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“What could we do with layered structures with just the right layers? What would the properties of

materials be if we could really arrange the atoms the way we want them? They would be very interesting

to investigate theoretically. I can’t see exactly what would happen, but I can hardly doubt that when we

have some control of the arrangement of things on a small scale we will get an enormously greater range

of possible properties that substances can have, and of different things that we can do.”

Richard Feynman, Lecture "Plenty of Room at the Bottom", 1959.
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Resum

El camp dels materials bidimensionals ha atret recentment l’atenció de la comunitat científica. Les

propietats particulars que aquests materials presenten quan el seu espessor és reduït fins l’escala nanomètrica

permeten preveure el seu potencial per a aplicacions de recerca, tant fonamental com tecnològica, en una

varietat de camps que inclou la catàlisi, l’emmagatzematge d’energia, la detecció, els dispositius opto-

electrònics i la informació quàntica.

Aquesta tesi presenta l’estudi de les propietats òptiques i electròniques de diferents materials van der

Waals bidimensionals: les àmpliament estudiades formes bidimensionals dels dicalcogenurs de metals de

transició MoS2 i WSe2, i les menys estudiades formes bidimensionals d’InSe. En el cas de l’InSe, aquesta

tesi comença proporcionant un estudi experimental i numèric del contrast òptic de nanolàmines d’InSe

depositades sobre substrats diferents amb l’objectiu de determinar les condicions que el maximitzen, cosa

que resulta fonamental per a dur a terme una localització ràpida i fiable de nanolàmines amb un espessor

determinat. Els nostres resultats mostren que el contrast òptic de nanolàmines d’InSe depositades sobre

els substrats de SiO2(300 nm)/Si àmpliament emprats pot ser optimitzat mitjançant il·luminació a través

de filtres passabanda. Aquest enfocament resulta ser una bona estratègia degut a la facilitat amb la

qual els filtres passabanda poden integrar-se als sistemes de microscopia convencionals. A més, hem

demostrat tant experimentalment com numèricament que el mètode del contrast òptic per a l’InSe pot

generalitzar-se també per a il·luminació de banda ampla. En aquest sentit, els nostres càlculs han revelat

que, entre els substrats de SiO2/Si emprats a l’actualitat, aquells que presenten un espessor de SiO2 d’al

voltant de 110 nm afavoreixen la detecció òptica de nanolàmines d’InSe tan primes com una única capa

baix il·luminació amb llum blanca. A més a més, hem estudiat el contrast òptic de nanolàmines d’InSe

depositades sobre substrats transparents. Els nostres resultats suggereixen que el millor contrast òptic

s’assoleix per a substrats que presenten índexs de refracció reals de valor baix.

Després de l’estudi del contrast òptic de les nanolàmines d’InSe, aquesta tesi doctoral proporciona

un estudi exhaustiu, tant experimental com teòric, dels efectes que el confinament quàntic té sobre les

propietats electròniques, vibracionals i òptiques de les nanolàmines d’InSe amb l’objectiu d’investigar

la seua potencial integració en aplicacions optoelectròniques. Els nostres resultats demostren que la

reducció progressiva de l’espessor de les làmines d’InSe dóna lloc a un augment gradual dels efectes de

confinament quàntic que permeten sintonitzar la dimensionalitat de la dinàmica de red i les propietats

electròniques. L’efecte més evident del confinament quàntic apareix en les propietats electròniques dels
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estats estesos. Càlculs mitjançant la teoria del funcional de la densitat han previst un gran augment de

la banda prohibida electrònica de més d’1 eV per a una única capa d’InSe (cas bidimensional), el qual

ha sigut demostrat experimentalment a aquesta tesi mitjançant mesures de micro-fotoluminiscència en

InSe a temperatura ambient a mesura que el seu espessor disminueix des del material volúmic fins a una

única capa. Aquesta variació tan gran de la banda d’energia prohibida ha resultat ser una de les finestres

òptiques més àmplies observades fins al moment en la transició des de material volúmic fins a una única

capa en un semiconductor.

L’estudi de les propietats òptiques i electròniques de nanolàmines d’InSe presentat a aquesta tesi

conclou amb la demostració experimental de que la modificació morfològica de les mateixes mitjançant

el seu nanotexturitzat ès capaç d’augmentar la intensitat d’emissió de llum d’aquest semiconductor a

temperatura ambient per a un rang ampli d’espessors del material. Açò ha estat possible mitjançant

l’aprofitament de la gran anisotropia òptica que presenta l’InSe.

Pel que fa al WSe2, aquesta tesi doctoral presenta l’estudi òptic d’excitons amb confinament tridi-

mensional al WSe2 bidimensional mitjançant fotoluminiscència amb excitació làser no resonant, quasi

resonant i resonant. Els nostres resultats demostren l’assoliment de fluorescència resonant a un emissor

quàntic present al WSe2 bidimensional malgrat les fluctuacions espectrals i el fons provinent de la re-

flexió del làser d’excitació. A més a més, malgrat els reptes que les fluctuacions espectrals presenten per

al control quàntic i la fluorescència resonant, hem demostrat la seua utilitat per a dur a terme espectro-

scopia de fotoluminiscència d’excitació d’alta resolució, la qual ens ha permés observar un estat excitònic

amb confinament tridimensional desplaçat en ∼4.8 meV cap a altes energies. D’altra banda, també hem

demostrat que l’excitació resonant d’aquest estat excitònic energèticament desplaçat proporciona una

font de fotons individuals. Les tècniques de fluorescència resonant i espectroscopia làser demostrades en

aquesta tesi doctoral eleven les perspectives de generació de fotons individuals indistingibles i l’estudi

de la coherència de vall i d’espí d’excitons fortament confinats al WSe2 bidimensional.

En aquesta tesi doctoral també hem dut a terme la modelització numèrica de l’emissió de llum en

diferents materials bidimensionals incrustats en estructures planes multicapa. Tot i que els materials

bidimensionals presenten prometedores aplicacions en optoelectrònica, fotònica i en tecnologies quàn-

tiques, la seua absorció de llum intrínsecament baixa limita el seu rendiment, fet pel qual la fabricació de

dispositius emissors de llum amb un funcionament òptim requereix d’un disseny de precisió. En aquest
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sentit, hem aplicat un mètode basat en matrius de transferència per a estudiar i optimitzar els proces-

sos d’emissió de llum a diferents materials bidimensionals com el MoS2, el WSe2 i l’h-BN. Per fer-ho,

en primer lloc hem demostrat que el model analític implementat reprodueix amb precisió els resultats

experimentals reportats per a materials bidimensionals representatius, com ho són el grafé i el MoS2 bidi-

mensional. A continuació, el model ha sigut emprat per a proposar estructures multicapa que optimitzen

l’emissió de llum provinent de la recombinació d’excitons al MoS2 bidimensional, l’extracció de llum

a materials bidimensionals amb una orientació dels dipols arbitrària, i l’emissió de fotons individuals

a diferents materials bidimensionals. Finalment, el model ha sigut aplicat amb èxit per a obtindre els

paràmetres de la interacció excitó-cavitat d’experiments amb MoS2 bidimensional incrustat en micro-

cavitats.

Finalment, hem abordat també la qüestió en referència a la naturalesa de la polarització en espí de

les bandes electròniques del 2H-MoS2 volúmic mitjançant mesures d’absorció òptica i càlculs de teoria

del funcional de la densitat baix condicions d’alta presió. D’aquesta manera, mitjançant l’aplicació de

presió, hem demostrat tant experimentalment com teòricament que la dependència de les transicions

òptiques excitòniques amb la presió (concretament, l’energia d’enllaç de l’excitó) només pot entendre’s

si considerem que les dues bandes de valència més altes i les dues bandes de conducció més baixes al

punt K de la zona de Brillouin estan polaritzades en espí, amb una seqüència d’espins que coincideix

amb la predita als càlculs per al MoS2 bidimensional. A més a més, hem abordat també de manera

experimental i teòrica l’estudi de l’evolució de la banda d’energia prohibida indirecta del 2H-MoS2

volúmic baix presió. Els nostres resultats preveuen una transició de semiconductor a metal a ∼35 GPa.
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Abstract

The field of two-dimensional materials has recently attracted the attention of the scientific commu-

nity. The new properties that these materials show when their thickness is reduced down to the nanometer

scale allows to envisage their potential application for both fundamental and technological research in a

variety of fields including catalysis, energy storage, sensing, optoelectronic devices and quantum infor-

mation.

This thesis presents the study of the optical and electronic properties of different two-dimensional

van der Waals materials: the extensively studied transition metal dichalcogenides MoS2 and WSe2 and

the much less studied two-dimensional InSe. In the case of InSe, this thesis starts by providing an exper-

imental and numerical study of the optical contrast of InSe nanosheets deposited on different substrates

in order to determine the conditions that maximize it, which is a fundamental requirement for a fast and

reliable localization of nanosheets with a particular thickness. Our results show that the optical contrast

of InSe nanosheets deposited onto the extensively used SiO2(300 nm)/Si substrates can be optimized

by illumination through standard wide band-pass filters. This approach turns out to be a good strategy

because of the easy integration of band-pass filters in regular optical microscopy systems. Moreover,

we have also demonstrated both experimentally and numerically that the optical contrast method for

InSe can also be generalized to broadband illumination. In this way, our calculations have revealed that

among the currently used SiO2/Si substrates, those with a coating layer of SiO2 of around 110 nm will

favor optical detection of InSe nanosheets as thin as one single layer under white light illumination. In

addition, we have studied the optical contrast of InSe nanosheets deposited on transparent substrates.

Our results suggest that the best optical contrast is achieved for available transparent substrates with low

real refractive indices.

Following the study of the optical contrast of InSe nanosheets, this PhD dissertation provides an

extension of the experimental and theoretical study of the effects that quantum confinement has on the

electronic, vibrational, and optical properties of InSe nanosheets with a view to investigate their potential

integration into optoelectronic applications. Our results demonstrate that the progressive enhancement of

quantum confinement effects has deep effects on lattice dynamics and electronic, and optical properties.

The most evident effect of quantum size confinement appears on the electronic properties of extended

states. Density functional theory calculations have predicted a huge increase of the electronic band gap
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by more than 1 eV for single-layer InSe, which has been experimentally demonstrated by means of room-

temperature micro-photoluminescence in InSe as its thickness decreases from bulk to the single layer.

Such a wide band gap tuning has resulted to be one of the largest optical windows observed so far in the

bulk to single-layer transition of a given semiconductor.

The study of the optical and electronic properties of InSe nanosheets presented in this thesis is con-

cluded by demonstrating that the morphological modification of InSe nanosheets through nanotexturing

is able to enhance the room-temperature light emission intensity of this semiconductor for a wide range

of material thicknesses. This has been possible by taking advantage of the large optical anisotropy pre-

sented by InSe.

With regard to WSe2, this PhD work presents a non-resonant, near-resonant and resonant laser exci-

tation study of three-dimensionally confined excitons in single-layer WSe2. Our results demonstrate

resonance fluorescence from a quantum emitter in single-layer WSe2 in spite of significant spectral

fluctuations and background laser scattering. Moreover, despite the challenges that the spectral fluc-

tuations present for quantum control and resonance fluorescence, we have shown its utility for high-

resolution photoluminescence excitation spectroscopy, which has yield the direct observation of a three-

dimensionally confined weakly fluorescent exciton state that is energetically blue shifted by ∼4.8 meV.

We have also proved that resonant excitation of this blue-shifted state provides a single-photon source.

The resonance fluorescence and laser spectroscopy techniques demonstrated in this thesis raise the

prospect for indistinguishable single-photon generation and investigations of the spin and valley co-

herence of strongly confined excitons in two-dimensional WSe2.

In this PhD dissertation we also approach the numerical modeling of light emission by different

two-dimensional materials embedded in multilayer planar structures. Despite two-dimensional materials

have promising applications in optoelectronics, photonics and quantum technologies, their intrinsically

low light absorption limits their performance and, consequently, potential light-emitting devices must be

accurately engineered for optimal operation. In this sense, we have applied a transfer matrix-based source

term method to study and optimize light emission processes in different two-dimensional materials such

as MoS2, WSe2, h-BN and graphene. First we demonstrate that the implemented analytical model ac-

curately accounts for experimental results reported for representative two-dimensional materials such as

graphene and single-layer MoS2. Then, the model has been used to propose structures to optimize light

emission by exciton recombination in single-layer MoS2, light extraction from arbitrarily oriented dipole



xix

single layers, and single-photon emission in two-dimensional materials. Also, it has been successfully

applied to retrieve exciton-cavity interaction parameters from MoS2 microcavity experiments.

Finally, we have also approached the question of the hidden spin-polarized nature of the bulk elec-

tronic bands of 2H-MoS2 by optical absorption measurements and density functional theory calculations

performed under high-pressure conditions. By applying pressure, we experimentally and theoretically

show that the pressure dependence of the excitonic optical transitions (specifically, the exciton binding

energy) can be only understood by considering that the two highest valence bands and the two low-

est conduction bands at the K-point of the Brillouin zone are spin-polarized, with a spin sequence that

agrees with that expected by calculations reported so far on single-layer MoS2. Moreover, we have also

approached experimentally and theoretically the study of the evolution of the indirect band gap of bulk

MoS2 under pressure. Our results indicate that a semiconductor-to-metal transition is expected to occur

at ∼35 GPa.
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Chapter 1

Introduction

1.1 Motivation

The exfoliation of graphene from graphite in 2004 by A. Geim and K. Novoselov gave birth to a new

field of research [1]: the field of two-dimensional (2D) materials. Since then, it has been demonstrated

that it is possible to create and isolate stable layers, these being single- or few-atom thick, from different

van der Waals (vdW) bulk materials. These layered materials, when thinned until the single- or few-layer

thickness, exhibit novel and fascinating physical properties which are different or even absent in their

bulk counterparts. Graphene, a single layer (SL) of carbon atoms arranged in a honeycomb lattice, was

the first 2D material isolated. This material immediately attracted a large attention from the research

community due to its exceptional properties. In particular, the linear dispersion of its band structure near

the K-point makes the charge carriers to be described as massless Dirac fermions, which has provided

scientists with an abundance of new physics [2, 3]. Morevoer, graphene presents an exceptionally high

carrier mobility exceeding 106 cm2V−1s−1 at 2 K [4] and exceeding 105 cm2V−1s−1 at room temper-

ature (RT) for devices encapsulated in BN dielectric layers [5]. However, the use of graphene in some

optoelectronic applications is limited by its lack of band gap. In this way, different approaches such as

nanostructuring [6], chemical functionalization [7] and the use of high electric fields in bilayer graphene

[8] have been proposed in order to open a band gap in this material, although these methods have shown

to produce graphene with reduced carrier mobilities [9].

The difficulties found to open a band gap in graphene have partly promoted increasing research

on other layered materials that, in bulk, are naturally semiconducting and then able to give rise to 2D

semiconductors. Transition-metal dichalcogenides (TMDs), such as MoS2 or WSe2, are the first 2D
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semiconductors that have emerged to complement the zero band-gap shortcomings of graphene [10–12].

Quantum confinement effects make these 2D materials to exhibit new properties with potential applica-

tions in optoelectronics, which have recently attracted a great deal of attention. For example, it has been

reported that some TMDs show a transition from an indirect band gap in the bulk to a direct gap in the

SL, which is also accompanied by the appearance of a strong photoluminescence (PL) in the SL (while

it is absent in the bulk material) [10, 11]. In fact, these 2D TMDs have already enabled the realization of

high-performance electric field-effect transistors [13, 14] and photodetectors [15, 16]. Moreover, these

2D semiconductors present additional interesting properties such as strong excitonic effects [17, 18] and

valley- and spin-dependent optical selection rules [19–21]. The strong excitonic effects originate from

the reduced dimensionality and the associated reduced dielectric screening of Coulomb interactions be-

tween charge carriers [17, 18]. The second feature stems from the special electronic band structure of

this class of materials. In particular, inversion symmetry is explicitly broken in SL TMDs which gives

rise to coupled spin- and valley-dependent optical selection rules for interband transitions at degener-

ate but inequivalent K and K’ points of the 2D Brillouin zone [22]. Additionally, it has been recently

demonstrated by means of density functional theory (DFT) calculations and angle-resolved photoemis-

sion emission spectroscopy (ARPES) measurements that such a spin-polarization is also present in bulk

MoS2 despite its three-dimensional centrosymmetric space group [23]. These properties envisage these

2D TMDs to have potential application in valleytronics and information technology.

Recently, it has also been reported that crystal structure imperfections or disorder in some 2D TMDs

materials such as WSe2 [24–28] and MoSe2 [29] can act as efficient carrier trapping centers that behave as

single-photon emitters (SPEs). However, besides their basic magneto-optical properties, these quantum

emitters have yet to be explored in detail. There are still some fundamental open questions regarding the

emitter properties, such as spin-orbit coupling and valley hybridization, which could play an important

role on the potential application of SL TMDs as a source of coherent qubits. In this way, resonance

fluorescence (RF) turns out to be a very useful experimental tool to study the coherence and dephasing

mechanisms in these few-level quantum systems due to an enhanced suppression of dephasing effects

under resonant excitation [30]. However, RF has not yet been demonstrated for localized excitons in any

2D material.

