.66 eV when decreasing the number of layers (Figure 3.2-a). However, for
MoS2 the photoluminescence drastically drops when increasing the number
of layers, thus it is not possible to observe the predicted shift of 1.2 to 1.9
eV from bulk to single layer, observing only a shift from 1.84 eV (1L) to
1.86 eV (multilayer) (Figure 3.2-b).
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The spectra are normalized to the acquisition exposure time (counts s−1).
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Temperature dependence of photoluminescence spectrum: Tem-
perature also affects the photoluminescence intensity due to thermal acti-
vated processes. The parity selection rule excludes radiative recombinations
when the electron and the hole have different spin orientation. The selection
rules together with the spin splitting of the bands and the polarization for
each valley result in a certain number of allowed transitions for MoX2 and
WX2 and other that are forbidden (dark). The combination of photolumi-
nescence selection rules and the band structure of W- or Mo-base TMDs,
makes that for WSe2 the intensity is larger at RT contrary to MoS2 where
the intensity increases when lowering the temperature to 77 K (Figure 3.3).
The temperature dependence is a consequence of the larger thermal energy
required to overcome the localization potential in WX2 [62–64].

In
te

ns
ity

V(
co

un
ts

Vs
-1
Vx

10
3 )

b)a)

In
te

ns
ity

V(
co

un
ts

Vs
-1
)

1L-WSe2Vat

RT

77 K
15

10

5

0
1.71.6

EnergyV(eV)

E

ET
LP

A

B

A

T

B

200

100

2.01.9
EnergyV(eV)

1L-MoS2Vat

RT

77 K

Figure 3.3: Photoluminescence spectra after green excitation of: a) 1L-WSe2
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For WSe2 (Figure 3.3-a), a dark material, the photoluminescence spec-
trum has higher intensity at high temperatures. The photoluminescence
spectrum at room temperature has a broad peak corresponding to the ex-
citon (E). However, at 77 K the spectrum has narrower peaks, enabling the
identification of the exciton (E), trion (T) and several peaks corresponding
to localized states (LP). Due to the large SOS in WSe2 it is only possible
to observe one of the exciton resonances.

MoS2 is a bright material so the photoluminescence intensity increases
when lowering the temperature (Figure 3.3-b). For this material the SOS
is smaller so at room temperature the spectrum has two broad peaks cor-
responding to the A and B exciton resonances. At 77 K the intensity of
the spectrum does not increase but the peaks are narrower. The A exciton
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peak splits in two that are assigned to the a exciton and the corresponding
trion.

For both materials, we see a shift in energy when lowering the temper-
ature. To measure from room temperature down to 4 K the 1L-WSe2 flake
on a SiO2 substrate is mounted in a variable temperature insert (VTI) in
a liquid helium (LHe) cryostat (Experimental setup in 2.2). In figure 3.4-
a we present the evolution of 1L-WSe2 photoluminescence spectrum with
temperature.
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Figure 3.4: a) Photoluminescence spectrum evolution with temperature (RT
to 4 K) of 1L-WSe2 after green laser excitation. b) Temperature evolution
of the intensity and energy of the exciton (blue) and trion (green)

The intensity of the exciton (blue line in figure 3.4-b) increases with
temperature corresponding to the increment of thermal activation needed
to have bright excitons in WSe2. However, the trion (green line) decreases
until it merges with the exciton peak, due to the resolution lost with temper-
ature. The energy of both exciton and trion stays almost invariant for low
temperatures, but at temperatures higher than 170 K the exciton redshifts,
due to thermal stabilization processes [65–68].
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3.1.2 Photoluminescence of MoS2 heterostructures

In this section, the spatial distribution of the exciton intensity and energy
is optically characterized for MoS2 and NbSe2 -MoS2 heterostructures by
photoluminescence microscopy. The optoelectronic processes include the
breaking of an electron-hole pair, so the generation of photocurrent is ex-
pected to affect the recombinarion and hence the photoluminescence QE.
Also the change of photoluminescence intensity with the number of layer
due to the indirect- to direct-gap transition can be used to determine the
number of layers. However, Raman spectroscopy is a much more efficient
technique to determine the number of layers.

Photoluminescence maps of MoS2 isotype heterostructures: We
record the photoluminescence spectrum at different points over the red
square in figure 3.5-a. In figure 3.5-b the photoluminescence intensity is
integrated over the A exciton energy range. The change of the gap type
when decreasing the number of layers is observed as an increment of the
photoluminescence QE, thus the 1L area has higher intensity (brighter area)
than to the 3L area (darker area).
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Figure 3.5: a) Optical microscope image of the 1L/3L-MoS2 heterostructure
device. b) Photoluminescence intensity map integrated over the A exciton,
yellow area. c) Photoluminescence spectrum of 3L- and 1L-MoS2.

The interaction between the MoS2 flake and the substrate creates per-
turbations such as local gating or strain [69–71]. The roughness-induced
strain is responsible for the inhomogeneous distribution of the exciton emis-
sion on both 1L and 3L areas. In Si substrates with 250 nm of SiO2, the
roughness is around 190 pm as measured by AFM [72, 73]. The strain in-
duced by the substrate modifies the intensity and energy of the resonances
giving the inhomogeneous distribution of intensity along the flake (Figure
3.5).

Photoluminescence quenching in MoS2-NbSe2 heterostructures:
The other heterostructures measured in this thesis are made of 1L-MoS2
flake on top of a thick NbSe2 flake, with SiO2 as substrate.
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In figure 3.6 the photoluminescence spectra are acquired at different
positions of the heterostructure. The NbSe2 flake has areas with different
number of layers what enables to study the evolution of the emission with
the number of layers. Generally, metals produce a broad emission in the
visible [74]. Thus, the spectrum of NbSe2 is characterized by a broad peak.
The intensity of the spectrum increases with the number of layers (70 layer,
20 layers and 10 layers).
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Figure 3.6: a) Photoluminescence spectra of the heterostructure acquired on
70L-, 20L- and 10L-NbSe2, 1L-MoS2, 20L-MoS2 and on the MoS2/NbSe2
heterostructure. Each color corresponds to a certain position in the AFM
image. b) AFM image of a 1L-MoS2/NbSe2 heterostructure. c) Photolu-
minescence intensity map integrating over the A exciton (from 1.75 to 1.95
eV). d) Photoluminescence intensity map integrating over the B exciton
(from 1.95 to 2.16 eV).

In the photoluminescence spectrum of 1L-MoS2, the two peaks corre-
spond to the photoluminescence from the A and B exciton. The photo-
luminescence of MoS2 almost disappears for 20 layers of the material as
a consequence of the change in the gap type (bulk MoS2 has an indirect
gap). The orange spectrum, acquired on the heterostructure, presents the
quenching of the MoS2 photoluminescence. The quenching of photolumi-
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nescence from semiconductors in contact with metals is generally associated
with resonance energy transfer phenomenas [74–78].