Bearing in mind all the perspectives offered by 2D TMDs, it is not surprising that research on 2D

semiconductors started to spread over other semiconductors. In this sense, much less is known about

properties and potential applications that layered III-VI chalcogenides, such as GaSe and InSe, may
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have when these semiconductors are reduced to the nanoscale. Bulk GaSe is a relatively wide band gap

semiconductor (∼2.05 eV at RT [31]) that previously attracted some interest due to its non-linear optical

properties [32–34]. Bulk InSe is a direct band gap semiconductor (∼1.25 eV at RT [35]) that is appealing

due to its optical properties [33, 34], the changes of its electronic structure under pressure [36, 37], the

possibility of preparing high-quality thin films [38], the application of InSe for Li-batteries [39], and

photovoltaic devices that reached an efficiency of 11% [39]. On top of these electronic properties, InSe

is exfoliable and chemically stable [40], presents the highest electron mobility among layered semicon-

ductors (∼103 cm2 V−1 s−1 at room temperature) [41], and has an anomalous electron effective-mass

anisotropy (m∗e,‖c/m∗e,⊥c = 0.081/0.138, where the c-axis is perpendicular to the layer plane). Recently, a

0.2 eV blue-shift in the absorption edge due to confinement effects has been observed in mechanically

exfoliated InSe [42]. Such a blue-shift with decreasing thickness is accompanied with a strong decrease

of PL intensity, which has been attributed to a direct-to-indirect band gap crossover [42]. The confluence

in a single material of such characteristics and applicability allows to envisage 2D InSe to become a very

versatile material for electronics and optoelectronics with tunable and optimized functionalities.

While initial results on InSe nanosheets are quite promising, a further extension of experimental

results to even thinner films and theoretical support is required to understand in detail how confinement

effects alter the electronic, vibrational, and optical properties of the nanosheets.

1.2 Thesis objectives

The overall objective of this PhD work is the study of the optical and electronic properties of different

2D vdW materials: the extensively studied TMDs MoS2 and WSe2 and the much less studied 2D InSe.

In the case of InSe, this thesis aims to provide an exhaustive experimental and theoretical study of

the effects that quantum confinement has on the electronic, vibrational, and optical properties of InSe

nanosheets with a view to investigate their potential properties for integration into new optoelectronic

devices based on 2D materials.

In regards to the more studied TMDs MoS2 and WSe2, this PhD work aims to contribute into some

open questions existing in literature. In particular, we want to use SL WSe2 as an example of SL TMD

showing single-photon emission in order to experimentally demonstrate RF emission from localized

excitons in these 2D systems. In the case of MoS2, this thesis work aims to approach the open questions
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regarding the metallization under hydrostatic pressure and the spin-dependent optical transitions of bulk

MoS2.

Finally, this PhD dissertation also aims to provide a theoretical modelling of the light emission by

different 2D materials embedded in multilayer planar structures, in order to optimize and engineer the

response of luminescent devices based on these materials.

1.3 Thesis overview

The thesis is structured as follows.

• Chapter 2 provides a literature review of the main properties of vdW materials MoS2, WSe2 and

InSe.

• In Chapter 3, we present a description of the sample preparation and the experimental techniques

and setups used to investigate the structural, electronic and optical properties of InSe nanosheets

and other vdW semiconductors such as MoS2 and WSe2.

• Chapter 4 shows an experimental and numerical study of the conditions that maximize the opti-

cal contrast of InSe nanosheets deposited on different substrates using both band-pass filters and

broadband illumination.

• In Chapter 5, we present the results of the study of the quantum confinement effects on the lat-

tice dynamics, electronic and optical properties of 2D InSe nanosheets prepared by mechanical

exfoliation.

• In Chapter 6, we approach the question related to the origin of the poor luminescent behaviour

of flat InSe nanosheets, and we show that it is possible to enhance the light emission of InSe by

taking advantage of its large optical anisotropy.

• Chapter 7 shows the results of the first experimental demonstration of RF from a localized exciton

in WSe2.

• In Chapter 8 we use the transfer matrix-based source term method to model and optimize light

emission processes in different 2D materials such as MoS2, WSe2, h-BN and graphene.
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• In Chapter 9 we show the results of the high-pressure study of bulk centrosymmetric MoS2, and

we approach the questions regarding the dark/bright nature of spin-valley coupled excitons, the

spin-polarized nature of bands defining the direct band gap and the metallization of MoS2.

• Finally, Chapter 10 presents a summary of the main results of this PhD work and considers future

investigations with respect to ongoing developments.
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Chapter 2

Two-dimensional van der Waals

semiconductors

Van der Waals (vdW) semiconductors are a class of crystalline structures whose thickness can be

easily reduced down to give rise to stable layers few nanometers thick, similarly to that observed for

graphene [1]. These layered semiconductors are characterized by their highly anisotropic atomic struc-

ture. Typically, these vdW semiconductors are formed by layers stacked together via weak vdW forces

whereas, within each layer, atoms are covalently or ionically bonded together [43]. The weak interlayer

vdW forces enable the facile exfoliation of these layers. Mechanical exfoliation of 2D crystals [44]

(see Section 3.1), chemical liquid exfoliation [45], the anodic bonding method [46] and vapour-phase

growth methods [47] are still the most common approaches for obtaining single- and few-layer-thick 2D

materials from the bulk forms of these semiconductors.

In this chapter, we review the main properties of the three different vdW semiconductors used in

the experiments carried out in this thesis: the group VI TMDs MoS2 and WSe2, and the III-VI metal

chalcogenide InSe. The structural, vibrational, electronic and optical properties of MoS2 and WSe2 are

presented in Section 2.1. Section 2.2 presents the structural, electronic, optical and transport properties

of bulk γ-InSe.
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2.1 Transition metal dichalcogenides: MoS2 and WSe2

Belonging to the family of layered TMDs, molybdenum disulfide (MoS2) and tungsten diselenide

(WSe2) have received significant attention due to the appearance of outstanding electronic and optical

properties when their thickness is reduced from the bulk down to the single-layer. In this subsection we

review the main properties of these materials.

2.1.1 Crystal structure

The TMDs are a class of materials with the formula MX2, where M is a transition metal element

from group IV (Ti, Zr, Hf, and so on), group V (for instance V, Nb, or Ta) or group VI (Mo, W, and so

on), and X is a chalcogen (S, Se, or Te) [48]. The crystal structure of these materials consists of weakly

bonded X-M-X layers, where a M-monoatomic sheet is sandwiched between two monoatomic sheets of

X atoms hexagonally packed together. The intra-layer M-X bonds are predominantly covalent in nature,

whereas the sandwich layers are bonded along the c-axis by vdW forces, resulting in an easy exfoliation

of planes along the layer surface. Due to the layered hexagonal structure, every metal atom is always

surrounded by six chalcogen atoms, which allows the metal coordination to be either trigonal prismatic

or octahedral. Figures 2.1(a) and 2.1(b) (adapted from Ref. [49]) show the schematic representation of

the trigonal prismatic and octahedral coordination, respectively, with the chalcogen atoms (X) in yellow

and the metal atoms (M) in gray.

Bulk TMDs exhibit a wide variety of polytypes and stacking polymorphs because of the two possible

local coordination of the metal species in an individual MX2 monolayer. The most commonly encoun-

tered polytypes are 1T , 2H and 3R, where the letters stand for trigonal, hexagonal and rhombohedral,

respectively, and the digits indicate the number of X-M-X units in the unit cell (that is, the number of lay-

ers in the stacking sequence) [48]. Figures 2.1(c)-(e) show schemes of these three structural polytypes of

TMDs. As it can be observed in these figures, the 2H polytype (Fig. 2.1(c)) presents an hexagonal sym-

metry with two layers per unit cell and trigonal prismatic coordination. The 3R polytype (Fig. 2.1(d))

has rhombohedral symmetry with three layers per unit cell and trigonal prismatic coordination. The

1T polytype (Fig. 2.1(e)) presents tetragonal symmetry with just one layer per unit cell and octahedral

coordination.



2.1. Transition metal dichalcogenides: MoS2 and WSe2 9

Figure 2.1: Schematic representation of the trigonal prismatic (a) and octahedral coordination (b) of the metal
atoms in TMDs. Schematics of the structural polytypes of TMDs: 2H (c), 3R (d) and 1T (e). These figures have
been adapted from Ref. [49].

Phase Space group symmetry Metal coordination Stacking sequence

1T P3m1 Octahedral AbC

2Ha P63/mmc Trigonal prismatic BcB AcA

2Hb P63/mmc Trigonal prismatic BcB AbA

2Hc P63/mmc Trigonal prismatic BaB AbA

3R R3/mmc Trigonal prismatic BcB CaC AbA

Table 2.1: Metallic coordination and stacking sequence of the most commonly found polytypes of TMDs.

The stacking sequence of the different TMD polytypes is shown in Table 2.1. Three different poly-

morphs of the 2H polytype can exist depending on the stacking order, although the 2Hc is the most

common in nature. The 2Hc polymorph is characterised by a BaB AbA stacking order (where capital

and lower case letters denote chalcogen and metal atoms, respectively), in which any transition metal

atom is located on top of two chalcogenides atoms of the subsequent layer. Under ambient pressure and

temperature conditions, both MoS2 and WSe2 crystallize in the 2Hc crystal structure, with a bulk unit

cell composed of a bilayer that contains six atoms (two metallic and four chalcogen) and belongs to the

space group P63/mmc (D4
6h in Schönflies notation), which is inversion symmetric [50]. Figures 2.2(a)

and 2.2(b) show schemes of the top view and side view, respectively, of the bulk 2Hc phase of MoS2
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and WSe2, where the unit cell is indicated by gray dashed lines. When these materials are thinned down

to a SL, the crystal symmetry reduces to P6̄m2 (D1
3h in Schönflies notation) and inversion symmetry is

broken. It is worth to mention that such a lack of inversion symmetry is also present for 2H-MoS2 and

2H-WSe2 with an odd number of layers [48]. In this context, it is important to emphasize that the absence

of inversion symmetry plays a crucial role in nonlinear optical properties [51] and valley polarization of

these materials [20]. Figure 2.2(c) shows the side view of a SL of MoS2 or WSe2. The corresponding

first Brillouin zone of bulk 2H-MoS2 and 2H-WSe2 is shown in Fig. 2.2(d). The solid blue lines and

pink shaded areas represent the conventional and primitive Brillouin zones, respectively. The hexagonal

plane with Γ̄, M̄, K̄ and K̄′ represents the corresponding 2D projected Brillouin zone [52].

Figure 2.2: Top (a) and side view (b) schemes of the crystal structure of the bulk 2Hc phase of MoS2 and WSe2.
(c) Side view of a SL of these materials. (d) Their first Brillouin zone. Solid blue lines and pink shaded areas
represent the conventional and primitive Brillouin zones, respectively, while the hexagonal plane with Γ̄, M̄, K̄ and
K̄′ represents the corresponding 2D projected Brillouin zone. These figures have been adapted from [52].

Finally, table 2.2 summarizes the experimentally reported values of the hexagonal lattice constant a

and the out-of-plane lattice parameter c of 2Hc-MoS2 and 2Hc-WSe2.

a (Å) c (Å)

2Hc-MoS2 3.160 12.295

2Hc-WSe2 3.280 12.950

Table 2.2: Experimentally reported lattice parameters of 2Hc-MoS2 and 2Hc-WSe2 [53].
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2.1.2 Vibrational properties

Optical Raman modes

As it has been described in the previous subsection, bulk 2Hc-MoS2 and 2Hc-WSe2 belong to the

space group P63/mmc (D4
6h) and present a unit cell composed by two chalcogen-metal-chalcogen units

with a total of six atoms and hence, 18 phonon modes are predicted (3 acoustic and 15 optical modes)

[54]. In order to analyze their vibrations in the unit cell, we need to consider that their unit cell exhibits

D6h point group symmetry. Thus, the lattice vibrations of bulk 2Hc-MoS2 and 2Hc-WSe2 at Γ point can

be expressed by the irreducible representations of D6h. A group-theoretical analysis predicts four Raman

active modes for the D6h group [55]: three in-plane modes E1g, E1
2g, and E2

2g, and one out-of-plane mode

A1g.

Figure 2.3: Schematic drawing of the Raman active vibration modes of the bulk and single-layer forms of MoS2
and WSe2. This figure has been adapted from [54].

However, this is not the case for the single-layer or few-layer forms of MoS2 and WSe2, which are

considered as quasi 2D systems in the “z” direction. The single-layer form of these materials is non-

centrosymmetric (no inversion symmetry) and has a point group symmetry D3h, with three atoms per

unit cell and hence with nine normal vibrational modes [56]. Since SL-MoS2 and SL-WSe2 present no
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inversion symmetry, the labellings of the phonon modes get changed. Based on the irreducible represen-

tations of D3h, these phonon modes at the Γ-point are given by Γ = 2A
′′
2 + A

′
1 + 2E

′
+ E

′′
[57]. Here, one

A
′′
2 and one E

′
are acoustic modes, another A

′′
2 is infrared (IR) active, A

′
1 and E

′′
are Raman active, and

another E
′

is both Raman and IR active. Thus, the total Raman active phonon modes are A
′
1, E

′
and E

′′
,

which correspond to bulk Raman modes A1g, E1
2g and E1g, respectively. Figure 2.3 shows a schematic

drawing of the Raman active vibration modes of the bulk and single-layer forms of MoS2 and WSe2.

It is worth to mention that, for few-layer MoS2 and WSe2, the number of X-M-X units plays an

important role on their particular symmetries. Systems with an even number of layers belong to the D3d

point group which exhibits a center of inversion, while systems with an odd number of layers exhibit D3h

point group symmetry without inversion center [56]. However, for simplicity purposes, in the following

we will denote all vibrational modes with the irreducible representation of the D6h point group of bulk

material.

Thickness dependence of the optical Raman modes

The non-destructive Raman spectroscopy technique has been shown to be a powerful tool to deter-

mine the exact number of layers of exfoliated MoS2 and WSe2, as the energy, width, and intensity of the

vibrational modes are strongly influenced by the thickness of the nanosheets [58].

For MoS2, C. Lee et al. reported that the frequencies of phonon modes in few-layer nanosheets show

a unique thickness dependence where the two characteristic Raman active modes A1g and E1
2g exhibit

opposite trends with the number of layers [59]. Figure 2.4(a) shows the non-resonant Raman spectra of

MoS2 samples with thicknesses ranging from the single-layer to the bulk, where the Raman active modes

A1g and E1
2g can be observed (reproduced from [54]). The E1g mode, which is an in-plane vibration of

only the chalcogen atoms (see Fig. 2.3), is forbidden in the backscattering Raman configuration [55].

The evolution of the Raman shift of the A1g and E1
2g modes as a function of the MoS2 thickness is shown

in Fig. 2.4(b) [54]. As it can be observed in this figure, the A1g mode stiffens with increasing number of

layers, while the E1
2g mode exhibits softening with increasing nanosheet thickness. Further studies have

attributed the observed shift in the A1g mode to the interlayer interaction of S atoms in the neighboring

planes, while the trend of the E1
2g mode has been explained by the dielectric screening of long range

Coulomb interactions [56].
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Figure 2.4: (a) Raman spectra of MoS2 samples with thicknesses ranging from the bulk down to the single-layer.
The two grey-dashed lines indicate the Raman shift of the A1g and E1

2g modes in bulk MoS2. (b) Evolution of
the frequencies of the A1g and E1

2g modes (left axis) and their frequency difference (right axis) as function of the
inverse number of layers. This figure has been reproduced from [54].

For WSe2, W. Zhao and co-workers [60] demonstrated by means of polarized spectroscopy that the

A1g and E1
2g modes exhibit an opposite shift with the increasing number of layers due to the effects of

both short and long range interactions. Moreover, these authors showed that these phonon modes are

degenerate in single-layer WSe2, but the degeneracy is lifted in multilayer WSe2 as previously predicted

by theory [61]. In polarized back-scattering Raman spectroscopy, the A1g mode is allowed in parallel-

polarization (Z(XX)Z̄) but forbidden in cross-polarization (Z(XY)Z̄) conditions [57]. Thus, the A1g mode

can be identified by measuring Raman spectra in the two polarization conditions [60]. Figure 2.5(a)

shows the Raman spectra of WSe2 nanosheets of different thicknesses measured in two polarization

configurations with a 633 nm excitation (reproduced from [60]). As it can be observed in this figure, the

parallel polarization spectra of WSe2 nanosheets showed one prominent peak with a small shoulder in

the frequency region where A1g and E1
2g peaks are expected. The presence of the E1

2g peak was verified in

cross-polarized measurements where the A1g mode is forbidden. Figure 2.5(b) shows the evolution of the

frequencies of the A1g and E1
2g modes (right axis) and their frequency difference (left axis) as a function

of the number of WSe2 layers. The A1g and E1
2g phonon modes were found to exhibit distinct thickness

dependence where the former stiffens and the latter softens with increasing number of layers. Such a

behavior is similar to that observed for MoS2, although the thickness-dependent shift of these peaks is

considerably smaller for WSe2 possibly due to its larger atomic masses [60]. Finally, Fig. 2.5(c) shows

the evolution of the intensity ratio (left axis) and the FWHM of the A1g and E1
2g peaks as a function of
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thickness. The general trend observed in this figure is similar to that reported for other TMDs such as

MoS2 and WS2 [60].

Figure 2.5: (a) Raman spectra of 1 to 5 SL and bulk WSe2 obtained in the parallel (Z(XX)Z̄) and cross-polarized
conditions with 633 nm excitation. (b) Position of the A1g and E1

2g modes (right axis) and their difference (left
axis) as a function of the number of layers (n). (c) Intensity ratio (left axis) and FWHM (right axis) of A1g and E1

2g
modes as a function of the number of layers. These figures have been reproduced from [60].

2.1.3 Electronic band structure

Indirect-to-direct crossover

Bulk MoS2 and WSe2 are indirect semiconductors with fundamental band gaps of 1.29 [62] and 1.2

eV [63] at ambient conditions, respectively, occurring from the valence band maximum at the Γ-point

and the conduction band minimum at a midpoint along Γ−K symmetry line (sometimes referred to

as Q point). However, several experimental studies [10, 64] have conclusively demonstrated that these

materials become direct band gap semiconductors when their thickness is reduced down to a SL, in

agreement with theoretical first-principle calculations [65, 66]. The direct band gap of SL MoS2 and

SL WSe2 presents values of 1.8 [10, 64] and 1.67 eV [58] at ambient conditions, respectively, and is

located at the two inequivalent corners K and K′ of the hexagonal Brillouin zone (see Fig. 2.2(d)).

Figure 2.6 shows the calculated electronic band structures of MoS2 (a) and WSe2 (b) for bulk, 2 SLs

and 1 SL thicknesses (adapted from [67]). As it can be observed in these figures, the band-gap energy at

the K-point of the Brillouin zone barely changes with decreasing thickness, while the indirect band gap
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increases monotonically as the number of layers is reduced, yielding to an indirect-to-direct crossover

that occurs at the SL thickness. Such a band gap crossover, associated with quantum confinement effects,

has been attributed to the orbital nature of the states involved in both the direct and indirect gaps [68].

The electronic states involved in the indirect transition originate from a linear combination of pz orbitals

of the chalcogen atoms and dxy,x2−y2 orbitals of transition metal atoms [68]. The wave functions have a

spatial extension in z-direction, i.e. along the c-axis of the crystal. As a result, these electronic states

exhibit a strong interlayer coupling, and their dispersion strongly depends on the number of layers. On

the other hand, both the top of the valence band and the bottom of the conduction band near the K-point

are mainly composed of d orbitals of the transition metal atoms in the xy plane (dxy,x2−y2 and dz2), which

present a weak spatial extension along the c-axis and basically are unaffected by a change of distance

along z. Because of this, these electronic states have a nearly 2D character.

Figure 2.6: Calculated band structures of bulk, 2 SLs and SL MoS2 (a) and WSe2 (b), obtained by DFT calculations
including SOC. Figure adapted from [67].

Valley polarization

One of the most notorious properties of SL TMDs, in fact what makes them unique among 2D mate-

rials, is the unusual combination of strong spin-orbit interactions, broken inversion symmetry and time-

reversal symmetry [19]. In non-magnetic centrosymmetric materials, the combination of inversion sym-

metry (E(k,↑) = E(−k,↑)) and time-reversal symmetry (E(k,↑) = E(−k,↓)) dictates that electronic

states must be up/down spin-degenerate [69]. However, when inversion symmetry is broken, as it occurs
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Figure 2.7: Electronic bands (for instance, for W compounds) around the K′ (left) and K points (right), which are
spin-split by the spin-orbit interactions. The spin (up and down arrows) and valley (K and K′) degrees of freedom
are locked together. The azimuthal quantum number (m) for each band is shown, and the valley-dependent optical
selection rules are illustrated.

in non-centrosymmetric materials, spin-orbit interactions can induce a k-dependent spin-splitting which

links the spin quantum number with valley pseudospin. As a result, the spin-polarization of electronic

states at a particular energy is reversed between states at k and −k, which leads to coupled spin-valley

physics that opens the door for the development of what has been called valleytronics. SLs of TMDs

are potential candidates for the development of unique valleytronic devices based on 2D materials due

to their intrinsic non-centrosymmetric nature (Fig. 2.2(c)) and the existence of strong spin-orbit inter-

actions provided by their transition-metal constituents (W or Mo) [48]. Electronically, the spin-valley

coupling in 2D TMDs occurs as follows (Fig. 2.7): At the K and K′ points of the Brillouin zone of these

materials, where the direct band gap occurs, valence band states mainly stem from planar d-states (dx2−y2

and dxy states from the transition metal) with orbital angular momentum ml = +2 or −2 depending on

the valley index [70]. This makes that the mlSz component of the spin-orbit-coupling Hamiltonian nat-

urally produces a valley-dependent spin-splitting of the valence bands at the K and K′ points [70]. In

contrast, the orbital states at the bottom of the conduction band (mainly dz2 states from the transition

metal) have ml = 0 at least at first order in perturbation theory [70]. Consequently, spin splitting at the

conduction band is very small (MoS2) or moderately large (WSe2) but in any case more than one order

of magnitude smaller than that expected for the valence band [69]. In fact, DFT calculations predict spin

band-splitting values and a spin-band order summarized in Fig. 2.8 [69]. On the one hand, the intrinsic
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spin-valley locking of valence bands in SLs of TMDs has demonstrated to give rise to a selective pho-

toexcitation of carriers in the K or K′ valleys (see Fig. 2.7) by using left or right circularly polarized

light [20, 21], respectively, which opens the door for valleytronic devices. Also, this particular property

of 2D TMDs lifts the degeneracy between bright and dark excitons and plays an important role in the

exciton lifetimes [71–73]. On the other hand, spintronic applications of (n-type) SLs of TMDs requires

relatively large spin-band splitting values at the bottom of conduction band [72].

Figure 2.8: Schematic representation of the spin band-splitting values and spin-band order in SL MoS2, MoSe2,
WS2 and WSe2 as obtained by DFT calculations [69]. The negative sign of the spin band-splitting values for the
conduction bands of MoS2 and MoSe2 indicates an opposite spin-band order with respect to WS2 and WSe2.

Although the spin-polarized nature of the valence bands of SLs of TMDs has been widely demon-

strated, less is known about the spin-polarization degree of their conduction bands. Only recently [72], it

has been experimentally evidenced that electrons in the lowest-energy conduction band and the highest-

energy valence band have antiparallel spins in SL WSe2 and parallel spins in SL MoSe2, in good agree-

ment with DFT calculations (see Fig. 2.8) [69].

High pressure effects on the electronic band structures of MoS2 and WSe2

Several studies, including both theoretical and experimental, have been carried out in order to un-

derstand the effect of extreme hydrostatic pressure on the crystal structure of the bulk and SL forms of

MoS2 and WSe2.

For bulk MoS2, electronic band structure calculations have predicted a possible isostructural phase

transition from 2Hc to 2Ha in the pressure range from 25 to 35 GPa [74–76]. Additionally, reported
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results have indicated that the layered hexagonal semiconducting MoS2 undergoes a Mott’s transition,

i.e., a transition from semiconductor to semimetal, in the same pressure range. A recent high-pressure

experimental work by A. P. Nayak et al. [77] has reported a structural lattice distortion followed by

an electronic transition from a semiconducting to a metallic state at ∼19 GPa, by means of electrical

conductivity and Raman spectroscopy measurements. These conclusions seem to be also supported by a

more recent work by Z. H. Chi et al. [78], in which the authors have reported an isostructural pressure-

induced transformation from to 2Hc to 2Ha. In that work, the authors also reported a metallic behavior

at 60 GPa by means of resistivity measurements. However, a semiconducting behavior was observed for

pressures as high as 28 GPa, which contrasts with the reported metallization at∼19 GPa reported in Ref.

[77]. Therefore, there is still little experimental evidence and some controversy on the effects that the

hydrostatic high-pressure has on the electronic band structure of MoS2.

For bulk WSe2, a first experimental work by E. Selvi et al. [79] conducted a high pressure X-ray

diffraction study up to 35.8 GPa. However, any pressure-induced phase transition was observed in this

pressure range. A more recent work by B. Liu et al., [80] reported an experimental semiconductor-to-

semimetal isostructural phase transition of bulk WSe2 at 38.1 GPa by means of resistivity measurements.

These results seem to be in agreement with first-principles calculations carried out by the same authors.

Regarding to SL MoS2 and SL WSe2, some theoretical studies have predicted a direct-to-indirect

crossover for pressures below 3 GPa [81–83]. The experimental evidence of such a direct-to-indirect

crossover has recently been reported for MoS2 by means of Raman and PL measurements [81] and for

WSe2 by means of PL measurements [83].

2.1.4 Optical properties

The optical properties of SL MoS2 and SL WSe2 are dominated by the excitonic effects occurring

at the direct transitions between valence and conduction band states around the K and K′ points [10, 11,

20, 21]. Experimental absorption measurements revealed sharp absorption resonances which provided

the first evidence of strong excitonic effects in these materials [10, 11]. Figures 2.9(a) and 2.9(b) show

room-temperature reflectance spectra of SL WSe2 and SL MoS2, respectively, reproduced from [84]. For

both materials, it is possible to observe two peaks at the lowest energy region of the reflectance spectra,

which correspond to the excitonic features associated with interband transitions at the K (K′) point in

the Brillouin zone. These excitonic features are commonly denoted by A and B, and originate from the
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splitting of the valence band maximum around K due to the spin-orbit coupling. Broad spectral responses

were also observed at higher photon energies coming from higher-lying interband transitions.

Figure 2.9: Reflectance spectra measured on SL WSe2 (a) and SL MoS2 (b) exfoliated on fused silica [84].

Figures 2.10(a)-(d) show the dielectric functions of SL MoS2 and SL WSe2 obtained from the re-

flectance spectra shown in Figs. 2.9(a) and 2.9(b) [84]. The dielectric functions of the corresponding

bulk materials are also shown in these figures [84]. As it can be observed in these figures, despite some

differences in the spectral response of the bulk and SL forms can be seen (small shift and broadening of

the excitonic peaks for the bulk), the dielectric functions of the bulk and SL materials show an overall

similarity. Such a similarity has its origin in the layered structure and the quasi 2D electronic structure

of the bulk materials around the K-point, where the direct band gap is located. Theses facts make that

excitons are strongly confined along a SL, even in the bulk, which explains the similarity of both (SL and

bulk) optical spectra [85]. Furthermore, dipolar selection rules for 2D TMDs favor optical transitions

to occur for electric field polarized in the layer plane, and luminescent recombination originates solely

from in-plane excitons [86].

Regarding to the optical emission of MoS2 and WSe2, the pioneer works of A. Splendiani et al.,

[11] and K. F. Mak et al., [10] demonstrated for MoS2 that the indirect-to-direct crossover occurring

at the SL is accompanied by the appearance of a strong PL in the SL (while it is absent in the bulk

material). Figure 2.11 shows the measured PL spectra of suspended SL and 2 SL MoS2 (red and green

solid lines, respectively) under optical excitation at 2.33 eV [10]. As it can be observed in this figure,

the measured PL spectra are very different from each other, with the SL PL being much more intense

than the PL measured for 2 SLs. The inset of Fig. 2.11 shows the PL quantum yield (QY) for MoS2

samples with thicknesses ranging from 1 to 6 SLs [10]. A strong drop of the PL QY was observed with

increasing MoS2 thickness. Following the path tracked by research performed on 2D MoS2, a strong

room-temperature PL emission has also been reported to emerge for WSe2 when its thickness is reduced
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Figure 2.10: Comparison of the dielectric function of SL WSe2 (a)-(b) and MoS2 (c)-(d) with that of the corre-
sponding bulk material, adapted from [84].

to the SL (Fig. 2.12) [87].

Figure 2.11: Comparison of the PL spectra measured for suspended SL (red solid line) and 2 SLs (green solid
line) MoS2. The inset shows the evolution of the PL QY for MoS2 thicknesses ranging from 1 to 6 SLs. Figure
reproduced from Ref. [10].

An interesting characteristic of these 2D semiconductors, which is not present in 2D systems based

on quantum well (QW) semiconductors [88], is a natural increase of the exciton binding energy due to

a decrease of dielectric screening effects, as the thickness of material decreases. Of course, this effect

would add to the increase of the exciton binding energy originated by quantum confinement effects (the

3D and 2D exciton binding energies differ in a factor 4 due to quantum confinement effects). However,
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Figure 2.12: Comparison of the RT PL spectrum of SL, 2 SL, and bulk WSe2 deposited on SiO2/Si substrates [87].

the strongly anisotropic band structure of 2D TMDs makes that dielectric screening effects rule the evo-

lution of the exciton binding energy as the thickness decreases. In fact, theoretical calculations predicted

very large exciton binding energies (0.5-1 eV, corresponding to an exciton Bohr radius aB ≈ 1 nm) for

SL MoS2 and SL WSe2 [17, 89, 90]. Recent experimental works have verified the large binding energies

by means of optical spectroscopy [91] and tunnelling spectroscopy [92].

The strong excitonic effects have important additional consequences for the optical properties of SL

MoS2 and SL WSe2. On the one hand, they cause a significant transfer of oscillator strengths from the

band-to-band transitions to the fundamental 1s exciton state [68]. Such a large exciton oscillator strength

gives rise to strong peak absorbance and strong light-matter interactions, which have already enabled the

realization of exciton-polaritons at RT [93]. On the other hand, the strong excitonic effects also give rise

to a large exciton radiative rate Γ1s (short radiative lifetime 1/Γ1s) [94, 95]. The combination of a large

exciton binding energy, strong absorbance and short radiative lifetime of 2D MoS2 and WSe2 plays an

important role in optoelectronics and photonics applications of these materials.

2.2 III-VI metal monochalcogenides : γ-InSe

The family of III-VI metal monochalcogenides is formed by the laminar semiconductors InSe, GaS,

GaSe and GaTe. In this section we review the main properties of bulk indium selenide (InSe).
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2.2.1 Crystal structure

An isolated SL of InSe presents the same basic structure and symmetry (D3h point grup) that other

members of the III-VI family such as GaSe and GaS. Each one of these basic units consists of two planes

of indium (In) atoms sandwiched between two planes of selenium (Se) atoms tetrahedrally bonded in the

sequence Se-In-In-Se via covalent bonds (see Fig. 2.13). Within each plane, the atoms are arranged in

an hexagonal lattice with parameters a = b = 0.4002 nm [96].

Figure 2.13: Three-dimensional (a) and side-view (b) scheme of the crystal structure of a SL of InSe.

Figure 2.14: Schemes of the β (a), ε (b), γ (c) and δ (d) structural polytypes of bulk InSe, showing AB, AB, ABC
and ABCD stacking sequences, respectively. The grey solid lines represent the corresponding unit cells except for
the γ polytype, which shows the non-primitive cell corresponding to the hexagonal description.

In the bulk compound, the Se-In-In-Se units are weakly bonded together through vdW forces, re-

sulting in an easy exfoliation of planes along the layer surface. The weak vdW forces existing between

SLs also gives rise to the existence of different stacking sequences, which results in the existence of four

different polytypes: β , ε , γ and δ . Figures 2.14(a)-(d) show schemes of the β , ε , γ and δ structural

polytypes of bulk InSe, showing AB, AB, ABC and ABCD stacking sequences, respectively. ε , β , γ

and δ polytypes belong to the space group (Schoenflies notation) of D1
3h, D4

6h, C5
3v and C4

6v, respectively.
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Single-layer InSe crystals, and bulk ε-, γ-, and δ -InSe crystals are noncentrosymmetric, while β -InSe

crystals are centrosymmetric.

Figure 2.15: Three-dimensional (a) and side view (b) scheme of the crystal structure of γ-InSe. Rhombohedral
primitive unit cell of γ-InSe (c) and non-primitive unit cell corresponding to the hexagonal description (d).

InSe samples used in this work were obtained by mechanical exfoliation of an InSe monocrystal

ingot grown by the Bridgman method from a nonstoichiometric In1.05Se0.95 melt (see Subsection 3.1.1).

InSe grown by the Bridgman method crystallizes in the γ polytype. Figure 2.15(a) shows a scheme of the

crystal structure of γ-InSe in three dimensions. The spatial group of γ-InSe (C5
3v) admits two different

descriptions. One description is based on a rhombohedral unit cell while the other is based on a non-

primitive hexagonal unit cell. The rhombohedral primitive unit cell of γ-InSe is composed of one SL,

and contains four atoms. In Figs. 2.14(c), 2.15(a) and 2.15(b) we have represented the non-primitive

unit cell (grey solid lines) corresponding to the hexagonal description, which is formed by a triple-layer

stack with an out-of-plane lattice parameter c = 24.946 Å [96]. Figures 2.15(c) and 2.15(d) show the

corresponding rhombohedral and hexagonal first Brillouin zones.

2.2.2 Electronic band structure of bulk γ-InSe

Early band-structure semiempirical pseudopotential calculations for bulk InSe were carried out for

β and ε polytypes. It was not until the 90’s decade when the three-dimensional band structure of γ-

InSe was calculated through different methods such as an ab initio pseudopotential method [97] and
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a combined linear muffin-tin orbital (LMTO) or a full-potential linearized augmented plane-wave (FP-

LAPW) method [98] (for instance), yielding very similar results.

Figure 2.16: Energy band structure of γ-InSe along the A-Z-Γ-D (a) and H-Z-L paths (b) of the rhombohedral
Brillouin zone at ambient pressure obtained from a FP-LAPW calculation including spin-orbit coupling [99].

Figures 2.16(a) 2.16 (b) show the calculated band structure of γ-InSe at ambient pressure along the

A-Z-Γ-D and H-Z-L paths of the rhombohedral Brillouin zone (see Fig. 2.15(c)), respectively, obtained

from a FP-LAPW calculation including spin-orbit coupling [99]. It is worth to mention that the labelling

of the high symmetry points in these figures follows Koster’s notation, in which the B symmetry point

is labelled as D. As it can be observed in Figs. 2.16(a) and 2.16 (b), calculations predicted a direct

band gap with both the valence band maximum and the conduction band minimum occurring at the Z-

point of the Brillouin zone. It is also worth noticing that the absolute values of the gaps shown in the

calculated band structure are underestimated, a well-known characteristic of calculations performed by

DFT. In this way, an energy shift of ∼0.8 eV should be added to the calculated values in order compare

the theoretical direct band gap energy with the experimentally measured band gap of 1.25 eV of γ-InSe

at ambient conditions [35]. At the Z point the uppermost valence band has predominant Se pz character

and the lowermost conduction band has predominant In s character. Both electronic states belong to the

Z1 representation of the C3v point group and the fundamental transition between them is fully allowed

only for light polarization parallel to the c-axis, while it is forbidden for a polarization perpendicular to

the c-axis. Below the uppermost valence band two deeper bands do exist with Se px-py symmetry, which

split to four bands due to the crystal-field anisotropy and spin-orbit interaction.