The photoluminescence map of the heterostructure demonstrate the
quenching of the MoS2 photoluminescence. The quenching of the A ex-
citon at the hybrid is clear in panel c, where the intensity is higher at the
1L, decreases at the heterostructure and disappears at the area of 20 layers.
The intensity map of the B exciton, shows a high intensity area at the 10 to
20 layers of NbSe2 and at the 1L-MoS2 on SiO2 due to the emission band of
NbSe2 and the B exciton of MoS2 (Figure 3.6-d). The emission spectrum of
NbSe2 has a broad peak at around 2.1 eV that changes with the number of
layers so the intensity on the thick area (70 layers) of NbSe2 is bellow the
noise signal.

It has been shown that, photoluminescence is a highly valuable spectro-
scopic technique to investigate the electron-hole interactions that will play
a role in the photocurrent generation at the devices studied in this thesis.

3.2 Raman Spectroscopy

Raman spectroscopy is a technique that studies the inelastic interaction of
radiation and matter, implying a change on the excitation light frequency,
the Raman shift. Raman spectroscopy, measures the amount of inelastically
backscattered light for a certain wavelength and polarization angles, giving
information about the characteristic vibrational, rotational and different
low-frequency modes that are fingerprints in each material.

The system is excited by a laser source with a frequency ν0, taking the
system into an excited virtual state from which it decays emitting elas-
tic Rayleigh radiation (ν0), Raman-Stokes (ν0-νml) and Raman-antiStokes
(ν0+νml) (Figure 3.7). Both the Raman-Stokes and the anti-Stokes are pro-
duced as a result of the interaction of the inelastic scattered photon with
different excitations from the system, so the energy lost during the scatter-
ing is equivalent to the energy given to the molecular vibrations. Thus, any
variation of electronic properties due to defects, doping or magnetic fields,
affects positions, widths, and intensity of Raman peaks.

The probability of producing Stokes or Anti-Stokes signals is about
0.001% of the incident light, what makes the Raman processes very unlikely
to occur increasing the importance of a very accurately aligned setup. Also,
since the population of the excited states is commonly much lower than for
the fundamental state, the Raman Stokes dispersion is more intense than
the anti-Stokes. Experimentally the very efficient Rayleigh scattering is fil-
tered out with an edge or notch filter, avoiding the damage of the detector
(for details about the setup see section 2.2). Also, if the system has an
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energy level that matches the energy of the excitation, real state instead of
virtual states, the process became resonant, increasing the efficiency of the
Raman signal.

Vibrational energy
states

Virtual energy
states

Rayleigh Stokes Anti-Stokes

ν0 ν0 - νml ν0 + νml

Figure 3.7: Raman spectroscopy energy levels mechanism.

Selection rules: The activation of vibrational modes in Raman spec-
troscopy is triggered by the selections rules, the mutual exclusion principle
and the change of polarizability. The mutual exclusion principle ban the
Raman active modes from being IR active. Vibrational modes become Ra-
man active when the polarizability of the material (α, that measures the
deformability of a bond in the presence of an electric field) changes with the
coordinate q of the vibrational displacement ((dαdq ) 6= 0).

3.2.1 Raman spectroscopy of semiconducting TMDs

Raman spectroscopy is a very convenient technique to characterize the num-
ber of layers in TMDs due to the variation that both the intensity and energy
of the modes has with the number of layers or the presence of defects. Here
the Raman signal of MoS2 and WSe2 is measured to identify the number of
layers.

MoS2 Raman spectroscopy: The non-resonant Raman spectrum of
MoS2 shows two peaks corresponding to the E1

2g (388 cm−1) and A1g (407
cm−1) modes [16–18]. The distance between these two peaks is a fingerprint
of the number of layers in MoS2, being 19 cm−1 for the single-layer limit.
This way, it is possible to assign the number of layers for flakes of up to
10 layers (25 cm−1). For more than 10 layers Raman spectroscopy is not
an appropriate technique since the distance between peaks does not change
(Figure 3.8-a and b). Additionally, there is a low intensity peak at 452
cm−1 corresponding to the 2nd order mode 2LA, more intense for resonant
excitation or for the presence of disorder.

The Raman process efficiency can be enhanced using an excitation en-
ergy resonant with the semiconducting gap or plasmon resonances. In MoS2,
the presence of the visible gap gives a real energy state instead of a virtual
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Figure 3.8: a) Raman spectra for 1L-MoS2 and 6L-MoS2, measured with 532
nm excitation. b) Raman shift difference between both modes as a func-
tion of the number of layers. c) Raman spectra for different excitation
wavelengths: green (532 nm), red (638 nm) and deep red (785 nm). Data
measured at the Freie Universität Berlin.

one what increases the efficiency of the process. One problem of resonant
Raman spectroscopy is the co-existence of the photoluminescence, also en-
hanced by the resonant excitation, and the Raman signal. For 1L-MoS2 the
intense QE of photoluminescence screens the Raman signal whereas for few
layers the lowering of intensity exposes the Raman signals.

The efficiency of the resonant excitation and the appearance of second
order modes is compared with the signal obtained under non-resonant ex-
citations. The direct gap of MoS2 has an energy of 1.9 eV (640 nm), so
the Raman spectrum of multilayer MoS2 is measured for excitation energies
bellow the gap energy (785 nm), in resonance (638 nm) and above the gap
energy (532 nm) (Figure 3.8-c). The Raman spectrum when the excitation
is bellow the gap energy (785 nm), only shows the modes corresponding to
the Si substrate (≈ 520 cm−1). The spectrum obtained for the excitation



28 Optical Characterization of TMDs

above the gap energy (532 nm), presents the two MoS2 modes presented
before and also the peak corresponding to the Si mode. However, the res-
onant excitation Raman spectrum shows other peaks assigned to 2nd order
processes (red spectrum in figure 3.8-c)).

WSe2 Raman spectroscopy: The position and activation of Raman
modes change from one material to other. In the case of WSe2 the distance
between the peaks corresponding to the E1

2g (256 cm−1) and A1g (265 cm−1)
modes, does not change with the number of layers, but the intensity ratio
of these two modes increases with the number of layers what can be used
to determine the number of layers (Figure 3.9-c). Moreover, the B2g

1 mode
marked with a red star, does not appear in the single layer limit, increases
for few layers and vanishes again for bulk-like flakes (Figure 3.9-a). The
absence of the B2g

1 mode together with the optical contrast is the most
reliable method to identify mono-layers of WSe2 [16, 17].
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The possibility of determining the number of layers for both MoS2 and
WSe2 through Raman spectroscopy has been demonstrated, showing the
high value of this non-destructive technique. In this thesis, Raman spec-
troscopy is used to identify the number of layers of each flake before the
stamping and later device contacting.

NbSe2 Raman spectroscopy: The crystalline structure in 2H-TMDs
is similar only with variation on the lattice constants depending on the
forming elements. Thus, the Raman active modes in NbSe2 are also the E1

2g
and the A1g, appearing at 178 and 234 cm−1 respectivelly [19]. To resolve
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the active vibrational modes, the Raman spectrum of NbSe2 is acquired
after the excitation with different wavelengths (532, 638 and 785 nm, 2.33,
1.94 and 1.58 eV respectively) (Figure 3.10-a).
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Figure 3.10: a) Raman spectra of NbSe2 for different excitation wavelengths:
green (532 nm), red (638 nm) and deep red (785 nm). b) Time evolution
of the Raman spectrum of NbSe2 under 532 nm excitation.