The band structure calculations shown in Fig. 2.16(b) were performed in a path in which the change
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of the wave vector is parallel to the layers, which gives a much more precise look into the anisotropy of

the band structure [36]. On the contrary, the path used in Fig. 2.16(a) partially hides the anisotropy, as the

electron wave vector in directions Z-A or Z-D has a large component along the c axis [36]. Calculations

shown in Fig. 2.16(b) evidence the effective mass “anomaly” that was predicted by pseudopotential

band-structure calculations [100]: the electron and hole effective masses along the c axis are much lower

than those along the layers. Such an effective mass feature was experimentally confirmed by cyclotron

resonance for electrons (me⊥/me‖ = 1.8) [101] and band-to-acceptor PL for holes (mh⊥/mh‖ = 3.5) [102].

Table 2.3 summarizes the reported values for InSe electron and hole masses along the c-axis and in the

layer plane.

m∗e m∗h

⊥ c 0.138 m0 [101] 0.73 m0 [102]

‖ c 0.081 m0 [101] 0.17 m0 [102]

Table 2.3: Reported values for InSe electron and hole masses along the c axis and in the layer plane.

High-pressure effects on the electronic structure of γ-InSe

It has been experimentally demonstrated by means of optical absorption [36], PL [103], magne-

toabsorption spectroscopy [104] and transport measurements [37] that γ-InSe becomes an indirect semi-

conductor with increasing pressure. By increasing pressure, the shape of the valence band maximum

dramatically changes in γ-InSe. A ring-shaped valence band emerges and continuously develops, as

shown by its effects on the hole concentration and mobility [37]. A first direct-to-indirect crossover is

observed at 2 GPa, when the ring-shaped subsidiary maximum becomes the valence-band maximum.

However, this direct-to-indirect crossover shows little effect on its intrinsic room-temperature PL until

the pressure exceeds 4 GPa, when the difference between the direct and indirect band gaps is about 60

meV [103, 104]. In fact, pressure induced PL quenching in InSe is observed between 4 and 7 GPa, as

a consequence of a second direct-to-indirect crossover in the conduction band along the ZB direction

[103]. These results were interpreted on the basis of numeric-atomic-orbital-density-functional-theory

(NAO-DFT) band structure calculations [36, 105].
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2.2.3 Optical properties of bulk γ-InSe

Figure 2.17 shows the absorption coefficient of bulk InSe measured in the spectral range from 1.2 to

4 eV at 300 (solid line) and 77 K (dashed line) for light polarized perpendicular to the c-axis (E ⊥ c)

[34]. The fundamental transition Eg and two additional transitions occurring at energies about 1.15 eV

(E
′
1) and 1.5 eV (E1) above Eg can be observed in both 300 and 77 K spectra. The inset of Fig. 2.17

shows a scheme of the bands corresponding to these absorption edges [34].

Figure 2.17: Absorption coefficient spectra of InSe in the spectral range from 1.2 to 4 eV, at 300 (solid line) and
77 K (dashed line). Inset: band scheme showing the absorption edges. Figure reproduced from Ref. [34].

Considering the orbital character of the electronic states involved in the fundamental transition Eg,

this transition should be forbidden for E ⊥ c, as commented above. However, this transition becomes

weakly allowed for E ⊥ c due to the spin-orbit coupling, which mixes the px, py and pz orbitals. This

explains why the absorption coefficient for E ⊥ c is more than one order of magnitude lower than that

for E ‖ c [106].

InSe has also been studied for several decades due to its special interest for potential applications in
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nonlinear optics [33, 34, 107]. In particular, its high nonlinear optical coefficient in the infrared range

makes it a good candidate for second-harmonic generation [107]. Strong nonlinear optical effects have

been reported in bulk InSe crystals at energies corresponding to transitions from a lower-energy valence

band to the uppermost one (see inset of Fig. 2.17) when the edge of the latter band is emptied by an

optical pulse [34].

Figure 2.18: Micro-photoluminescence (µ-PL) spectra measured at low temperature of 10 K for (a) a 31 nm InSe
film and (b) a 52 nm GaSe film after exposure to air from 1 to 100 hours. Figure reproduced from Ref. [40].

Regarding to its light emission properties, bulk InSe presents a strong PL in comparison to bulk

TMDs MoS2 and WSe2, which are indirect semiconductors. Such a PL arises from band-to-band tran-

sitions near the band edge and is centered at around 1.25 eV at RT. Moreover, InSe presents a higher

stability under ambient conditions in comparison to other members of the III-VI family such as GaSe

[40, 108]. Such a higher stability has its origin in the non-metallic nature of the Se atoms, which form

the surface of the InSe crystal and hinder oxidation [109]. Figures 2.18(a) and 2.18(b) show the low-

temperature PL spectra of thin bulk InSe and GaSe samples after different exposure times to air [40].

As it can be observed from these figures, the PL intensity of InSe shows a negligible decrease after 100

hours of exposure to air, while the GaSe PL signal changes its spectral shape and decreases significantly

after the film has been exposed to air for several days [40].
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2.2.4 Transport properties

Transport properties of bulk InSe have been extensively studied along the direction perpendicular to

the c-axis [41, 110]. Non-intentionally doped InSe crsytals grown by the Bridgman method are n-doped

with intrinsic electron concentrations ranging from 1013-1015 cm−3 at RT. The origin of such an n-type

doping in these crystals has been attributed to the presence of interstitial In atoms throughout the crystal

[111]. Moreover, InSe presents a high doping versatility. It can be intentionally doped both n-type

(introducing Si and Sn impurities) [112, 113] and p-type doped (introducing transition metals, as Zn and

Pt) [114, 115].

Regarding to the carrier mobility, bulk InSe shows the highest values of electron mobility along the

layers (µe⊥c) among layered semiconductors. Experimentally reported values showed that µe⊥c in bulk

InSe can be of the order of 103 cm2/Vs at RT due to weak electron-phonon scattering and higher than

104 cm2/Vs at 60 K [41]. More recently, D. A. Bandurin et al. [116] have reported carrier mobilities

exceeding 103 cm2/Vs and 104 cm2/Vs at room and liquid-helium temperatures, respectively, in few-

layer InSe encapsulated in hexagonal boron nitride under an inert atmosphere.

The confluence in a single material of the characteristics described in this section allows to envis-

age 2D InSe to become a very versatile material for electronics and optoelectronics with tunable and

optimized functionalities.
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Experimental methods

This chapter presents a description of the sample preparation and the experimental techniques used

to investigate the structural, electronic and optical properties of InSe nanosheets and other vdW semi-

conductors such as MoS2 and WSe2.

3.1 Exfoliation and deterministic transfer of 2D vdW semiconductors

3.1.1 Mechanical exfoliation

InSe monocrystals used to prepare the nanosheets were cleaved perpendicular to the (001) direction

from an ingot grown by the Bridgman method from a nonstoichiometric In1.05Se0.95 melt in which tin,

in a content 0.01%, was introduced previously to growth to act as n-dopant [117]. The InSe ingots were

grown by A. Chevy, (Laboratoire de Physique des Milieux Condenses, Université Pierre et Marie Curie,

France). From these ingots, thin n-doped InSe samples were cleaved and used to prepare atomically thin

InSe nanosheets on different substrates such as SiO2/Si, quartz or viscolelastic PDMS stamps by means

of a mechanical exfoliation technique similar to that employed for graphene [44]. Figure 3.1 shows a

schematic description of the mechanical exfoliation process [118]. In this process, a fresh bottom surface

of a bulk layered crystal is attached to a scotch tape or adhesive tape, which is bent and adhered to the top

surface of the layered crystal. Then, the top and bottom pieces of adhesive tape are gently pull apart from

each other. Due to the weak vdW forces between layers, freshly cleaved thinner layers are peeled off

from the bulk crystal. The previous step is repeated several times in order to keep reducing the thickness

of the layers. Then, these freshly cleaved thin crystals on the adhesive tape are brought into contact with
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a target substrate and rubbed to further cleave them. Finally, the adhesive tape is removed, and single-

and few-layer nanosheets are left on the substrate among a copious ensemble of thicker nanosheets.

Figure 3.1: Schematic description of the mechanical exfoliation technique used to obtain InSe nanosheets. Figure
adapted from Ref. [118].

WSe2 nanosheets used in this work have been both exfoliated from bulk WSe2 (nanoScience Instru-

ments product NS00182) onto PDMS stamps and transferred to different substrates by A. Branny in the

Quantum Photonics Laboratory at Heriot-Watt University.

3.1.2 Deterministic transfer of 2D materials

A deterministic all-dry transfer setup, based on the technique detailed by A. Castellanos-Gomez et

al. [119] (see Fig. 3.2), was used in order to control the position and alignement of the exfoliated vdW

nanosheets. In this technique, the layered bulk materials are mechanically exfoliated directly onto a

polymer viscoelastic PDMS stamp (Gelfilm from Gelpak) that has been previously adhered to a glass

microscope slide. Optical microscopy is then used to locate the thin nanosheets (see Section 3.2). Once

the desired nanosheet has been located on the PDMS stamp, the miscroscope slide is attached to a three

axis micrometer manipulator with the nanosheets facing towards the target substrate, which has been

previously fixed by means of double-side tape to a metal block situated on top of a rotator manipulator.

As both the stamp and the microscope slide are transparent, it is possible to see the sample through it

and thus it is also possible to align the desired nanosheet on the desired point of the substrate where
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one pretends to transfer the nanosheet, even with a sub-micrometer precision. In order to transfer the

nanosheet to the target substrate, the stamp is pressed against its surface. Then, the stamp is peeled off

very slowly releasing the nanosheets that adhere preferentially to the substrate surface [119]. A scheme

of a transfer setup similar to that employed in this thesis can be found in Ref. [119].

Figure 3.2: (a) Scheme of the deterministic transfer setup [119]. (b) Schematic diagram of the process of preparing
the viscoelastic stamp and the deterministic transfer of nanosheets onto a desired location. Figures reproduced
from Ref. [119].

WSe2 nanosheets used in this thesis have been transferred to the desired substrates by A. Branny in

the Quantum Photonics Laboratory at Heriot-Watt University by using a similar setup to that described

in Ref. [119].

3.2 Optical Microscopy

Optical microscopy was used for different purposes in this work. First, it was used for determining

the location and the thickness of single- and few-layer nanosheets among a copious ensemble of thicker

nanosheets resulting from the mechanical exfoliation process (see Section 3.1.1). The location of the

nanosheets by optical microscopy is possible due to the naturally arising optical contrast (OC) difference

between the nanosheets and the bare substrate. Such a difference in the OC of the nanosheet/substrate

system with respect to the bare substrate has its origin mainly in the combined effect of two processes:

the first one is the phase change φ that the light experiences when passing through the 2D material.

The second one is the modification of the reflection coefficient of the first interface of the multilayered

system, with respect to the bare substrate, due to the presence of the 2D material. Taking this into account,

optical microscopy was also used for the experimental determination of the OC between the exfoliated

InSe nanosheets and the underlying substrates (see Chapter 4). Optical microscopy was carried out by
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using an Eclipse LV150A optical microscope from Nikon equipped with a Nikon DS-FI2 high-definition

color camera for image acquisition. In order to obtain optical images at different wavelengths in the

visible spectral range, different band-pass filters with full width at half maximums (FWHMs) of∼40 nm

and centred at visible wavelengths were used.

3.3 Atomic Force Microscopy (AFM)

The thickness and topography of the InSe nanosheets used in this work has been measured by atomic

force microscopy (AFM). AFM imaging has been performed by using a Nanotec multimode microscope

operating in both contact mode for nanosheet thickness determination and non-contact mode for studies

focused on nanotexturing (see Section 6.4). The AFM system operates by measuring the force between a

probe and the sample. Normally, the probe is a sharp tip placed in a cantilever. The system monitors the

oscillation amplitude of the cantilever by reflecting a laser beam off the cantilever. The reflected laser

beam strikes onto a four quadrant photodiode that can detect the cantilever deflection when moving along

the xy plane. The electric signal in the four quadrants of the photodiode induced by the deflected laser

beam is processed by the electronic components of the AFM in order to transform it into topographic

data. When working in contact mode, AFMs use feedback to regulate the force on the sample. Such a

feedback loop monitors the z readout for the cantilever. During scanning, the application of a voltage to

a piezoelectric motor adjusts the z height to accommodate for any detected changes. A voltage-distance

calibration factor is applied to determine the z height of the tip from the feedback voltage at given xy

coordinates and provides a topographical image of the sample surface.

3.4 Room temperature Raman spectroscopy

Vibrational properties of InSe nanosheets at RT have been studied by Raman spectroscopy. Ra-

man spectra have been collected at RT with a JY-Horiba T64000 Raman microprobe spectrometer in

backscattering configuration. The samples were mounted on a motorized xy linear positioning stage and

were excited by the 514.53 nm line of an Ar+ laser. The plasma peaks of the Ar+ laser served as fixed

frequency references. The detector used was a liquid-nitrogen cooled charge-coupled device (CCD). An

objective with an optical magnification of 20x was used for the location of the samples in the substrates.

The measurements were carried out by using an objective with an optical magnification of 100x and with
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a numerical aperture (NA) of 0.9. The beam was focussed close to the diffraction limit to a diameter d

∼1 µm primarily using this 100x objective. The power at the sample was limited to 100 µW, in order to

limit heating effects and to avoid any sample damage.

3.5 Photoluminescence spectroscopy (PL)

In this section we describe the different experimental setups and conditions employed in the micro-

photoluminescence (µ-PL) experiments carried out during the realization of this thesis.

3.5.1 Room temperature micro-photoluminescence of InSe

RT µ-PL measurements of InSe nanosheets have been carried out by using two different experimental

setups. The µ-PL measurements for InSe nanosheets with thicknesses ranging from the bulk to SL

described in Section 5.3 have been carried out in air using a commercial Renishaw Invia micro-Raman

system (see Fig. 3.3(a)) with 488 nm continuous wave (CW) laser excitation.

Figure 3.3: Renishaw Invia micro-Raman (a) and Horiba Scientific Xplora micro-Raman (b) commercial systems
used for µ-PL measurements of InSe nanosheets.

The µ-PL spectra and µ-PL spatial maps of InSe nanosheets shown in Chapter 6 have been carried

out by using a commercial Horiba Scientific Xplora micro-Raman system (see Fig. 3.3(b)) with 532

nm CW laser excitation. The optical beams were focused on the nanosheets with spot diameters of

∼2 µm and ∼1 µm, respectively. A low laser excitation power of ∼200 µW was used in all the RT

measurements in order to prevent the overheating and damage of the InSe nanosheets.
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3.5.2 Low temperature micro-photoluminescence of InSe

Low temperature µ-PL measurements in InSe nanosheets have been carried out by using a diffraction

limited (objective NA 0.55) confocal setup working in backscattering configuration and at liquid helium

temperature. Figure 3.4 shows a scheme of the experimental setup. A CW 405 nm laser was used as

excitation source (power ∼23 µW), which was coupled to a monomode optical fiber and carried to the

excitation arm of the diffraction limited confocal microscope. The collection spot size on the sample was

less than 1 µm. The µ-PL signal was coupled to the collection optical fiber, and was attached to a double

0.3 m monochromator. An ANDOR technology CCD was attached to the monochromator front output

to record the µ-PL spectra.

Figure 3.4: Scheme of the experimental setup used for the µ-PL measurements in InSe at low temperature. B.S.
refers to a beam splitter, in short.

3.5.3 Low temperature non-resonant and resonant excitation micro-photoluminescence

of WSe2

Different experimental setups have been used to perform the low temperature non-resonant and res-

onant excitation µ-PL measurements in SL WSe2. For non-resonant excitation measurements, we have

used a confocal microscope working in backscattering configuration equipped with an objective lens with

NA of 0.82, yielding a diffraction limited lateral resolution of∼460 nm at λ = 750 nm. Figure 3.5 shows

a scheme of the experimental setup used for non-resonant excitation µ-PL measurements. A CW 532

nm laser was used as excitation source. The microscope used dichroic mirrors at λ = 550 nm to separate
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the excitation and PL signals. The setup also included a combination of a liquid-crystal variable retarder

with a quarter wave plate and a fixed linear polarizer in order to perform polarization dependent PL.

Figure 3.5: Scheme of the experimental setup used for the µ-PL measurements in WSe2 at low temperature under
non-resonant CW excitation at 532 nm. BS, DM, LP, WP and LCR refer to beam splitter, dichroic mirror, linear
polarizer, wave plate and liquid-crystal retarder, respectively.

For resonant excitation µ-PL experiments we have used a confocal microscope working in backscat-

tering configuration and equipped with the same objective lens than the previously described setup (NA

of 0.82, yielding a diffraction limited focus of ∼460 nm at λ = 750 nm). Figure 3.6 shows a scheme of

this experimental setup. In this case, a CW tunable laser diode covering a wavelength range of 765-805

nm was used for resonant excitation. The excitation laser was discriminated over the fluorescence signal

by using orthogonally oriented linear polarizers in the excitation and collection arms of the microscope.