The excitation with 785 nm does not show any of the modes, probably
because the excitation energy is too low to produce efficient Raman exci-
tation. However, in the spectra obtained under 532 and 638 nm excitation
both modes appear. Each spectrum was acquired with a different setup and
thus the intensity of each mode are not comparable (Figure 3.10-a).

The MoS2-NbSe2 heterostructures studied in this thesis are prepared
using a thick flake of NbSe2. This way it is possible to avoid an increment
of the device resistance produced by an oxide layer of NbSe2. The optical
characterization of the samples are typically done with low power excitation,
40 µW, avoiding any possible degradation of the samples. However, for this
experiment, the time evolution of the Raman signal is measured for higher
excitation power, 370 µW, in order to thermally induce the oxide formation
or a degradation of the layers [79].

The evolution of NbSe2 Raman spectrum is measured at high powers
every three minutes, showing the appearance of a new peak near 255 cm−1

(Figure 3.10-b). In other studies of laser-induced degradation this new peak
is assigned to the formation of a Nb-based oxide, Nb2O5 or NbO2 [19,80,81].



30 Optical Characterization of TMDs

3.2.2 Raman spectroscopy of heterostructure devices

Raman spectroscopy resolves lattice vibrational modes, giving information
about the structural characteristics of the crystal. This way is possible to
detect the thickness of materials such as MoS2 and the identify the oxidation
of NbSe2.

Additionally, the lattice constant (a0) for MoS2 is 3.1475 Å and for
NbSe2 is 3.44 Å, what gives a lattice mismatch f of 8.5%, meaning that the
lattice of the MoS2 layer is expected to get deformed. This could modify
the intensity or position of the Raman active modes [80]. Hence, the Ra-
man signal of the heterostructure devices is measured after all the sample
preparation steps.
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Figure 3.11: a) Raman spectra of 1L-MoS2 (blue), 10L-MoS2 (purple) and
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ange). c) Raman intensity map integrating over E1

2g+A1g modes of NbSe2.
d) Raman intensity map integrating over A1g mode of MoS2.

The Raman spectrum acquired on 1L-MoS2, 10L-MoS2 and on NbSe2,
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shows the characteristic Raman modes of both materials (Figure 3.11-a).
For MoS2, the spectra of both 1 and 10 layers contains two peak corre-
sponding to the E1

2g (388 cm−1) and A1g (407 cm−1) active modes. Simi-
larly, for NbSe2 the spectrum exhibits a broad peak corresponding to both
active modes (E1

2g at 178 cm−1 and A1g at 234 cm−1). On the hybrid (1L-
MoS2/NbSe2 area), the Raman modes of MoS2 are totally suppressed due
to the quenching produced by NbSe2 (Figure 3.11-b).

The Raman intensity integrated over the NbSe2 modes, shows an homo-
geneous spatial distribution of the intensity over the flake (Figure 3.11-c).
On the contrary, the integration over the A1g mode of MoS2 shows the in-
tensity vanished at the hybrid area (Figure 3.11-d). This corresponds to the
quenching produced by NbSe2 to MoS2 observed for the MoS2 photolumi-
nescence (metal-semiconductor intensity quenching) [74–78].

3.3 Conclusions
In this chapter we succesfully characterized the photoluminescence of MoS2
and WSe2 and the Raman active modes of MoS2, WSe2 and NbSe2 with a
confocal microscope. We were able to determine the number of layers for
MoS2 and WSe2 and that NbSe2 degrades easily.

The photoluminescence intensity in MoS2 increases as the number of lay-
ers decreases due to a change in the type of gap from indirect (bulk-MoS2)
to direct (1L-MoS2). We observed the quenching of photoluminescence in-
tensity when the single layer is on top of NbSe2. For both MoS2 and WSe2
we observed higher resolution at low temperature. Finally, we obtained an
inverted trend of the intensity, for WSe2 (darkish material) is higher at RT
and for MoS2 (bright material) is higher at low temperature.

The Raman signal also changes with the number of layers, so we used it
to determine the number of layers. In MoS2 the distance between the peaks
of the two main modes increases with the number of layers. While for WSe2
it is the ratio of the intensity what increases with the number of layers. For
this material a new vibrational mode appears with the number of layers. In
the case of NbSe2, it is posible to determine the oxidation of the material
by measuring a new peak associated to the oxide.





Chapter 5

Spin-valley coupling in
monolayer TMDs

In many two-dimensional semiconducting TMDs the band gap appears at
the K point. The strong spin orbit coupling (SOC) and the broken symme-
try in the single layer limit make the gaps in K and K′ point distinguishable.
Therefore, the electrons are described not only by their charge and spin but
also by the extra degree of freedom called "valley". This gave raise to a new
field with applications in information encoding and processing, called "val-
leytronics". Most of the research lines efforts are devoted to obtain devices
able to produce a current coming exclusively from one of the valleys.

This chapter is focused on the study of the valley pseudo-spin in 1L-
WSe2 on two different substrates. First the polarizability and Zeeman effect
of WSe2 on SiO2 are characterized under an out-of plane magnetic field
and different excitation polarizations. Moreover, we aim at characterizing
and correlating the helicity of the valley pseudo-spin with the effective field
created by the magnetic domains of a ferrimagnetic material used as sub-
strate. Our goal is also to see if it is possible to address an increment of
the polarizability or Zeeman splitting by applying an external magnetic field
up to 5 T in the out-of plane direction. We found that the g factor and the
polarizability observed for 1L-WSe2 on the ferrimagnetic substrate is higher
than the expected suggesting a possible exchange interaction between the two
materials.

The valley properties were studied with a confocal microscope able to
measure at variable temperatures, different external magnetic fields and two
different excitation wavelengths (green and red). Moreover, the microscope
was updated with a linear and circular polarization setup in order to measure
the dependence of the optical signal for different polarization excitation and
detection configurations. This setup was described in section 2.2.2.
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5.1 Introduction to valley pseudospin in TMDs

Valleytronics is based on the possibility of accessing, manipulating and keep-
ing valley pseudo-spin polarization information. Some of the most appealing
properties from TMDs are their highly tunable optical properties, strictly
related to their valley pseudo-spin properties. The main advantage of val-
leytronics comes from having one extra degree of freedom in addition to the
charge and the spin: the valley.

In Mo and W based semiconducting TMDs the semiconducting gap ap-
pears at the K point, having two distinguishable valleys with opposite mo-
mentum, K-K′ (±K). The trigonal crystalline structure of the materials
allows an inversion symmetry break for an odd number of layers, coupling
the spin and valley pseudo-spin indexes. In the absence of magnetic field,
the valleys are linked by time-reversal symmetry and thus are energetically
degenerated. The magnetic moments of the different states, however, have
opposite sign. The combination of strong spin orbit coupling and broken
inversion symmetry in 1L-TMDs is the main reason to obtain nonequivalent
gaps (valleys) at K and K′ [9, 10,38].