This yields a ∼107 suppression factor of scattered laser counts on smooth substrates. On rough sub-

strates, such as gold (these used in experiments described in Chapter 7), a maximum 105 suppression

was achieved.

Finally, in both experimental setups the sample was placed on automated xyz-nanopositioners at T =

4 K in a closed-cycle cryostat with a superconducting magnet able to provide magnetic fields (B) from

0 to 9 T, allowing magneto-optical spectroscopy measurements. Such a magnetic field is applied in the

direction perpendicular to the nanosheet (Faraday geometry). All spectra have been acquired with a 0.5

m focal length spectrometer and nitrogen-cooled CCD with a spectral resolution of ∼75 µeV at λ = 784

nm for an 1800 l/mm grating.
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Figure 3.6: Scheme of the experimental setup used for the µ-PL measurements in WSe2 at low temperature under
resonant CW excitation. BS, LP, and WP refer to beam splitter, linear polarizer and wave plate, respectively.

3.6 Single-photon characterization

In order to confirm the quantum emission behaviour of localized excitons in SL WSe2, we carried

out second-order correlation measurements using a fiber-based Hanbury-Brown and Twiss (HBT) inter-

ferometer.

3.6.1 Second-order correlation function

The second-order correlation function g(2)(τ) is used to study the photon statistics of a light source

[120], and it is defined as the probability that the light source emits one photon at time t + τ given that it

already emitted a photon at time t. Classically, it is defined as the autocorrelation of the optical intensity

g(2)(τ) =
〈I1(t)I2(t + τ)〉
〈I1(t)〉〈I2(t + τ)〉

, (3.1)

where I1(t) and I2(t + τ) are the time averaged number of photons arriving at detectors 1 and 2 at times

t and t + τ , respectively. For an ideal single-photon source, g(2)(τ) should be equal to 0 at τ = 0 and

1 for τ values larger than the lifetime of the emitter. Unfortunately, it is not possible to evaluate the

exact g(2)(τ) function as it requires to know the exact photon emission properties of the source at any

time. However, the g(2)(τ) function can be estimated by using a histogram representing the number

of coincident detections as a function of the measured time delay occurring between the detection of a
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photon in a first avalanche photodiode detector (APD) and the detection of another photon in a second

APD. In this way, it is possible to reasonably estimate g(2)(τ) if the time delays are much shorter than the

average time between the triggers of the two APDs. If the photon source is emitting photons one by one,

the histogram should present an anti-bunched behaviour, i.e. a constant value except for a dip around a

certain time delay which corresponds to the zero time delay of the emission of two successive photons.

Such an experimental zero time delay is given by the relative distances of the APDs to the source.

3.6.2 Hanbury-Brown and Twiss interferometer

A fiber-based HBT interferometer was used for the experimental determination of the g(2)(τ) func-

tion, which measures the probability of any two photons to reach a detector at the same time, depending

of the time delay between their emission. Figure 3.7 represents a schematic of the HBT setup employed.

The working principle is the following: photons emitted from the sample, excited beforehand with a CW

coherent source, go through a beam splitter, and hit two Si APDs placed on either ends of the beam split-

ter. Coincidence events are recorded electronically on two synchronized input channels with a system

timing jitter of ∼600 ps. Finally, in order to be sure that all photons emitted from the sample are coming

from the same source, two angle-sensitive edge filters are used to achieve an efficient spectral filtering.

Figure 3.7: Scheme of the fiber-based HBT interferometer used for the experimental determination of the second-
order correlation.
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3.7 Optical absorption and transmission measurements at high pressures

The optical properties of bulk MoS2 samples were studied by means of transmission and absorp-

tion spectroscopy measurements at RT and high pressure from the ultraviolet (UV) to the mid-infrared

spectral range. Two different experimental setups were used depending on the spectral range of the

measurements. In both cases, a membrane diamond-anvil cell was used as high-pressure generator.

3.7.1 Membrane diamond-anvil cell

In order to apply high pressure to the bulk MoS2 samples used in our experiments, we employed a

diamond-anvil cell of the membrane type (MDAC) [121]. Figure 3.8 presents a scheme of the vertical

cross-section of a typical MDAC. The Inconel gasket (200-µm thick) is previously preindented in the

diamond cell. As a result, a kind of crater is indented in the gasket. The gasket thickness inside the

indentation is reduced to 40-50 µm, in a diameter with the size of the diamonds culets (500 µm in this

case). A hole of 250 µm is made by electroerosion in the center of the flat indentation, that will act as

pressure chamber, once it is placed again between the diamonds. The thin sample, 1 to 20 µm thick and

some 100 µm in size is placed in the center of the hole once the preindented and drilled gasket has been

placed on the diamond anvil of the cell body, along with one or two ruby microspheres, whose PL is

used to measure the pressure inside the pressure chamber [122]. For measurements in the UV, visible

and near-infrared range, a mixture of methanol, ethanol and water in the proportions 16:3:1 was used

as hydrostatic pressure transmitting medium. For measurements in the mid-infrared, we used KBr as

a transmitting medium. Then the pressure chamber is closed with the diamond anvil in the piston cell

and the membrane holding piece. By inflating the membraine with helium gas, a force is applied on the

piston in order to increse the pressure in the gasket hole. Pressure is determined from the linear ruby

scale. For doing so, an Ar+ laser is focussed in a ruby and the wavelength of the luminescence peaks

coming from the 2T1g and 2Eg levels of Cr3+ ions of ruby (historically known as the R1 and R2 lines,

respectively) is then used to determine the pressure according to the relations [123]

λR1 = 692.8+0.364P (3.2)

λR2 = 694.3+0.364P (3.3)
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where P is the pressure within the cell.

As it can be observed in Fig. 3.8, the DAC is designed so that light can pass from one side to the

other through the diamonds and the hole in the gasket.

Figure 3.8: Scheme of the vertical cross-section of a typical MDAC.

3.7.2 Optical transmittance and absorbance in the ultraviolet, visible and near-infrared

Transmittance measurements at high pressure in the wavelength range 250-700 nm were carried out

by using the experimental setup described in Fig. 3.9. In these measurements the pressure was varied

between 0 and ∼26 GPa. In this case, the acquired optical transmittance (T ) spectra of bulk MoS2

samples were then converted into optical absorbance (A) spectra using the relation

A = log(T ) = log(
I
I0
), (3.4)

where I0 is the intensity of light striking the sample surface and I is the intensity of light transmitted

through the sample. Once the optical absorbance has been obtained, it is possible to calculate the absorp-

tion coefficient of the sample by using the Beer-Lambert law

I
I0

= T = e−αd , (3.5)
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which relates the optical transmittance of light through a sample with the absorption coefficient (α) and

thickness (d) of the sample. Finally, by combining Eqs. (3.4) and (3.5) it is possible to relate α with the

optical absorbance through the following equation

α =
ln(10)A

d
. (3.6)

Figure 3.9: Scheme of the experimental setup used to measure transmission and absorption at high pressures in the
ultraviolet and visible range.

Transmittance measurements in the near-infrared were performed by using a slightly different ex-

perimental setup than the one described in Fig. 3.9. For these measurements, the transmitted light was

focused on the entrance slit of a Jobin-Yvon M25 monochromator. Its focal length is 250 mm. When

using the 600 tr/mm diffraction grating the wavelength dispersion on the exit slit plane is 6 nm/mm.

The photodetector was a Ge photodiode. All optical signals are synchronously measured by using a

mechanical chopper and a lock-in amplifier.

Finally, in order to study the evolution of the indirect and direct optical band gaps of bulk MoS2

as a function of the applied pressure, we used bulk MoS2 samples with different thicknesses. For the

experimental study of the direct optical band gap of bulk MoS2 occurring at K and K′ points of the

Brillouin zone, we used a 130 nm thick MoS2 sample. However, for the experimental determination of

the indirect band gap of bulk MoS2 we used thicker MoS2 samples (with thicknesses ranging from 1 to

11 µm), as the absorption coefficient for the indirect band edge transitions turn out to be more than one

order of magnitude lower than that associated to the direct band-gap transitions.
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3.7.3 Optical transmittance and absorbance in the mid-infrared

Optical transmittance measurements of bulk MoS2 at high pressures in the mid-infrared were per-

formed by means of Fourier Transform Infrared spectroscopy (FTIR). A scheme of the experimental

optical setup used in our experiments is shown in Fig. 3.10. It is based in a Interspectrum TEO-400

Michelson interferometer module and a non-commercial microsopic optical bench [124]. The TEO-400

module operates in the mid-infrared spectral range (400-4000 cm−1), with an IR globar internal source

and a KBr beam splitter providing a maximum resolution of the order of 0.5 cm−1. In the interferometer,

the light passes through a KBr beam splitter, which sends the resulting beams towards two mirrors. One

beam is sent to a stationary mirror, which then reflects the light back to the beam splitter. The other

beam is sent to a moving mirror. The motion of this mirror makes the total path length to variate with

respect to that taken by the stationary-mirror beam. When the two reflected beams meet up again at the

beam splitter, they interfere, creating an interference pattern as a function of the distance shift of the

moving mirror. The recombined beam is then sent through the sample, and the transmitted beam is then

focused into a liquid nitrogen-cooled mercury cadmium telluride (MCT) detector. Finally, the recorded

spectrum is converted from the space domain (length travel of the moving mirror) to the spectral domain

(wavenumber) by means of an inverse Fourier transform.

Figure 3.10: Scheme of the experimental non-commercial FTIR setup.
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3.7.4 Determination of the ordinary refractive index of bulk MoS2 under high pressure

The ordinary refractive index (n⊥) of bulk MoS2 under high pressure was studied from the visible to

the mid-infrared spectral range by using the experimental setups described in Figs. 3.9 and 3.10. The n⊥

of the samples was determined from the interference fringe pattern observed in the transmitted light with

normal incidence by using the interference condition

2n⊥d = kλ , (3.7)

where d is the thickness of the MoS2 sample, and λ and k represent the wavelength and interference order

of the interference maxima, respectively. The sample thickness and the interference order at ambient

pressure were determined using the refractive index given in [125].

3.8 Photoemission spectroscopy

Photoemission spectroscopy is a general term which refers to all techniques based on the direct

exploitation of the photoelectric effect explained for the first time by Einstein (1905), who recognized

that when light is incident on a sample an electron can absorb a photon and escape from the material

with a maximum kinetic energy hν −Φ (where hν is the photon energy and Φ is the material work

function). Because of the small escape depth of the photoemitted electrons (few tens of Armstrongs),

photoemission spectrsocopy is a surface sensitive technique. In this section, we will briefly describe

the main aspects of the photoemission techniques used in thesis for the investigation of InSe: the X-ray

photoemission spectroscopy and the angle-resolved photoemission spectroscopy.

3.8.1 X-ray photoemission spectroscopy

The X-ray photoemission spectroscopy (XPS) technique is a widely used method for the study of

the chemical composition and atomic environment of atoms present at the sample surface. In this sense,

when a material is irradiated by X-rays, the core level electrons of its surface atoms absorb the X-ray

photon energy hν , overcome their binding energy EB and are emitted out of the surface with a certain

kinetic energy Ekin. The process can be described by taking advantage of total energy conservation by
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means of the Einstein equation [126]:

Ekin = hν−EB−Φsp. (3.8)

In this equation, hν represents the energy of the X-ray source and Φsp is the work function of the sample.

As a consequence, the measurement of the kinetic energy of the photoemitted electrons by an analyzer

allows to determine the binding energy of the corresponding core levels. Figure 3.11 shows a schematics

of the photoemission process.

Figure 3.11: Schematic diagram of a core-level-photoelectron emission process.

3.8.2 Angle-resolved photoemission spectroscopy

The angle-resolved photoemission spectroscopy (ARPES) is a standard technique used for the in-

vestigation of the low energy momentum-resolved electronic structure of crystalline solids. Figure 3.12

shows the experimental geometry of an ARPES experiment. In this technique, photoelectron excitation

is produced by relatively low-energy photons, these generated by gas-discharge lamps or in synchrotron

facilities. As a result, electrons are emitted by the photoelectric effect and escape into the vacuum in all

directions. Photoelectrons are collected with an electron-energy analyzer characterized by a finite accep-

tance angle, which allows to determine the kinetic energy Ekin of the photoelectrons for a given emission

angle. In ARPES experiments, the photoelectron momentum
−→
K is also completely determined: its mod-

ulus is given by
−→
K =

√
2mEkin/h̄2 and its components parallel and perpendicular to the sample surface
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are obtained from the polar (θ ) and azimuthal (φ ) emission angles subtended between the analyzer and

the oriented sample [127]. In this way, by taking advantage of the momentum conservation law, it is

possible to relate the momentum of the photoelectrons with the crystal-momentum
−→
k inside the solid:

−→
K ‖ =

−→
k ‖ =

√
2mEkin/h̄2 sinθ , (3.9)

where h̄
−→
k ‖ is the component parallel to the surface of the electron crystal momentum [127].

Figure 3.12: Experimental geometry of an ARPES experiment (reproduced from [127]).

3.8.3 Synchrotron light source

Regarding to light sources most commonly employed in photoemission spectroscopy experiments,

the development of synchrotrons made available the whole range of excitation energies between X-ray

tubes and He lamps. Moreover, the use of synchrotron light has several advantages in comparison to

common laboratory X-ray sources. Besides higher photon flux and the possibility of focusing of an X-

ray beam into a nanometer-scale spot (nano-XPS), synchrotron light has the property of excitation energy

tunability, which allows changing the information depth and the photoelectron cross section.

Photoemission studies of InSe nanosheets presented in this thesis were carried out using the ARPES

k-microscope of the ANTARES beamline of the SOLEIL Synchrotron source [128]. This microscope is

equipped with two Fresnel zone plates for focusing of the synchrotron radiation to a beam size of ∼100

nm and an order selection aperture to eliminate higher diffraction orders. The experiments were carried

out under ultra-high vacuum conditions (UHV) with a base pressure better than 5·10−11 Torr, keeping

the sample at Nitrogen temperature. The nano-XPS and nano-ARPES measurements were carried out
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using the two operation modes of the ANTARES microscope: the scanning mode, which allows to

record 2D images by mapping the intensity of electronic states with selected values of momentum and

binding energy over micro-size sampling areas, and the micro- and nano-spot spectroscopy mode, which

combines linear and angle sweeps to perform precise electronic band structure determination.

Figure 3.13: Optical microscopy image showing an example of the position determination of InSe nanosheets on
the metallic holders.

The nano-ARPES measurements were carried out on freshly cleaved bulk InSe samples that had

been prepared in situ under UHV conditions. The nano-XPS measurements were performed on InSe

nanosheets exfoliated on top of SiO2/Si substrates with a nominal oxide thickness of 300 nm. Previous

to the nano-XPS measurements, the SiO2/Si substrates containing the InSe nanosheets were mounted on

top of metallic holders, and the position of the InSe nanosheets with respect to the metallic holder edges

was determined with micrometric precision (see Fig. 3.13) in order to facilitate the subsequent location

of the samples during the nano-XPS measurements. After determining the position of the nanosheets

in the metallic sample holders, the SiO2/Si substrates were grounded to these sample holders with the

aim to minimize charge effects induced by the photoemission process. Finally, the sample holders were

mounted on a nano-positioning stage, as sketched in Fig. 3.14.

Figure 3.14: Sketch of the nano-XPS system of the ANTARES beamline (SOLEIL Synchrotron source [128]).
Image courtesy of Dr. M. C. Asensio and Dr. J. Avila.
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Chapter 4

Optical contrast of InSe nanosheets

In this chapter, we study both experimentally and numerically the optical contrast (OC) of InSe nano-

sheets deposited on different substrates in order to determine the conditions that maximize it, which is

a fundamental requirement for a fast and reliable localization of nanosheets with a particular thickness.

Section 4.1 presents an introduction to the state-of-the-art of the OC technique in 2D materials. The

analytical model used to calculate the OC of 2D InSe is described in Section 4.2 for both monochromatic

and broadband illumination. Section 4.3 describes the experimental determination of the OC of InSe

nanosheets. Section 4.4 presents the experimental and calculated results of the OC of InSe deposited

on the most extensively used SiO2/Si substrates using both band-pass filters and broadband illumina-

tion. Section 4.5 shows a numerical study of the conditions that enhance the OC of 2D InSe deposited

onto transparent substrates, and the experimental and calculated results for the particular case of InSe

deposited on quartz substrates. Finally, Section 8.8 summarizes the main results of the chapter.

4.1 Introduction to optical contrast in 2D materials

Further improvement of the performance of devices based on 2D layered materials relies on the

quality of 2D samples. Currently, mechanical exfoliation [44] and the anodic bonding method [46]

are still two of the most efficient ways to obtain high-quality, atomically thin nanosheets of layered

semiconductors [13, 15, 129–132]. However, these techniques produce not only single- and few- to

multilayer samples but also a large number of thicker nanosheets. Therefore, the rapid determination of

location and layer number of mechanically exfoliated single- and few-layer nanosheets among a copious

ensemble of thick nanosheets is relevant for fundamental research and practical fabrication of devices
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on the most extense and highest quality nanosheets. Many methods have been used to determine the

thickness of 2D nanosheets, such as AFM, Raman spectroscopy, and optical microscopy. Although AFM

is commonly used to measure the thickness of 2D nanosheets, it is not suitable for rapid measurements

over large area samples. In addition, AFM measurements might be affected by the absorbed water

layer under 2D nanosheets [133] or instrumental offset. Raman spectroscopy has been often used for

a quick characterization method to distinguish single- to few-layer 2D nanosheets [134]. However, the

fast attenuation and weak thickness dependence of the Raman modes detected in III-VI compounds

prevents this technique for a clear determination of the number of layers of nanosheets of these materials

[42, 130, 132], as it will be shown in Section 5.2. Optical identification methods to identify and estimate

the number of layers of nanosheets seem to overcome these difficulties [135–137] as well as the possible

presence of an absorbed water layer under 2D nanosheets [137]. In fact, optical methods have been

demonstrated to provide for simple and reliable identification of 2D nanosheets of graphene and TMDs

on top of SiO2/Si substrates [135–137] by measuring the OC differences between 2D nanosheets and

substrates. The origin of the OC between 2D nanosheets and the underlying substrates arises mainly

due the combined effect of two processes: the first one is the phase change φ that the light experiences

when passing through the nanometric thicknesses of 2D materials. The second one is the modification

of the reflection coefficient of the first interface of the multilayered system, with respect to the bare

substrate, due to the presence of the 2D materials. However, in order to be able to use the OC as an

efficient method to both locate and identify the thickness of 2D nanosheets, it is really important to

engineer the experimental conditions to optimize the resulting OC of the nanosheet/substrate system. In

this respect, it has already been demonstrated for 2D materials (such as graphene [135, 138], MoS2 and

WSe2 [136, 137]) deposited on top of SiO2/Si substrates, that the thickness of the oxide layer can be tuned

to maximize the OC. Alternatively to the use of SiO2/Si substrates with a suitable SiO2 thickness for the

identification of 2D materials, it has also been reported that the tuning of the illumination wavelength

produce similar light phase shift effects that lead to an enhancement of the OC [135, 137]. Figure 4.1,

reproduced from Ref. [135], evidences the importance of the OC optimization for an efficient and fast

identification of 2D nanosheets. This figure shows optical images of graphene nanosheets deposited

onto SiO2/Si substrates with 300 (Fig. 4.1(a)) and 200 nm of SiO2 (Fig. 4.1(b)) acquired with white

light illumination under normal incidence conditions. As it can be observed, although nanosheets of

different thicknesses can be detected through OC changes when the nanosheets are on top of 300 nm

of SiO2, graphene nanosheets of similar thicknesses become completely invisible on top of 200 nm

of SiO2 under white light illumination, which highlights the important role that substrate optimization
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plays in the OC method. The influence of the illumination wavelength on the OC is also demonstrated

in the top and bottom panels of Fig. 4.1, which show the same samples but illuminated by using various

narrow-band filters. While illumination wavelengths of ∼550 nm seem to enhance the OC of graphene

nanosheets deposited on top of 300 nm of SiO2 (top panels), the same nanosheets become completely

invisible under illumination at 410 and 710 nm. However, graphene nanosheets deposited on 200 nm

SiO2 (bottom panels) present an optimized OC for illumination wavelengths of 410 and 470 nm, and

they become invisible for higher illumination wavelengths in the visible range.

Figure 4.1: Figure reproduced from Ref. [135]. (a) Optical images of graphene nanosheets deposited onto a
SiO2(300 nm)/Si substrate acquired with white light (a) and green light (b). (c) Different graphene nanosheets of
similar thickness than these shown in (a) deposited onto a SiO2(200 nm)/Si substrate imaged with white light. Top
and bottom panels show the same nanosheets as in (a) and (c), respectively, but illuminated through various narrow
band-pass filters.

The previous results stress out the necessity of an experimental and numerical study of the condi-

tions that enhance the OC of InSe nanosheets, which could be very useful for the continuously growing

community working with the 2D-form of this semiconductor and its applications.

4.2 Numerical modelling of optical contrast

Based on the above, we have studied the applicability of OC-based methods to few-layer InSe. The

OC of few-layer InSe exfoliated onto different multilayered substrates has been calculated as a function

of the illumination wavelength, substrate thickness and the refractive index of the substrate in order to

determine the optimal imaging conditions for their optical detection. The OC has been defined as the
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ratio between the intensity of the reflected light with/without an InSe nanosheet on the top of the substrate

OC (λ ) =
R0 (λ )−R(λ )

R0 (λ )
, (4.1)

where λ is the wavelength of the incident electromagnetic wave, and R(λ ) and R0 (λ ) are the intensity

of the light reflected by the multilayer structure with and without an InSe nanosheet, respectively. R0 (λ )

and R(λ ) have been calculated using a transfer matrix formalism.

4.2.1 Transfer matrix method

The transfer matrix method (TMM) is a very versatile formalism that can be used to solve the general

problem of wave propagation through a multilayer structure, and it allows one to simulate the reflectivity,

absorption, and transmission of plane waves through the considered planar structure. It is covered in

many books and papers and there are different types of derivation [139–142]. In this subsection we will

briefly describe the TMM derivation employed in our calculations, which is based on the forward- and

backward-propagating electric fields in each layer of the multilayer structure [141, 143, 144]. Another

alternative derivation, which is based on the tangential electric and magnetic fields in each layer can also

be found in the literature [139, 145, 146].

The multilayered medium consists of a stack of layers with thickness di and refractive indices ni,

separated by plane interfaces (see Fig. 4.2(a)). The zi coordinates refer to the position of the planar

interface between the layers i−1 and i. The planar layers are assumed to be homogeneous and uniform

in the x and y directions, so that surfaces are normal to the z direction. The normal to the interface planes

and the wave vector of the incident plane wave define a plane, which is called the incident plane.

Within this formalism, it is sufficient to treat the problem for two orthogonal polarizations. In this

way, the problem can be solved once for the TE-polarization (s-wave) with the electric field parallel to the

interfaces of the stack and once for the TM-polarization (p-wave) with the magnetic field parallel to the

interfaces of the stack. The orientation of both polarizations is illustrated in Fig. 4.2(b). In the following

description, the two problems (one for each polarization) will be discriminated by the polarization depen-

dent reflection and transmission coefficients. In each layer, all contributions to the forward-propagating

wave (towards increasing z) have the same direction and thus form one plane wave. The same holds for

the backward-propagating wave (towards decreasing z). Thus, the electric field at any given point of the
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Figure 4.2: (a) Scheme of the multilayer stack. (b) Direction of the electric and magnetic fields for s- and p-
polarizations.

structure is a superposition of the forward-moving and backward-moving electromagnetic waves at that

layer

Ei (z) = EF
(
z+i
)

e jkz,i(z−zi)+EB
(
z+i
)

e− jkz,i(z−zi) (4.2)

where kz,i is the z-component of the wave vector ki in layer i

kz,i = k0ni cosθi, (4.3)

with k0 the wavenumber in vacuum and θi the propagation angle inside the layer. EF
(
z+i
)

and EB
(
z+i
)

are the complex amplitudes of the forward- and backward-propagating waves, respectively, just after the

interface i.

In this respect, for a given multilayer structure, the TMM relates the complex amplitudes EF and

EB just before and just behind the first and the last interface of the multilayer stack trough a matrix that

describes the whole structure.EF
(
z−1
)

EB
(
z−1
)
= T0N

EF
(
z+N
)

EB
(
z+N
)
=

T 11
0N T 12

0N

T 21
0N T 22

0N


EF

(
z+N
)

EB
(
z+N
)
 (4.4)

The complete matrix T0N describing the system can be built by multiplying the individual transfer
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matrices that account for wave propagation through interfaces an propagation through layers. The prop-

agation matrix through an interface between layers i−1 and i can be calculated in the following way

EF
(
z−i
)

EB
(
z−i
)
= Mi−1,i

EF
(
z+i
)

EB
(
z+i
)
=

1
ti−1,i

 1 ri−1,i

ri−1,i 1


EF

(
z+i
)

EB
(
z+i
)
 (4.5)

where ri−1,i and ti−1,i are the complex reflection and transmission Fresnel coefficients of the interface,

respectively. The s (TE) and p (TM) polarization have to be calculated separately by using the corre-

sponding Fresnel coefficients (see Appendix A).

The next step is to build the transfer matrix for wave propagation through a layer. Let us consider the

layer i in Fig. 4.2. The amplitudes of the forward and backward propagating waves just before and just

behind the interfaces of the adjacent layers are related in the following way

EF
(
z−i+1

)
= EF

(
z+i
)

e jkz,idi (4.6)

EB
(
z−i+1

)
= EB

(
z+i
)

e− jkz,idi

Therefore, we can build the propagation matrix Pi through a layer i as

EF
(
z+i
)

EB
(
z+i
)
= Pi

EF
(
z−i+1

)
EB
(
z−i+1

)
=

e− jφi 0

0 e jφi


EF

(
z−i+1

)
EB
(
z−i+1

)
 (4.7)

where we have defined φi = kz,idi.

The complete transfer matrix for the wave propagation through the layered medium can thus be built

by multiplication of all individual transfer matrices in the proper order

EF
(
z−1
)

EB
(
z−1
)
= T0N

EF
(
z+N
)

EB
(
z+N
)
=

T 11
0N T 12

0N

T 21
0N T 22

0N


EF

(
z+N
)

EB
(
z+N
)
 (4.8)

where

T0N = T01P1T12P2...TN−2,N−1PN−1T(N−1)N . (4.9)

Equation (4.9) is known as the matrix formulation for wave propagation through multilayer systems.
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This expression can be used for solving a variety of wave propagation problems. Let us now apply the

transfer matrix method to the problem of the OC, in which a plane wave is incident on a stack of layers.

First, the individual transfer matrices are calculated by means of Eqs. (4.5) and (4.7). Next, the complete

transfer matrix is calculated by multiplying these matrices using Eq. (4.9). As there is no incident field

from the right side, we have EB
(
z+N
)
= 0. So, we are left with the following matrix formulation for wave

propagation in the multilayer stack:

EF
(
z−1
)

EB
(
z−1
)
=

T 11
0N T 12

0N

T 21
0N T 22

0N


EF

(
z+N
)

0

 . (4.10)

The reflection and transmission coefficients of the multilayer stack can be calculated by the ratios

r =
EB
(
z−1
)

EF
(
z−1
) = T 21

0N

T 11
0N

(4.11)

t =
EF
(
z+N
)

EF
(
z−1
) = 1

T 11
0N

(4.12)

From the amplitude reflection and transmission coefficients, the power reflection and transmission coef-

ficients can be easily calculated after taking into account the obliqueness factor, which is different for s

and p polarizations. For s (TE) polarization, we have

Rs = |rs|2 (4.13)

Ts = Re
(

nN cosθN

n0 cosθ0

)
|ts|2, (4.14)

while for p (TM) polarization we have

Rp = |rp|2 (4.15)

Tp = Re
(

n∗N cosθN

n∗0 cosθ0

)
|tp|2. (4.16)
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4.2.2 Monochromatic and broadband illumination configurations

In order to carry out the numerical calculation of the OC of InSe nanosheets on top of different sub-

strates, we have implemented a script with the TMM previously described using the software Wofram

Mathematica [147]. OC calculations as a function of the monochromatic illumination wavelength have

been performed by evaluating Eq. (4.1) for visible wavelengths (λ = 400−700 nm). In our calculations,

the wavelength-dependence of the refractive indices of each material has been taken into account. The

calculated values obtained with Eq. 4.1 (monochromatic illumination) have been directly compared with

experimental OC values obtained with band-pass illumination. However, when dealing with experimen-

tal OC values acquired with white light (i.e., without using band-pass filters), Eq. (4.1) must be evaluated

under broadband illumination in a similar way to that reported in Ref. [148] and summarized below. For

this purpose, it is necessary to take into account the red- (R), green- (G) and blue-channel (B) response

functions of the optical camera used for the acquisition of the optical images. Taking this into account,

the red- (OCR), green- (OCG) and blue-channel (OCB) OC of InSe nanosheets on different substrates

under broadband illumination have been estimated by weighting the calculated OC of Eq. (4.1) with the

corresponding channel response function S(λ ) of the Bayer RGB filter in the CCD [148]

OCR,G,B =

∫
λ=700nm
λ=400nm SR,G,B (λ )OC (λ )dλ∫

λ=700nm
λ=400nm SR,G,B (λ )dλ

. (4.17)

Finally, in the calculations we have assumed perpendicular incidence of the light to the substrate.

Under this assumption, there is not distinction between s- and p-polarized incident waves (see Appendix

A), and therefore it is enough to perform the calculations for one of the two polarization configurations.

4.3 Experimental determination of the optical contrast of InSe nanosheets

The localization of the InSe nanosheets in the substrates has been carried out by optical microscopy,

using an Eclipse LV150A optical microscope from Nikon and equipped with a Nikon DS-FI2 high-

definition color camera for image acquisition. The thickness of the InSe nanosheets was measured by

using an AFM operating in non-contact mode. All AFM studies have been performed after the optical

characterization of the nanosheets in order to prevent eventual damage of the nanosheets during AFM

characterization.
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Experimental OC values have been obtained from optical microscopy images acquired using both

band-pass filters and white light illumination. Figures 4.3(a) and 4.3(b) show the spectral response of

the Bayer RGB filter and the band-pass filters used in this work, respectively. These Bayer filters contain

50% green and only 25% of red and blue elements each, simulating the well-known human eye higher

sensitivity (higher signal-to-noise ratio) to the green optical channel. Experimental OC values have been

extracted from the acquired optical images using

OCexp =
Isub− Inanosheet

Isub
, (4.18)

where Inanosheet is an averaged intensity value of the pixels conforming the image of the InSe nanosheet

and Isub is an averaged intensity value taken from different pixels laying on the substrate all around the

nanosheet.

Figure 4.3: (a) R, G, and B channel response functions of the Bayer RGB filter used in this work. (b) Spectral
transmittance windows of the band-pass filters used in this work.

4.4 Optical contrast of InSe nanosheets on SiO2/Si substrates

In this section, we present the experimental and numerical results of the OC of InSe nanosheets de-

posited on SiO2/Si substrates by using both band-pass and broadband illumination. This configuration

can be modelled as the stacking of two thin films (the InSe nanosheet and the thicker SiO2 layer un-

derneath) on top of a semi-infinite Si medium, as shown in Fig. 4.4. The InSe nanosheets have been

modelled by thin homogeneous films of thickness d1 = Nd, where N is the number of layers of each par-

ticular InSe nanosheet and d ∼0.83 nm the thickness of a SL [96]. For the calculations we have assumed
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that few-layer InSe nanosheets exhibit the same real refractive index of the bulk. A real refractive index

n2(λ ), given by

n2(λ ) =

(
1+

0.6961663λ 2

λ 2−0.06840432 +
0.4079426λ 2

λ 2−0.11624142 +
0.8974794λ 2

λ 2−9.8961612

)1/2

(4.19)

is considered for the SiO2 film [149]. The semi-infinite silicon substrate is also exhibiting a wavelength-

dependent complex refractive index ñ3(λ ), as used in [149].

Figure 4.4: Scheme of the geometry considered in the OC calculations shown in this section. An InSe nanosheet
of thickness d1 and a refractive index n1 is deposited on a SiO2 layer of thickness d2 and a refractive index n2 that
is grown on top of a degenerately doped Si substrate characterized by a refractive index ñ3. A semi-infinite slab of
air, with a refractive index n0 = 1, has been considered above the InSe nanosheet.

4.4.1 Band-pass filter illumination

Figure 4.5(a) shows an optical microscope image of an InSe SL nanosheet deposited on top of a

SiO2/Si substrate with a SiO2 thickness of 300 nm. Figure 4.5(b) shows an AFM profile measured along

the red path in shown in Fig. 4.5(a), confirming the SL thickness of the InSe sample. Figure 4.5(c)

shows the corresponding experimental OC values obtained from the optical images acquired with differ-

ent band-pass filters. As it can be seen, the experimental OC measured for the SL InSe reaches absolute

values of ∼0.08, either positive or negative depending on the excitation wavelength. Together with the

experimental OC values, Fig. 1(c) also shows the calculated OC as a function of the illumination wave-

length for a SL InSe nanosheet obtained by using Eq. (4.1). A good agreement between the experimental

and the calculated OC values as a function of the wavelength is observed. Moreover, calculations sug-

gest than an even higher enhancement of the OC of the SL InSe could be achieved by using a band-pass

filter centered at ∼530 nm. For this wavelength, the calculated OC would reach very similar values to

experimentally reported OC values of SL graphene exfoliated on SiO2(300 mn)/Si substrates [135].
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Figure 4.5: (a) Optical microscope image of an InSe SL deposited on top of a SiO2(300 mn)/Si substrate obtained
under white light illumination. (b) AFM profile measured along the red path in (a). (c) Experimental and calculated
OC values of the nanosheet shown in (a) for different effective illumination wavelengths, as explained in the text.

As discussed above, the OC of 2D InSe can be enhanced by using the proper illumination wave-

length. However, in order to use the OC as a fast and efficient method to estimate the thickness of 2D

InSe nanosheets, it is also necessary that the evolution of the OC with the InSe thickness shows an al-

most constant slope, avoiding quasi-flat OC behavior or changes from positive to negative slopes (or vice

versa), which would limit the identification capabilities of the method. In order to investigate the evo-

lution of the OC with InSe thickness under different illumination wavelengths, we have also measured

the OC in few-layer InSe nanosheets with thicknesses ranging from ∼1 to 6 nm using band-pass filters.

Figure 4.6 shows optical images of these nanosheets acquired with white light and with different visible

band-pass filters. The experimental OC values extracted from these images for the different thicknesses

of InSe nanosheets are shown in Fig. 4.7(a) as a function of the effective wavelength (dots) together

with the calculated values using Eq. (4.1) (lines). Figure 4.7(b) shows similar information, but plotted

as a function of InSe thickness for the different band-pass filters. Again, a good agreement between

experimental and calculated values can be observed. From these results we observe that the band-pass

filter centered at 500 nm yields the highest OC values and the best OC evolution for the different InSe

thicknesses among the filters used in this work. Therefore, the OC of few-layer InSe deposited onto the

extensively used SiO2(300 nm)/Si substrates can be optimized by using band-pass filters as wide as ∼40
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Figure 4.6: Optical microscopy images of 2D InSe nanosheets of different thicknesses deposited on SiO2(300
nm)/Si substrates and acquired with white light and with different visible band-pass filters.