The difference in angular momentum between the valley pseudo-spins
enables to selectively access and populate one of the valleys by circularly
polarized light. In this direction, it has been demonstrated the ability to
electrically generate and control valley electrons in a two-dimensional semi-
conductor [11]. However, there are still many unanswered questions about
the intrinsic valley properties before achieving a full electrical control over
the population of valley electrons.

5.1.1 Origin of the valley pseudo-spin degree of freedom

The high d-orbital character coming from the metallic element (Mo or
W) gives these materials a very strong spin-orbit coupling. This strong
spin-orbit interaction energy produces an energy splitting of the order of
hundreds of meV for the valence bands and tens of meV for the conduc-
tion bands. Interestingly, the split has opposite sign for W- and Mo-based
TMDs [59].

In WX2 materials, WSe2 more specifically, the spin-orbit splitting of the
conduction band is negative and thereby the spin up (down) appears in the
highest (lowest) energy spin-splitted valence band (Figure 5.1-a). The spin
of the lowest CB is opposite to the highest VB. In contrast, the conduction
band of MoX2 materials, in particular MoS2, is not spin-inverted and the
lowest energy of the conduction band has the same spin orientation as the
highest split band in the valence band (Figure 5.1-b).

The spin splitting of the bands and the different momentum for each
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Figure 5.1: Schematic picture of the conduction and valence band splitting in
K and K′ points of a) W based TMDs and b) Mo based TMDs.

valley results in a certain number of bright and dark transitions for both
MoX2 and WX2 materials. The bright transition, radiative recombination
of the exciton, only appears when both electron and hole have the same
spin. In WSe2 the bright exciton is generated between an electron and a
hole from the upper spin-splitted level of the conduction and valence band
(solid bands in K and K′). This corresponds to the transition marked in
red (blue) in K (K′) valley in figure 5.1-a. The transition between the low
spin-splitted CB (dashed band) and the higher VB (solid band) is a dark
transition because spin is not preserved.

The fact that the transition between the closest levels is dark hinders
the photoluminescence at low temperatures for WSe2, when the excited
electrons are relaxed to the lowest level of the conduction band, the dark
level (See section 3.1.1). Contrary, the photoluminescence intensity of MoS2
is higher at low temperature [62–64].

As it has been mentioned before, excitons from K and K′ valleys are
formed by electron-hole pairs with different magnetic moment signs, creating
a valley-dependent optical selection rule that allows a selective access to the
valley degree of freedom by optical helicity. The illumination of WSe2 with
left (right) circularly polarized light, creates electron-hole pairs exclusively
in the K (K′) valley. Photoluminescence is a process coherent with the
excitation. Hence, the recombination of e-h pairs from the K (K′) valley
produce left (right) circularly polarized photoluminescence (Figure 5.1-a)
[116].

The recombination of excitons from the different valleys produces photo-
luminescence with opposite polarization but with the same energy. However,
an out-of-plane magnetic field induces the breaking of time reversal symetry
and shifts the bands differently depending in their pseudo-spin. Hence, the
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photoluminescence produced in K and K′ has different polarization and dif-
ferent energy.

5.1.2 Magnetic field induced Zeeman splitting

In the absence of an external magnetic field, excitons and trions from both
valleys (K or K′) have identical energy as expected from time reversal sym-
metry basis (Figure 5.2-b). However, the bands in which the excitons are
created have a d-orbital character, for which the orbital magnetic moment
points in the out-of-plane direction. Therefore, a magnetic field in this di-
rection will couple to the magnetic moment of the single layer and break
the valley degeneracy (Figure 5.2-a and c). An out-of-plane magnetic field
leads to a shift in energy for each valley that depends linearly on B.
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splitting produced by an out-of-plane magnetic field.

There are three possible contributions to the B-induced splitting: from
the spin, pseudo-spin and orbital contribution of the metal [9,10]. The spin
magnetic moment does not contribute to the energy shift in the photolu-
minescence because the selection rules only allow emission from transitions
that conserve spin. A magnetic field produces the same shift to bands with
the same spin (∆s = 2szµBB).

The atomic orbitals contribution (∆α = mµBB) affects the optical res-
onances. Since the conduction band is mainly composed of d-orbitals with
m = 0 and the valence band by d-orbitals with m = 2 (-2) in K (K′), only
the valence band is affected. This gives a shift of the optical resonance of
-2τµBB, where τ can be positive or negative for K or K′.

The valley magnetic moment (pseudo-spin) cause shifts with magnetic
field as ∆v = mτB, with mτ = giτzµB (gi is the valley g-factor for the
conduction band (i = c) or the valence band (i = v)). The different value
of the valley g-factor for the CB and VB (gc 6= gv), results in different



5.2 Polarization and splitting of valley in WSe2 on SiO2 75

magnetic moments. Following this, the valley magnetic moment contributes
by τgTµBB, with gT = gc - gv.

Since both the orbital and the pseudo-spin magnetic moment affect the
optical resonance, the total shift has contributions from both (-2τµBB +
τ∆αµBB) with τ = 1 (-1) for K (K′). Hence, a magnetic field induces a
valley Zeeman splitting of:

∆ E = 2(2− gT )µBB

(5.1)

The differences on the optical resonances and the helicity of the tran-
sitions allows to distinguish between the emission from one or other valley
(Figure 5.2-a,c). As a convention for this chapter, a negative (positive) out-
of-plane magnetic field blueshifts (redshifts) the resonance in K (K′ ) valley
while the K′ (k) transition redshifts (blueshifts) (Figure 5.2-a and c).

The Zeeman splitting in equation 5.1 is obtained from the different mag-
netic moment contributions of the initial and final states of the conduction
and valence band to the optical transitions, giving a similar response for
excitons and trions, since the extra electron adds a similar contribution to
both initial and final states magnetic moments. However, whether the trion
has the same response under an external magnetic field or not is still under
investigation.

5.2 Polarization and splitting of valley in WSe2 on
SiO2

The optical helicity of the emission is linked to the valley index of the
electron-hole pairs. The photoluminescence signal of WSe2 on a Si-SiO2
substrate is collected in a Faraday geometry for different detection config-
urations. Ico (Icounter) is the photoluminescence signal detected with the
same (opposite) circular polarization as the excitation (for experimental de-
tails see Section 2.2.2). In order to selectively excite the valley pseudo-spin,
the green excitation is circularly polarized (left and right) and compared
with a linearly polarized excitation (Figure 5.3).

In the absence of an external out-of-plane magnetic field the K and K′
valley transitions are indistinguishable in energy due to the time reversal
symmetry protection. Therefore, independently of the excitation polariza-
tion both the intravalley and the intervalley transitions have the same energy
(≈1.66 eV) (Figure 5.3).