Figure 4.7: (a) Experimental (dots) and calculated (lines) OC values of InSe nanosheets with different thicknesses
as a function of the illumination wavelengths. (b) Experimental and calculated OC values of the same nanosheets
than (a) obtained with different band-pass filters as a function of InSe thickness.

nm without further modifying the standard illumination system of the optical microscope. This simple

strategy is more versatile than the use of LEDs or lasers for illumination, because these light sources are

not available in all visible wavelengths, besides requiring more extensive modifications of commercial

microscopes. Moreover, it is worth noting that these results are independent of the maximum spectral

transmittance factors of the band-pass filters used. Limitations in the transmittance factor are present

for the two cases compared here for the calculation of the OC: reflection from the bare substrate and

with the InSe nanosheet on top of it. Consequently, the OC value obtained is independent of the filter

transmittance factor, as inferred from Eq. (4.1).
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4.4.2 Broadband illumination

As previously discussed, the OC method can be generalized to broadband (white light) illumination.

This generalization to white light illumination turns out to be more conevient from the experimental point

of view, since it allows one to avoid the use of monochromatic illumination or the use band-pass filters

for the experimental determination of OC in 2D nanosheets. However, for numerical OC modelling (see

Eq. (4.17), the use of broadband illumination requires a precise knowledgement of the spectral response

of the Bayer RGB filter in the CCD used for image acquisition (see Fig. 4.3(a)). For this reason, in

this subsection we have focused mainly on the green-channel OC (OCG) of InSe nanosheets on SiO2/Si

substrates under broadband illumination.

Figure 4.8: (a) AFM image of a multi-terraced InSe nanosheet exfoliated onto a SiO2(285 nm)/Si substrate. (b)
Thickness profile measured along the ABCD path indicated in (a). Horizontal dashed lines indicate the thickness
expected by the sequential stacking of InSe SLs. (c) Optical microscopy image of the same multi-terraced InSe
nanosheet. (d) R-, (e) G-, and (f) B-channel images of the original color image shown in (c).

Figures 4.8(a) and 4.8(b) show the AFM results of a multi-terraced InSe nanosheet deposited on

a 285 nm SiO2/Si substrate. These results reveal that the nanosheet is formed by terraces of uniform

thicknesses ranging from∼3 to∼15 InSe SLs, which can be univocally identified with the color-contrast

areas observed in the optical image of the nanosheet (Fig. 4.8(c)). This optical image was obtained under
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white light illumination and the decomposition into its R, G, and B channels is shown in Figs. 4.8(d)-

(f), respectively. In order to illustrate the relevant role of the G channel for optical identification of

InSe nanosheets on the SiO2/Si substrates selected, it is worth noting that small changes of thickness

in atomically thin InSe nanosheets, as those observed in the thinnest terrace along the BC path of Fig.

4.8(a), can be observed by the R and B optical channels of the nanosheet image (Figs. 4.8(d) and 4.8(f),

respectively). However, the G optical channel (Fig. 4.8(e)) and the optical image of the nanosheet (Fig.

4.8(c)) hardly resolve them. These results put forward the necessity to optimize the OCG for a reliable

identification of very thin InSe nanosheets under white light illumination.

Figure 4.9 shows the comparison between the experimental OCG values and those calculated by

using Eq.(4.17) at different points of the InSe nanosheet, labeled as A to K in the inset. An excellent

agreement between calculated and experimental OCG values can be observed. These results indicate that

the 285-nm SiO2/Si substrates provide sufficient OC for detection and identification of InSe nanosheets

as thin as 3 SLs (i.e., one hexagonal-unit-cell of bulk InSe). Conversely, our results seem to indicate that

these substrates are not optimal for the identification of eventual single- or bi-layer InSe nanosheets by

an optical microscope under broadband illumination conditions, due to their relatively low OCG values

(0.006 and 0.02, respectively) obtained by using Eq. (4.17).

Figure 4.9: Comparison between the OC values calculated in the green-channel obtained by using Eq. (4.17) and
the experimental values measured at the points labelled from A to K in the experimental G-channel OC image
depicted in the inset.

In spite of the above, one can guess that other OC values can be obtained for other SiO2 thicknesses.

In this way, we have used Eq. (4.17) to estimate the SiO2 thickness yielding the optimum OC when InSe
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Figure 4.10: (a) OCG calculated for different InSe nanosheets with thicknesses ranging from 1 to 5 SLs onto
SiO2/Si substrates, as a function of the SiO2 layer thickness. (b) Evolution of the OCG as a function of the number
of InSe SLs for different SiO2 thicknesses.

nanosheets are deposited onto SiO2/Si substrates. Figure 4.10(a) shows the calculated OCG for InSe

nanosheets with different thicknesses deposited onto SiO2/Si substrates as a function of the SiO2 layer

thickness, by using Eq. (4.17). The obtained curves present alternate positive and negative lobes whose

amplitude decreases with the SiO2 layer thickness. Positive and negative OCG values indicate that the

potentially detectable InSe nanosheets would appear darker or brighter than the substrate, respectively.

Figure 4.10(b) depicts the OCG values calculated as a function of the number of InSe SLs, for selected

values of the SiO2 layer thicknesses of 65, 110 and 230 nm, for which the OCG curves shown in Fig.

4.10(a) exhibit local extremes. In Fig. 4.10(b), we have included the OCG calculated for the widely

used 90, 285 and 300 nm SiO2 coating layers, for completeness. As can be seen in this figure, an

intermediate SiO2 layer of 110-nm thick gives rise to the highest OCG values while showing an almost

linear dependence of the OCG with the number of InSe SLs, which makes easier and unambiguous the

identification of nanosheets of a particular thickness using a standard microscope with a color CCD

camera and white light illumination of the sample. In principle, also SiO2 layers of thicknesses around
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65 and 230 nm, i.e., those corresponding to the maxima of the first two positive lobes of Fig. 4.10(a), may

be considered as alternative options for SiO2/Si substrates to provide an identification of InSe nanosheets.

However, their ability to provide for a clear identification of InSe nanosheets would be limited to very

thin ones, due to the quasi-flat OC behaviour obtained for InSe nanosheets thicker than ∼6 nm (Fig.

4.10(b)). Our results also reflect that only the ∼300-nm thick SiO2 coating on Si substrate, against that

of 90 nm, is suitable for the optical detection of InSe nanosheets as thin as one unit cell layer under white

light illumination.

4.5 Optical contrast of InSe nanosheets on transparent substrates

In view of potential applications of 2D InSe for optoelectronic devices, it may be very convenient

to deposit the 2D InSe nanosheets onto transparent bulk substrates. In fact, by means of exfoliation

techniques extensively used for 2D materials such as the direct exfoliation of nanosheets onto dielectric

substrates [150] or the anodic bonding method [46], the resulting exfoliated nanosheets lie on top of

transparent substrates. This can also be the case when the 2D materials are directly exfoliated on vis-

coelastic stamps widely used for all-dry transfer processes of nanosheets [119]. For this reason, a good

OC contrast between the 2D material and the underlying transparent substrate is desirable for a fast and

efficient location and thickness identification of the nanosheets.

Figure 4.11: Scheme of the geometry considered in the OC calculations of InSe on top of transparent substrates.
An InSe nanosheet of thickness d1 and a refractive index n1 is directly deposited onto a semi-infinite transparent
substrate with a real refractive index nsubs. A semi-infinite slab of air, with a refractive index n0 = 1, has been
considered above the InSe nanosheet.

In order to study the substrate properties that lead to an optimization of the OC of 2D InSe on

transparent bulk substrates, in this part of the chapter we have calculated the OCG of InSe nanosheets

with thicknesses in the range from 1 to 12 nm as a function of the refractive index of the underlying
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Figure 4.12: (a) Calculated OCG under broadband illumination for InSe deposited onto a transparent substrate as
a function of the InSe thickness and the refractive index of the substrate. Vertical dashed lines show the refractive
indices of some transparent substrates. (b) Calculated evolution of the OCG as a function of the InSe thickness for
the different substrates indicated in (a).

substrate. This configuration can be modelled as an InSe nanosheet directly deposited on top of a semi-

infinite transparent substrate (see Fig. 4.11). Given that most of the transparent substrates extensively

used do not absorb light in the visible spectral range, we have assumed that the transparent semi-infinite

substrate is characterized by a real refractive index nsubs of constant value in the visible range. This

assumption is justified by the fact that the transparent substrates considered in our calculations present

refractive index variations in the visible range than turn out to be lower than 2% around its value at

a central wavelength of 550 nm [151–153]. The calculations have been performed by using Eq. (4.17)

under broadband illumination. Figure 4.12(a) shows a color plot in which the OCG has been calculated for

the described configuration as a function of the InSe thickness and the refractive index of the transparent

substrate. As it can be observed in this figure, the OCG tends to increase (in absolute value) as the

InSe nanosheet thickness increases. However, this variation is more pronounced for substrates with

lower refractive index. In order to identify potential transparent bulk substrates that optimize the OCG

of InSe nanosheets deposited on top of them, we have also plotted in Fig. 4.12(a) vertical dashed lines

indicating the refractive indices of some transparent substrates at a selected wavelength of 550 nm.

From this figure we can conclude that the substrates with lower refractive indices turn out to be the best

choice to maximize the OCG of InSe nanosheets on a transparent substrate. In order to study in more

detail the evolution of the OCG as a function of InSe thickness, we have plotted in Fig. 4.12(b) the

OCG of InSe deposited on the previously selected transparent substrates. As it can be observed in this

figure, substrates with a refractive index of ∼1.4, such as LiF or the PDMS viscolelastic stamp would

allow that potentially deposited nanosheets as thin as 3 nm gave rise to OCG values as large as those

expected for similar nanosheets on standard SiO2(300 nm)/Si substrates [154]. On the other hand, InSe
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nanosheets deposited on substrates with higher refractive index, such as quartz or BK7 glass, would

exhibit OCG values comparable to these expected for one-two SLs on SiO2(300 nm)/Si substrates [154]

and consequently hard to be detected.

The previous results encourages us to extended these calculations to the blue and red channels (see

Figs. 4.13(a) and 4.13(b), respectively). These calculations suggest that the blue channel is more sen-

sitive for the OC detection of InSe nanosheets on top of transparent substrates with a refractive index

of ∼1.4 such as LiF and PDMS. For these particular substrates, the calculations predict that the blue

channel, in comparison to the green channel, should give rise to OC values that would make easier the

detection and identification of InSe nanosheets as thin as 2 nm (see Fig. 4.13(c)).

Figure 4.13: Calculated OCB (a) and OCR (b) for InSe deposited onto a transparent substrate as a function of the
InSe thickness and the refractive index of the substrate. (c) Calculated evolution of the OC in the red, green and
blue channels as a function of the InSe thickness for transparent substrates with a refractive index of 1.4, such as
LiF and PDMS.

In order to check the reliability of the calculations shown in Figs. 4.12(a) and 4.12(b), we have

also studied experimentally and numerically the OC of 2D InSe deposited onto quartz substrates both

under broadband illumination and by using band-pass filters. Quartz has been selected because of its

wide availability, its low thermal expansion coefficient [155], its high chemical resistance [156] and its

minimal or absent fluorescence. Although other transparent substrates such as LiF or PDMS could give

rise to slightly better OC values, the previously described properties make quartz to be a very suitable
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candidate for an all-purpose transparent substrate while showing an optimized OC. Figure 4.14(a) shows

the experimental OC values obtained for InSe nanosheets with thicknesses ranging from 4 to ∼8 nm

obtained under broadband illumination in the R, G and B filters. As an example of the nanosheets ob-

tained, Fig. 4.14(b) shows the optical image and AFM profile of a 4 nm-thick InSe nanosheet exfoliated

on a quartz substrate. Calculated OCR, OCG and OCB values obtained from Eq. (4.17) are also shown in

this figure. A good correspondence is observed between experimental and calculated values for the three

channels, with the blue-channel showing the highest OC values (in absolute value).

Figure 4.14: (a) Calculated and experimental OC values in the red, green and blue channels of 2D InSe deposited
onto a quartz substrate under broadband illumination. (b) Optical image of a 4 nm-thick InSe flake exfoliated on
quartz. The panel at the bottom shows the AFM profile of the flake obtained along the path indicated in the optical
image by a solid line. (c) Experimental and calculated variation of the OC of the same flakes shown in (a) acquired
using different bandpass filters, as indicated on the plot.

Figure 4.14(c) shows the experimental OC values of the same 2D InSe nanosheets shown in Fig.

4.14(a) acquired by using different band-pass filters. For this configuration, the OC obtained by using

the band-pass filter centered at 500 nm presented similar values in both the blue and green channels of

the Bayer filter of the CCD. For this reason, Fig. 4.14(c) shows an average of the values acquired for

this filter in both channels. Figure 4.14(c) also shows the calculated OC obtained by using Eq. (4.1).

A good agreement between experimental and calculated values is again observed for all the filters used,
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demonstrating the reliability of our calculations. In this case, the highest OC is obtained by using the

filter centered at ∼450 nm.

4.6 Summary

In this chapter, we have employed a transfer matrix approach to calculate the OC existing between 2D

InSe nanosheets and the underlying substrate. Moreover, we have checked experimentally the applica-

bility of OC methods to easily and fast detect InSe nanosheets on different substrates and under different

illumination conditions. Our results show that the OC of 2D InSe deposited onto the extensively used

SiO2(300 nm)/Si substrates can be optimized by illumination through standard wide band-pass filters

due to an enhancement of the OC in the thickness range of interest for the investigation of 2D InSe

nanosheets. This approach turns out to be a good strategy because of the easy integration of band-pass

filters in regular optical microscopy systems. Moreover, we have also demonstrated both experimentally

and numerically that the OC method for InSe can also be generalized to broadband illumination. In

this way, our calculations have revealed that among the currently used SiO2/Si substrates, those with a

coating layer of SiO2 of around 110 nm will favor optical detection of InSe nanosheets as thin as one

SL under white light illumination. In the last part of the chapter, we have studied the OC of 2D InSe

deposited on transparent substrates. Our results suggest that the best OC is achieved for available trans-

parent substrates with low real refractive indices. In this respect, transparent materials such as LiF or the

viscoelastic PDMS stamp (n ∼1.4) and even quartz (n ∼1.46) are a good choice with respect to other

transparent materials extensively used as substrates such as Si3N4, TiO2 or BK7 optical glass, which ex-

hibit higher refractive indices. Finally, we have shown experimentally and numerically that even quartz

substrates are able to provide OC values high enough to detect InSe nanosheets as thin as 3 SLs. In

this case, the optimum OC was obtained by filtering the illumination source at 450 nm. These results

can be very useful for the continuously growing community working with 2D InSe and its potential

optoelectronic applications.
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Chapter 5

Quantum confinement effects on the

electronic, vibrational and optical

properties of few-layer InSe nanosheets

In the present chapter, we present the results of the study of the quantum confinement effects on the

lattice dynamics, electronic and optical properties of 2D InSe nanosheets prepared by mechanical exfoli-

ation. The vibrational properties of 2D InSe have been studied by means of µ-Raman spectroscopy. DFT

band structure calculations were provided by Prof. Enric Canadell and Dr. Gerard Tobias from the Insti-

tut de Ciència dels Materials of the Universitat Autònoma de Barcelona. Photoemission studies of InSe

presented in this chapter have been carried out at the ANTARES beamline of the SOLEIL Synchrotron

source in collaboration with Dr. José Avila and Dr. Maria Carmen Asensio. The thickness of the 2D

InSe nanosheets has been measured by AFM in collaboration with Dr. Rafael Mata, Prof. Ana Cros and

Mr. Daniel Andrés Penares from the Materials Science Intitute of University of Valencia. The optical

properties of the nanosheets have been studied by using both room- and low-temperature µ-PL. The

low-temperature µ-PL experiments have been carried out in collaboration with Dr. Guillermo Muñoz

Matutano at the Materials Science Institute of University of Valencia. The chapter is divided into five

sections. In Section 5.1, we present and discuss results obtained from the first-principles band structure

calculations of bulk and few-layer γ-InSe. In Section 5.2 we experimentally study the quantum confine-

ment effects on the thickness-dependent lattice dynamics in atomically thin InSe nanosheets. In Section

5.3 we present and discuss experimental results evidencing strong quantum confinement effects on the

optical band gap of 2D InSe. In Section 5.4, we show and discuss results obtained from low-temperature
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µ-PL experiments carried out on thin InSe nanosheets. In Section 5.5, we use nano-XPS to reveal the

existence of electrostatic potential barriers in the boundaries between different terraces of multi-terraced

InSe nanosheets. Finally, Section 5.6 summarizes the main results described in the chapter.

5.1 Electronic band structure of InSe

5.1.1 First-principles electronic band structure calculations

First-principle band structure calculations were carried out for bulk γ-InSe and for InSe nanosheets

ranging from one to ten SLs. Details of the band structure calculations can be found in Ref. [157]. For

ease of comparison, the band structure of bulk γ-InSe has been represented in the Brillouin zone of the

hexagonal unit cell instead of the rhombohedral one (see Fig. 5.1). Figure 5.2 shows the calculated

band structures for bulk γ-InSe (a), and nanosheets containing eight (b), four (c) and one (d) InSe SLs.