In linear polarization, the parallel detection measures the intravalley
recombination process (blue and red lines in figure 5.3-d) and the cross
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tection. d) Band diagram of the valleys in K and K′ under no magnetic
field.

detection the intervalley processes (light blue and light red lines in figure
5.3-d). Similarly, Ico detects the intravalley processes while with Icounter we
analyze the intervalley recombinations.

Linearly polarized excitation promotes electrons randomly in both K
and K′ valleys so the valley polarization is not conserved. Therefore, both
cross and parallel detection give the same intensity (Figure 5.3-a). On the
contrary, the intensity of the intravalley transitions is higher than the inter-
valley transitions for circular polarization excitation and detection (Figure
5.3-b and c).

The electrons excited by left circularly polarized light (blue) are pro-
moted from the valence band in K′ to the conduction band in K′ and mainly
recombine in the same K′ valley. With a certain probability these electrons
can also flip the pseudo-spin to the conduction band in K and emit in the
opposite polarization (Figure 5.3-d). From the spectra in panels b and c,
the degree of valley polarization (P = (Ico - Icounter)/(Ico + Icounter)) can
be calculated. The polarization is 11% and is similar for both left and right
polarization excitation (Figure 5.3-a, c).

Ideally, a material might have a 100% degree of valley polarization (P),
giving no photoluminescence intensity for the counter-rotating configura-
tion. However, the thermally or defect mediated intervalley scattering tran-
sitions decrease the polarizability in TMDs, increasing the counter-rotating
signal.

The polar plots in figure 5.4 present the evolution of the photolumines-
cence intensity and energy of exciton and trion for σ+ and σ− excitation.
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Figure 5.4: 1L-WSe2 flake on SiO2 substrate. a) Exciton amplitude. b) Trion
amplitude. c) Exciton energy. d) Trion energy. Measurement conditions:
2 K, 0 T, left (red) and right (blue) circularly polarized light. Intensities
normalized to the exposure time (arb. uni.) and the energies in eV.

Here, the photoluminescence spectrum is acquired at 2 K, while the analyzer
is turned measuring Ico, Icounter and the intermediate configurations. Low
temperature photoluminescence measurements allows to identify not only
the exciton (E) but also the trion (T) and the localization peaks of WSe2.
Both excitons and trions follow a similar trend in our measurements.

The main consequence of the valley polarization observed in the polar
plots is the drop of intensity at 90 and 270 detection angles (Figure 5.4-a
and b). In these detection angles Ico is measured and hence, the intervalley
relaxation processes. Similar to the observation at RT in figure 5.3, in the
absence of external magnetic field, the intravalley and intervalley relaxation
processes have the same energy; no Zeeman splitting. Thus the polar plot
the both exciton and trion energies is circular, similar energy for co- and
counter rotating detections (Figure 5.4-c and d).
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Magnetic field induced Zeeman splitting: In order to prove the
effect of a magnetic field on the photoluminescence valley resonances, the
samples were measured under out-of-plane magnetic fields between ± 5 T.
An out-of-plane magnetic field should be responsible of a gradual shift in
the photoluminescence resonance.
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fields. b) Photoluminescence spectra at 2 K, under ±5 T and 0 T out-
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wavelength.

In particular a positive magnetic field induces an energy increase of the
K′ resonance while lowering the energy of the transition in the K valley
(Figure 5.5). Additionally, a σ+ photon has an spin angular momentum
pointing in the positive magnetic field direction, exciting electrons in the K
valley (Figure 5.5-a). As a consequence, the resonances observed under σ+

excitation are less energetic for positive magnetic fields than for negative
(Figure 5.5-b upper panel). Since the valleys are linked by time reversal
symmetry, under a positive magnetic field, the excitation with σ− polariza-
tion excite the more energetic transitions (Figure 5.5-b lower panel). The
energy shift are clearer when compared with the spectra acquired in the
absence of a Bz field (middle panel).

In order to study the evolution of the valley polarization (P) with mag-
netic field, the photoluminescence signal is measured in co- and counter
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rotating detection for both σ+ and σ− excitations. The value of P is almost
independent on the excitation polarization, but depends on the magnetic
field. The polarization under an external magnetic field (10%) is higher
than the polarization under no external magnetic field at 2 K (3%).

5.3 Valley splitting of WSe2 on a ferrimagnetic
substrate

Photoluminescence experiments with circularly polarized light are a direct
measurement of the valley polarizability and the Zeeman effect as a conse-
quence of the optical helicity of the valley emission. Here we investigate the
effect of a ferrimagnetic material on the optical valley properties of a 1L-
WSe2. The aim is to explore the existence of an exchange field interaction
from the stray field of the magnetic domains of the substrate.

The samples were prepared by mechanical exfoliation of WSe2 crystals
using PDMS and deposited with an stamping setup on YIG (Yttrium Iron
Garnet, Y3Fe2(FeO4)3, provided by INNOVENT e.V) substrates (for sam-
ple preparation see chapter 2.1). YIG is a ferrimagnetic material in wich
the yttrium (III) ions are coordinated to eight oxygen atoms in an irregular
cube. The iron (III) ions sit on two octahedral and three tetrahedral posi-
tions. In our experiments, we used 2 µm of YIG grown on GGG (Gadolinium
Gallium Garnet, Gd3Ga5O12) (Section 5.4). Since YIG is a ferrimagnetic
material, it has a magnetic domain arrangement with a periodicity of 2 nm
with a magnetic moment pointing up or down in the out-of-plane direction
(Figure 5.6-a).

The stray field of the YIG substrates used for these experiments is con-
sidered to be around 1 T [117]. This magnetic field is expected to produce
a small Zeeman splitting, close to the energy detection limit of the spec-
trometer. However, exchange field interaction might increase the effective
magnetic field enabling the manipulation of the valley pseudo-spin at room
temperature.

The photoluminescence spectra of WSe2 on SiO2 and YIG have different
intensities (Figure 5.6-b). The multiple internal reflexions on the SiO2 film
increases by orders of magnitude the external quantum efficiency (EQE) of
the photoluminescence. Moreover, the interaction between flake and sub-
strate also affects the photoluminescence intensity and energy. Previous
experiments have found a photoluminescence quantum yield (QY) around
10 times higher for TMDs flakes on h-BN [38].

The relative intensity between the exciton and the trion ((IE-IT )/(IE+IT ))
is higher for WSe2 on YIG (0.5) than on SiO2 (0.3). The interaction of the
single-layer with the substrate can change the doping of the material in-
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green excitation laser.

creasing the number of unpair charges. This increases the probability of an
exciton forming a trion, reducing the exciton intensity (Figure 5.7). The
samples are not contacted so is not possible to identify the nature of the
trion (positively or negatively charged exciton). However, since WSe2 typ-
ically appear as a p-doped semiconductor, the trion is expected to be a
positive trion due to the extra holes in the material.

The optical response of 1L-WSe2 on YIG is analyzed with circularly po-
larized light and under magnetic fields and also with two different excitation
wavelengths (red, He-Ne laser, 633 nm-1.96 eV and green, 532 nm-2.33 eV).
The common approach to these experiments is to use an excitation energy
close to resonance in order to avoid polarizability losses due to inter-valley
relaxation processes and also minimize non-radiative decays. However, due
to experimental issues (section 5.4), the polarization and magnetic field de-
pendence photoluminescence measurements were done with a non-resonant
and continuous-wave green laser (2.33 eV - 532 nm). The excitation is fo-
cused on the sample by an objective with a spot size of few microns, with a
power of ≈100 µW (Section 2.2 for experimental setup details).

In order to excite and analyze the signal in linear and circular polar-
ization basis the excitation and the emission pass through a set of linear
polarizer, λ/2 and λ/4 wave retarders, before it gets into a spectrometer.
The spectrometer has three different grids and is equipped with a CCD
detector. The measurements were carried out in a cryostat (commercially
available Attocube confocal microscope with modifications in the optical
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setup) in order to perform variable temperature analysis under an out-of-
plane magnetic field ranging from - 5 T to + 5 T. The sample is mounted
on a XY piezo stage to analyze the spatial distribution of the photolumi-
nescence signal (See Section 2.2.2).

5.3.1 Valley splitting of WSe2 on a ferrimagnetic substrate

The main objective here is to study the effect of the ferrimagnetic substrate
(YIG) on a WSe2 single-layer. The different interaction between WSe2 and
the substrates produces a different doping regimens, changing the relative
intensity between the exciton and trion peaks for each substrate. YIG is
an insulator material in which we observed a high EQE of the trion, cor-
responding with a high-doping of WSe2. In this high-doping regime with a
weak exciton peak more information can be extracted from the trion reso-
nance [118]. The results obtained for the trion are similar to the observations
for the exciton so in this section we focus on the trion emission.

Circularly polarized excitation and detection: In the absence of
an external magnetic field (experiments of WSe2 on SiO2), the optical tran-
sitions are expected to maintain the same energy independently of the polar-
ization. Therefore, it is only possible to distinguish between K and K′ valley
transition by means of circularly polarized light. However, the effect of the
ferrimagnetic substrate should, in principle, induce a Zeeman splitting and
an increment of the polarizability.

Contrary to expected, the trion energy is around 1.7 eV and is similar
for all the detection configurations so apparently there is no measurable
effect from the stray field (circular shape of the polar plot in figure 5.8-a).
The absence of Zeeman splitting indicates that the effect is too small to be
detected or that a different effect hinders it. The different energy of the
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trion obtained for left (red) and right (blue) excitation, probably appears
due to instabilities of the setup.
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Figure 5.8: Polar plot of the photoluminescence a) energy (eV) b) amplitude
(arb.uni.), of the trion in 1L-WSe2 flake on YIG. Measurement conditions:
2 K, 0 T, excitation with left (red) and right (blue) circularly polarized light.
Intensities normalized to the exposure time (arb.uni.) and the energies in
eV.

The photoluminescence intensity of the trion measured in co-rotating,
Ico, is higher than in counter-rotating, Icounter, with the polarizability around
30% (Figure 5.8-b). Interestingly, the intensity obtained under left (red)
circular polarized excitation is lower than the obtained under right (blue)
circular polarization. This effect also appears when the sample is under
an external magnetic field. However, this difference can also be caused by
fluctuations in the experiment, supporting the absence of Zeeman splitting.

Magnetic field induced Zeeman splitting: An external out-of-plane
magnetic field couples to the magnetic moments of the d-orbital in WSe2
producing a Zeeman splitting. Figure 5.9-a and b show the evolution of
WSe2 photoluminescence spectrum as an out-of plane magnetic field is
changed from -5 T to 5 T.

The excitation with σ+ (panel a) polarization generates excitons in the
K valley while σ− (panel b) excites the K′ excitons. For a negative B field
the K valley has a higher energy than K′. As a consequence, the spectra in
panel a redshift and in panel b blueshift when increasing the B field. The
energy shift is indicated in the intensity plots of figure 5.9-a and b, with
vertical tilted lines. For clarity, in panel c we plot the spectra corresponding
to the blue and black asterisks.

To evaluate the g-factor, the Zeeman splitting (∆E = Eco - Ecounter) is
ploted for different magnetic fields. The spectra obtained for the co- and the
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netic field. c) Corresponding photoluminescence spectra acquired under -5
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splitting (∆E) of exciton and trion (calculated as the difference of Eco and
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counter-rotating configuration are fitted to 4 Lorentzian functions (exciton,
trion and two localized states) to obtain the energy of each transition (Eco
and Ecounter of the exciton and trion).

The valley Zeeman splitting (∆E) was described in equation 5.1 as 2(2-
gT ) µB B, where gT is the effective g-factor of the resonance, µB is the Bohr
magneton and B the magnetic field. The value of the g-factor, estimated
from the linear fit in figure 5.9-c, is around 1 for both exciton and trion
(for WSe2 on SiO2 we also observed gT = 1). The the g-factors reported in
literature for the different photoluminescence resonances in WSe2 are larger
than our observation, between g = 4 and g = 12 [9, 10,62,118–121].

Helicity under an external magnetic field: As it has been men-
tioned, the intervalley interactions determine the polarization degree (P =
(Ico - Icounter)/(Ico + Icounter)). This can be obatained by measuring evo-
lution of the photoluminescence spectrum with the detection angles for a
given, σ+ or σ−, excitation (Figure 5.10-a). The evolution of the exciton is
similar to the trion but with much lower intensity due to the high-doping
regime observed for WSe2 on YIG, hence we analyzed only the trion.
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The polar plot of the trion intensity under σ+ excitation for different
detection angles is spheric in shape with a drop of intensity along the mi-
nor semi-axis (the a- polar plot). The intensity is higher at 0◦ and 180◦
corresponding to Ico, intravalley relaxation. The lower intensity at 90◦ and
270◦ correspond to intervalley relaxation processes, Icounter. The external
magnetic field also modifies the intensity of the optical resonances through
the break of intervalley interactions increasing the polarizability.
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of the K valley under negative (black) and positive (light blue) magnetic
field.

In section 5.2, we found that the polarizability of the exciton and trion
for the WSe2 on SiO2 under a B field of 5 T is similar for both left and
right circularly polarized light. However, the polarizability of the exciton
and trion of WSe2 on YIG is different for σ+ and σ− (table 5.1).

The intravalley transitions under σ+ polarization excitation occur in the
K valley. Under a positive magnetic field Eg decreases in K valley (Figure
5.10-c). Therefore, the electrons in the CB of the K valley need a flip on the
pseudo-spin momentum and a gain of energy to produce intervalley interac-
tions. This lowers the intervalley emission probability, higher polarizability
for σ+ excitation under positive magnetic fields. The effect is similar with
σ− excitation under negative magnetic fields.

As a consequence of the Zeeman splitting, the energies of the intraval-
ley and intervalley trion are different under an out-of-plane magnetic field
(Figure 5.10-b). The transition in the K point increases under negative
magnetic field and lowers under positive B field (band diagram in panel c).

The 90◦ mismatch between the black and light blue lines observed in
the trion energy polar plot (orange asterisks in figure 5.10-b) is caused by
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PExciton (Bz = 5 T) PTrion (Bz = 5 T)
WSe2 on SiO2 WSe2 on YIG WSe2 on SiO2 WSe2 on YIG

σ+ 14 24 19 22
σ− 15 5 30 13

Table 5.1: Polarizability of 1L-WSe2 exciton and trion on SiO2 or YIG mea-
sured for σ+ and σ− polarizations under an out-of-plane magnetic fields of
5 T.

the different procedence of the trion. Under σ+ excitation the co-rotating
detection (0-180◦ axis) measures the K transitions (intravalley) while the
counter-rotating detection (90-270◦ axis) measures the K′ transitions (inter-
valley). Thus, under σ+ excitation the co-rotating detection (0-180◦ axis)
is more energetic for negative magnetic field.

5.3.2 Spatial distribution of photoluminescence polarization

The magnetic field and polarization dependence of the exciton and the trion
revealed the effective Zeeman splitting of WSe2 on YIG under an applied
magnetic field. In the inset of figure 5.11-b, the MFM image with the
magnetic domains is overlapped with the AFM image of the flake. The
positive and negative orientation of the magnetic domains should give a
photoluminescence intensity modulation with a periodicity of 2 µm.

a) b)

Exciton Intensity Trion Intensity5 μm

σ+ σ+

Figure 5.11: Photoluminescence intensity map integrating over the a) exci-
ton peak b) trion peak. The map is acquired at 77 K with green left
polarization (σ+) excitation and no external magnetic field applied.

We measured the spatial distibution of the photoluminescence, to corre-
late the polarization with the stray field from the magnetic domains (Figure
5.11). Contrary to expected the photoluminescence intensity maps in figure
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5.11 integrating over the exciton (panel a) and the trion (panel b) peaks do
not show any periodicity, for what we found several explanations.

First; the green excitation is far from being resonant with the photolu-
minescence processes, losing the polarizability of WSe2. To increase the po-
larizability, we also measured with a close-to-resonance red laser. However,
due to experimental problems, it was impossible to measure the photolumi-
nescence spectra of WSe2 at low temperatures. The WSe2 photolumines-
cence quenching will be explained in the next section (Section 5.4). We also
measure with red excitation at room temperature to avoid the experimental
problems, but the photoluminescence peaks are too broad to identify the
different exciton and trion peaks and study the position and intensity of
each resonance.

Second; the photoluminescence intensity maps of the exciton or trion do
show areas with different intensities but not with the periodicity or shape
of the magnetic domains. The ferrimagnetic substrate that we used, YIG,
has a high roughness around 1-2 nm (for SiO2 substrates is around 0.3 nm)
measured by scanning tunneling microscopy and comparable with values
found in literature [122]. The roughness of the substrate can induce strain
on the 1L-WSe2 flakes stamped on it. It has been reported that the strain
can induce a pseudo-magnetic field, in some situations even greater than 300
T [39–44]. As a consequence, we think that the effect of the strain hinders
any effect produced by the stray field from the magnetic domains.

5.4 Photoluminescence of impurities on garnets

The ferrimagnetic substrate used in this chapter is made of 2 µm of YIG
on a GGG (gadolinium gallium garnet) substrate (Figure 5.12). Rare Earth
Garnets (REG) are materials with a formula A3B2C3O12, in which A is a
RE element (Gd3+, Y3+, Sc3+) and B-C are transition metals from group III
(Ga3+, Al3+, Fe3+). The crystalline structure of both sides of the substrate
(YIG on one side and GGG on the other one) are very similar as can be
observed in the TEM image in figure 5.12-a. However, the properties of
each material are very different. The YIG crystalline structure is formed by
Y3+ and Fe3+ ions where the GGG has Gd3+ and Ga3+ ions.

These materials, some of them synthetic, can be efficiently doped with
different ions modifying their magnet or optical properties. From the opti-
cal point of view, garnets typically show a high photoluminescence quantum
efficiency. In fact, yttrium aluminum garnet (YAG) doped with Nd3+ ions
are widely used as a lasing medium in laser industry. In GGG it is possi-
ble to introduce different dopants such as cerium, lutetium, manganese or
chromium in order to modify its color and is a very optically active mate-
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YIG

GGG

a) b)

YIG

GGG

Eexc = 2.33 eVEexc = 1.69 eV

Figure 5.12: a) TEM image of the cross section direction of the YIG-GGG
substrate. b) Squematic representation of the penetration of the different
excitation wavelengths on the substrate. Acknowledgement to Saül Vélez
et al. for the TEM image.

rial. YIG is an insulating ferrimagnetic material with an electronic gap in
the order of 2-3 eV, more transparent to the red light (1.96 eV) than to the
green light (2.33 eV) (Figure 5.12-b).

Most of the valley polarization measurements are done at low tempera-
ture to increase the energy resolution. In figure 5.13 the photoluminescence
spectrum of 1L-WSe2 on YIG is presented for red and green excitation as
the sample is cooled down.

The photoluminescence spectra of WSe2 under green excitation is similar
to the ones measured on SiO2 substrates (Figure 5.13). The only difference
here is that the relative intensity of the exciton and the trion peaks is
decreased due to different interaction with the substrate (Section 5.3). At
low temperature it is possible to resolve the trion while at RT the spectra
has only one peak redshifted from the exciton optical transition.

The photoluminescence spectra measured under red light excitation is
similar at high temperature, appearing as a high and broad peak. In con-
trast, when lowering the temperature, additional sharp peaks appear at
higher energies and broad peak at similar energy as WSe2 resonances (Fig-
ure 5.13).

In literature these two peaks are assigned to Cr3+ dopants in GGG
[123, 124]. To excite the optical resonances of Cr3+, the excitation beam
needs to pass through the 1L-WSe2 and 2 µm of YIG (Figure 5.12-b). A
single-layer of WSe2 is equally transparent along the visible spectral range.
However, YIG (Eg from 2-3 eV, thickness dependence) is less transparent
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Figure 5.13: Temperature dependence PL of ML-WSe2, measured under red
and green laser excitation.

to green. As a consequence, the emission from Cr3+ dopants is negligible
under green excitation.

The high intensity of the Cr3+ emission and the similar energy to WSe2
resonances at low temperature, prevented us to measure the photolumines-
cence of WSe2 under red excitation at low temperatures. An option to avoid
this emission might be to use YIG substrates without GGG bellow or with
thicker YIG on top. However, both options will modify the periodicity of
the magnetic domains, complicating other experimental aspects. Since con-
focal microscopy is a diffraction limited technique, it would be not possible
to see a periodicity of the magnetic domains lower than 500 nm.

5.5 Conclusions

In this chapter we characterized the valley polarizability of WSe2 after the
excitation with different polarizations and under different out-of-plane mag-
netic fields. Also, we intended to correlate the magnetic domains pointing
in the out-of-plane direction of a ferrimagnetic substrate with the valley
polarizability and Zeeman splitting.

For WSe2 on SiO2 under green excitation we obtained an 11% valley
polarization under no magnetic field and for both left and right circularly
polarized light. Under linear excitation the helicity information is lost due to
the excitation of electrons in both valleys. Since WSe2 is a darkish material
the intensity at 2 K is lower but it is possible to resolve the exciton, trion
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and the localization peaks. Under a magnetic field of 5 T we see a Zeeman
splitting of 3.7 meV and a polarizability of 10%. We obtained a similar
trend for the exciton and trion.

The photoluminescence is highly affected by the level of doping. For
WSe2 on YIG we observed a high doping effect and thus higher intensity
for the trion. Since both exciton and trion follow a similar behavior we
focused on the trion emission. In the absence of a magnetic field we saw
a polarizability of around 30% (5% higher for left circularly polarized ex-
citation). Under an external out-of-plane magnetic field we measured the
Zeeman as a function of the applied magnetic field. This way we calculated
the g-factor of WSe2 on YIG with values between 1 and 2.

Finally, we mapped the photoluminescence spectrum expecting a peri-
odicity of the signal following the magnetic domains of the YIG. At low
temperature and under red excitation we observed very intense emission
from Cr3+ impurities on the GGG substrate. Thus, we measured photo-
luminescence under green circularly polarized excitaiton. The roughness of
the substrate produces a valley polarization that hinders the effect of the
stray field of the magnetic domains. The excitation with green wavelength
lowers the polarizability and as a consequence the probability of observing
the effect.

It is possible to reduce the roughness of YIG by different treatments
what in principle might help to reduce the strain to WSe2. Additionally,
WSe2 flake can be stamped in a YIG crystal, eliminating the emission of
Cr3+ impurities. The periodicity of the magnetic domains changes with the
thickness of the material so it would be necessary to re-characterize of the
magnetic signal.

Finally, the polarizers and wave retarders used in this chapter are all
manually turned. In principle, this can produce fluctuations of the inten-
sity as a consequence of small changes on the alignment. One solution is
to use motorized components instead, increasing the reproducibility of the
measurements.





Conclusions and Outlooks

We studied the optoelectronic response of MoS2 in different devices: 1L-
MoS2, 1L/3L-MoS2 isotype heterostructures and MoS2-NbSe2 heterostruc-
tures. In all of them the charge transfer from one material to the other
produces a potential barrier at the junction.

For all the device we observed long photocurrent lifetime associated to
trap charges in MoS2 based devices. The mechanism of photocurrent gen-
eration varies with the position of the illumination. Under no Vsd, the
built-in potential at the contacts produces photocurrent when exciting this
area (photovoltaic effect). When the illumination is centered in the device,
we need to apply an external Vsd to separate the electron-hole pair, photo-
conductivity. We prepared isotype heterostructures of MoS2. The change
of the energy gap with the number of layers generates a potential barrier
at the junction between layers. The potential barrier between the layers
blocks the current flow in one direction, rectifying response, increasing the
on/off ratio of the dark current for forward and reverse voltage. Addition-
ally, we managed to control electrically the photoluminescence intensity in
MoS2 devices.

The absence of an strong Fermi level pinning enables the generation
of a very energetic Schottky barrier, observed in the photocurrent maps
without applying an external Vsd. The transfer of electrons from MoS2 to
NbSe2, p-doped the MoS2 layer at the heterostructure obtaining p-n and
n-p-n junctions. The DFT calculations further proved the band alignment
proposed for the heterostructure. Moreover, the local illumination of the
heterostructure showed a very high on/off response to light, related to the
high Schottky barrier between.

In the future it might be interesting to measure the potential distribution
on the heterostructure by Kelvin probe force microscopy (KPFM). The
potential distribution will give an experimental evidence and quantitative
characterization of the doping degree in MoS2 over the device.

All the materials used in this thesis (MoS2, WSe2 and NbSe2) are char-
acterized by Raman spectroscopy and photoluminescence with a confocal
microscope. The photoluminescence intensity in MoS2 increases when de-
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creasing the number of layers due to a change in the type of gap from
indirect (bulk-MoS2) to direct (1L-MoS2). Also, the photoluminescence in-
tensity quenches when the single-layer is on top of NbSe2. For both MoS2
and WSe2 we observed higher resolution at low temperature, observing the
exciton, trion and localized states. We obtained an inverted trend for the
photoluminescence intensity, for WSe2 (darkish material) is higher at RT
and for MoS2 (bright material) is higher at low temperature.

The Raman signal also changes with the number of layers, so we used it
to determine the number of layers. In MoS2 the distance between the peaks
of the two main mode increases with the number of layers. While for WSe2
is the ratio of the intensity what increases with the number of layers. For
this material a new vibrational mode appears with the number of layers. In
the case of NbSe2, it is possible to determine the oxidation of the material
by measuring a new peak associated to the oxide.

Additionally, we characterized the valley polarizability of WSe2 after
the excitation with different polarizations and under different out-of-plane
magnetic fields. Also, we intended to correlate the magnetic domains point-
ing in the out-of-plane direction of a ferrimagnetic substrate with the valley
polarizability and Zeeman splitting.

For WSe2 on SiO2 under green excitation we obtained an 11% valley po-
larization exciting with circularly polarized light and no polarizability after
exciting with linearly polarized light under no magnetic field. Under a mag-
netic field of 5 T we see a Zeeman splitting of 3.7 meV and a polarizability
of 10%, obtaining a similar trend for both exciton and trion.

WSe2 on YIG is in a high-doping regime and thus the photolumines-
cence intensity of the trion is higher than the exciton. In the absence of a
magnetic field we see a polarizability of 25% for right and 35% for left circu-
larly polarized excitation. Under an external out-of-plane magnetic field we
measured the Zeeman splitting as a function of the applied magnetic field.
This way we calculated the g-factor of WSe2 on YIG with values between 1
and 2.

Finally, we mapped the photoluminescence spectrum expecting a peri-
odicity of the signal following the magnetic domains of the YIG. At low
temperature and under red excitation we observed very intense emission
from Cr3+ impurities on the GGG substrate. Thus, we measured photo-
luminescence under green circularly polarized excitation. The roughness of
the substrate produces a valley polarization that hinders the effect of the
stray field of the magnetic domains. The excitation with green wavelength
lowers the polarizability and as a consequence the probability of observing
the effect.

It is possible to reduce the roughness of YIG by different treatments
what in principle might hep to reduce the strain to WSe2. Additionally,
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WSe2 flake can be stamped in a YIG crystal, eliminating the emission of
Cr3+ impurities. The periodicity of the magnetic domains changes with the
thickness of the material so it would be necessary to re-characterize of the
magnetic signal.

The polarizers and wave retarders used in this chapter are all manually
turned. In principle, this can produce fluctuations of the intensity as a con-
sequence of small changes on the alignment. One solution is to use motorized
components instead, increasing the reproducibility of the measurements.
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