The band structure of bulk InSe exhibits a high anisotropy degree. For instance, the deep valence bands

related to Se px− py states (that appearing at -1.5 eV around Γ) show no dispersion along the Γ−A

direction, whereas the highest valence and lower conduction bands (with a marked nonbonding Se pz

and antibonding In s character, respectively) exhibit a strong dispersion along the Γ−A direction.

Figure 5.1: Non-primitive unit cell of InSe corresponding to the hexagonal description.

The evolution of the electronic band structure of InSe from the bulk to the SL is different from that

observed in TMDs. In TMDs, an indirect-to-direct crossover occurs when the SL thickness is reached.

However, in few layers of InSe, the valence and conduction band edges appear around the Γ point even at

the SL at the same time that the strongly dispersing three-dimensional bands of the bulk material become

a series of N 2D bands, i.e. non dispersing (with N = 8, 4 and 1 in Figs. 5.2(b)-5.2(d), respectively). More

precisely, few-layer InSe becomes a slightly indirect semiconductor, with the valence band maximum
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Figure 5.2: DFT band structure calculated for (a) bulk γ-InSe and for (b)-(d) 8, 4, and 1 InSe SLs [157], respec-
tively, through high symmetry directions of the hexagonal Brillouin zone. In all cases, the energy zero has been
placed at the top of the highest occupied band. The band gap has been identified in the plots by a shaded rectangular
area.

occurring at 1/10 of the Γ−K and Γ−M directions (see Figs. 5.2(b) and 5.2(c)). For this range of

thicknesses, the valence band maximum states are located around 15 meV above these at the Γ point.

Finally, our calculations indicate that SL InSe is a direct semiconductor (see Fig. 5.2(d)), with the

band gap occurring at the Γ point, although other authors have reported first-principles band structure

calculations suggesting a slightly indirect character of the SL InSe [158], in which states at the valence

band maximum are 15 meV higher in energy than these at Γ point.

In spite of the discrepancy mentioned above, DFT calculations predict a band gap increase in 2D

InSe nanosheets as large as 0.4 eV for 3 SLs and ∼1.1 eV for SL InSe, with respect to the bulk, which

points out that InSe may present one of the most versatile, and consequently manipulable, band structure

among the 2D materials studied so far.

5.1.2 Determination of the electronic band structure of bulk InSe by ARPES

The electronic band structure of bulk InSe has been experimentally investigated by means of high-

resolution ARPES. The experiments were carried out under UHV conditions (with a base pressure better



70 Chapter 5. Quantum confinement effects on few-layer InSe

Figure 5.3: Experimental ARPES spectra of bulk InSe measured along the A−H (a), A−L (b) , Γ−K (c) and Γ−M
(d) directions of the non-primitive hexagonal unit cell.

than 5·10−11 Torr), keeping the sample at Nitrogen temperature. For the measurements, freshly cleaved

bulk InSe samples were prepared in situ under UHV conditions. A nano-positioning system was used

to locate clean and flat areas of the samples. Figures 5.3(a)-(d) show the momentum-resolved electronic

band structure of bulk InSe measured along the A−H, A−L, Γ−K and Γ−M directions, respectively, of

the non-primitive hexagonal unit cell (see Fig. 5.1), using photons of energy hν = 118 eV (Figs. 5.3(a)-

(b)) and hν = 110 eV (Figs. 5.3(c)-(d)). The origin of energies has been chosen to be that of the Fermi

level, as determined by photoemission in a metallic clip in electrical contact to the InSe sample. It is

worth to notice that unoccupied bands are not recorded by ARPES experiments, so the conduction band

minimum was not recorded in these measurements. The corresponding first-principles band structure

calculations for bulk InSe (previously shown in Fig. 5.2(a)) have also been added to Figs. 5.3(a)-(d)
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for comparison purposes. A vertical positive offset of about 0.9 eV has been added to the DFT results

in order to account for the well-known band-gap underestimation of DFT calculations. A very good

agreement between ARPES measurements and DFT results can be observed for both the highest and

deep valence bands in all directions, with the valence band maximum occurring at the A high-symmetry

point, as predicted by the DFT calculations. Also, these results confirm the n-type of our InSe samples,

since the Fermi level appears to lie ∼ 0.85 eV above the VB maximum and taking into account that the

band gap of bulk InSe is about 1.35 eV at Nitrogen liquid temperature [35].

5.2 Thickness-dependent vibrational properties

As already described in Chapter 2, γ-InSe belongs to the R3m space group with four atoms per

primitive unit cell, so there are twelve normal modes of vibration. Group-theoretical considerations

[159] lead to decomposition at the Γ-point as 4A1+4E. Apart from the acoustic ones (A1+E) all modes

are Raman and infrared active, but with very different relative intensities. Two of them (A1+E) are

strongly polar and, consequently, more active in the infrared, developing a transverse optical-longitudinal

optical (TO-LO) splitting. Figure 5.4 summarizes the frequency, symmetry, and vibration schemes of the

reported Raman modes for bulk InSe [160].

Figure 5.4: Vibrational structure of the detected first-order Raman active modes [160].

We have analysed quantum confinement effects on the vibrational properties of InSe nanosheets by

micro-Raman spectroscopy. Figure 5.5(a) shows a multi-terraced InSe nanosheet formed by wide ter-

races of uniform thickness ranging between 2.5 and 12 nm (as it can be seen in the AFM image shown

in Fig. 5.5(b) and the thickness profile shown in Fig. 5.5(c)). Figure 5.6(a) shows the µ-Raman spectra

recorded in a bulk InSe nanosheet and at selected points (these indicated by letters a-g) of the multi-

terraced nanosheet shown in Fig. 5.5(a). The µ-Raman spectra were acquired under resonant laser

excitation energy with the E
′
1 direct allowed transition at 2.4 eV in bulk InSe in order to enhance the Ra-

man scattered intensity [32, 104, 160]. The inset shows the labelled spots were the Raman measurements



72 Chapter 5. Quantum confinement effects on few-layer InSe

were acquired. The energy position of all the acquired spectra has been checked by using the position

of the SiO2-related Raman peak appearing at 518 cm−1. All the vibrational modes described in Fig. 5.4

can be identified in these Raman spectra. Vertical dashed-lines represent the position that these vibration

modes have in the bulk material. Due to the resonant excitation condition to the E
′
1 direct allowed transi-

tion existing in bulk InSe at 2.4 eV [34], the Raman peaks appear over a PL tail associated to this optical

transition. However, this PL tail seems to attenuate as the thickness of the probed terrace decresases

(see Fig. 5.6(a)). This observation is already a clear indication of a blue-shift of the direct band-to-band

transition occurring as the InSe thickness decreases, since it naturally implies changes in the resonant ex-

citation conditions. For the sake of comparison among Raman spectra acquired in different nanosheets,

such a PL tail has been subtracted from the spectra shown in Figs. 5.5(b) and 5.5(c). Variations in the

asymmetry degree of the 175 cm−1 E mode (Fig. 5.6(b)) and the strong decrease in intensity of the

second order Raman peaks (Fig. 5.6(c)), from bulk-like to thin nanosheets, are also indicative of the loss

of resonance in the thinnest parts of the nanosheet [160].

Figure 5.5: (a) Optical image of a multi-terraced InSe nanosheet exfoliated onto a SiO2/Si substrate. (b) AFM
image of the InSe nanosheet. The thickness profile measured along the marked ABCD path is shown in (c).

The Raman peaks shown in Fig. 5.6(a) have been fitted by a single Lorentzian curve (two in the case

of the E mode at 175 cm−1 to account for its asymmetric line-shape). Figure 5.7 presents the evolution of

the different phonon frequencies as a function of the InSe thickness, which has been extracted from the
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Figure 5.6: (a) µ-Raman spectra measured under bulk resonant conditions at the different spots of the InSe
nanosheet labeled from a to g in the inserted image. The thickness of the probed nanosheet terrace is indicated
on each Raman spectrum. The identified vibration modes have been labeled. Vertical dashed-lines represent the
position that these vibration modes have in the bulk. (b) and (c) are zooms of the corresponding colored-marked
areas in (a).

Lorentzian fitting procedure described above. In this figure we observe that, in addition to the electronic

blue-shift inferred from E
′
1-resonant Raman spectra, the thickness reduction of a nanosheet also affects

its lattice dynamics. The frequency of non-polar A1 modes slightly decreases with decreasing InSe

thickness while that of non-polar E and polar A1(LO) modes increases significantly. This shift of the

phonon modes as nanosheet thickness decreases becomes more evident in very thin nanosheets (< 10

nm), which would explain why this effect has not been detected in a previous study reporting Raman

spectroscopy results on relatively thick InSe nanosheets [131]. In order to understand the results shown

in Fig. 5.7, the evolution of the different bond strengths with the number of layers has been estimated

by calculating the so-called Mulliken bond overlap populations [161, 162] for bulk γ-InSe and its SL, by

DFT calculations. Intralayer In-Se and In-In bonds are strong covalent bonds, while interlayer bonding

is due to weaker vdW interactions. For both InSe bulk and SL, the bonding strength in two spatial

regions in which the interlayer electronic density reaches its maximum has been estimated. These regions

correspond to the line between closest In atoms from adjacent sheets and the line from an In atom in one
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sheet and the nearest Se atom in the adjacent sheet (see Table 5.1). The In-Se bonds are stronger in the

SL than in bulk InSe, whereas the opposite is found for In-In bonds. Of course, the interlayer interactions

weaken and finally disappear when going from the bulk to the SL. The relative variations of the In-Se

and In-In bond overlap populations due to the presence of other layers (Table 5.1) is around 3% of

the strength of a full covalent bond. From these estimates we can expect that those phonon modes in

which the In-Se bonds play an important role (due to bond stretching in the vibration scheme of Fig.

5.4) should exhibit a frequency increase in an isolated SL. This is indeed the case of the non-polar E

(175 cm−1) and polar A1(LO) phonons. In low frequency phonons E (40 cm−1) and A1 (114 cm−1),

the In-Se bond does not play a significant role (covalently bonded In and Se vibrate in phase) so that

restoring forces are mainly guaranteed by interlayer interactions and by either In-In bond bending (E) or

stretching (A1). Then, the disappearance of interlayer interactions and the weakening of the In-In bond

are consistent with the frequency decrease of the low frequency phonons observed when going from bulk

to SL. In the case of the non-polar A1 mode at 225 cm−1 all bonds provide restorative stretching force

and its frequency decrease can be explained by the fact that the disappearance of interlayer forces and

the (larger) weakening of In-In bonds overcompensate the strengthening of In-Se bonds.

Figure 5.7: Relative frequency shift of the Raman modes (with respect to bulk frequency) as a function of the InSe
nanosheet thickness as obtained by the Lorentzian fitting of the measured Raman peaks.

Although apparently small, these overlap population changes would give rise to a relative variation

of ∼2% for the natural frequency of a single oscillator (since the relative change of the mode frequency

∆ω/ωbulk would be roughly ruled by the relative change in the bound overlap population), which would



5.3. High tunability degree of the luminescent response of InSe nanosheets 75

already account for the magnitude of the observed relative shift of the Raman peaks. In any case, it must

be outlined that these calculations have been performed using exactly the same atomic geometries in all

cases, so the estimated changes of the bond overlap population only contain purely electronic effects that

would be subsequently magnified upon structural optimization, similar to what happens for other layered

materials [163].

Bonds
Intralayer Interlayer

In-Se In-In In-Se Se-Se

Bulk 0.313 0.315 0.019 0.004

Single layer 0.324 0.303 0 0

Table 5.1: DFT bond overlap populations calculated for bulk and one SL of InSe [157].

5.3 High tunability degree of the luminescent response of InSe nanosheets

First-principles calculations have predicted that 2D InSe should show a band-gap tuning window as

large as ∼1.1 eV from the bulk to the SL thickness [157] (see Section 5.1.1). Experimentally, a band-

gap tuning of 0.2 eV has been observed when nanosheet thickness is reduced to 6 nm due to quantum

confinement effects [42, 157]. These results indicate that InSe nanosheets may exhibit a large optical

band-gap window when the InSe thickness runs from the bulk to the SL. In fact, a recent study [164]

has reported the existence of a PL band peaked at ∼2 eV in solution processed ultrathin InSe nanosheets

chemically synthesized in the presence of organic solvents acting as surface ligands that lead to stable

colloids (from which drop casted samples were prepared).

In order to approach the question about the magnitude of the tunability range of the band gap of

2D InSe, we carried out room temperature (RT) µ-PL measurements in InSe nanosheets of different

thicknesses (d) deposited on SiO2/Si substrates with 300 nm of SiO2. The measurements were performed

by using a 488 nm laser excitation. A detailed description of the experimental details can be found in

Subsection 3.5. Figure 5.8 shows the RT µ-PL spectra of InSe nanosheets with thicknesses ranging from

bulk to the SL. The thickness of the InSe nanosheets (obtained by AFM measurements) is indicated on

each spectrum. The inset shows a zoom of the gray-shaded rectangle indicated on the main figure. As it

can be seen in these figures, the maximum of the PL peak measured at each particular thickness spreads
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Figure 5.8: (a) RT µ-PL spectra acquired in InSe nanosheets exfoliated on bare SiO2/Si substrates. The thickness
of the InSe nanosheet is indicated on each spectrum. The inset shows a zoom of the gray-shaded rectangle indicated
on the main figure.

from 1.25 eV in nearly bulk nanosheets to 2.11 eV in SL ones. Figure 5.9 shows the evolution of the

PL peak energy as a function of the InSe thickness as extracted from Gaussian fits of the experimental

µ-PL spectra shown in Fig. 5.8. In this figure we have also included results from other measurements

performed (not shown in Fig. 5.8) for statistics purposes. As a first approximation, the variation of the

optical band gap with the InSe thickness can be interpreted in terms of a square quantum well (QW)

potential of infinite height. In this simple model, the energy of the exciton optical transition in a QW can

be described by

E2D(d) = Eg−Eb +
π2h̄2

2d2µ‖c
, (5.1)

where Eg = 1.25 eV and Eb = 0.015 eV are the band gap and exciton binding energy of bulk InSe at RT,

respectively [35]. µ‖c =
(

1/me
‖c +1/mh

‖c

)−1
is the effective reduced mass of the exciton, as obtained

from the reported values of the hole [102] and electron [101] effective masses along the c-direction. By

using this relationship, the variation of the optical band gap with the InSe nanosheet thickness has been

calculated (red solid line in Fig. 5.9). These calculations show that the QW model reasonably describes
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the PL-peak shift observed for thick nanosheets. However, it fails to reproduce the experimental results

obtained for nanosheets thinner than 5 SLs. These facts indicate that more refined calculations of the

electronic band structure of 2D InSe have to be performed to understand the origin of the band-gap

shift observed in atomically thin InSe nanosheets. To this purpose, we have included in Fig. 5.9 (black

solid line) the thickness dependence of the band gap of atomically thin InSe as calculated by DFT (Fig.

5.2), taking into account that the band gap of bulk InSe is 1.25 eV at RT to compensate the well-known

underestimation of the band gap of semiconductors as calculated by DFT. As we can observe in this plot,

the experimental dependence of the exciton optical transition (and hence the optical band gap) of InSe

nanosheets follows a trend that seems to be nicely described in terms of quantum-size confinement effects

on the direct band as predicted by first-principle calculations. These results reveal that, by quantum-size

confinement effects, the band gap of 2D InSe nanosheets can be widely tuned from the infrared, in the

bulk material, to well inside the visible at the SL. This band-gap increase of ∼1 eV turns out to be one

of the largest optical windows observed so far in the bulk-to-SL transition of a given semiconductor and

comparable to that observed in phosphorene [165].

Figure 5.9: Evolution of the PL peak energy as a function of the InSe thickness as extracted from Gaussian fits of
the experimental µ-PL spectra shown in Fig. 5.8. As a comparison, the thickness dependence of the band gap of
InSe has been included, as obtained by DFT (black solid line), and by using the square QW potential of infinite
height (red solid line).

Finally, it can be noticed that, although DFT calculations nicely reproduce the exciton optical transi-

tion trend with the InSe thickness, there exists a 0.3 eV difference between values predicted for the InSe

SL and these experimentally obtained. This discrepancy may be related to an increasing of the exciton

binding energy due to a reduction of the dielectric screening at the SL limit.

The most noticeable result obtained from these µ-PL measurements is the strong optical band gap

increase due to quantum confinement effects discussed above. However, the thickness evolution of the
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integrated PL intensity and the PL-peak width can provide for additional information on optical re-

combination processes, such as a possible direct/indirect transition, density of states available for optical

transitions and mechanisms limiting recombination lifetime. Figures 5.10(a) and 5.10(b) show the evolu-

tion of the integrated PL intensity and emission FWHM as a function of the InSe thickness, respectively,

as obtained from the Gaussian fits of the experimental µ-PL spectra. In Fig. 5.10(a), the integrated PL

intensity values have been normalized, for convenience, to that of the spectrum acquired in a 40 nm thick

InSe nanosheet (dotted spectrum in Fig. 5.8(a)). A strong quenching of the PL emission intensity is

observed for decreasing InSe thickness. Such a strong decrease of the PL has been tentatively attributed

to the direct-to-pseudoindirect crossover from bulk to few-layer InSe as a mirror-like description of the

dichalcogenide case [42]. However, as we will discuss in Chapter 6 in detail, the evoked pseudo-indirect

nature of the band gap on InSe nanosheets does not explain the strong PL-intensity decrease observed

here and in Ref [42].

Figure 5.10: (a) Nanosheet-thickness dependence of the integrated PL intensity of the spectra shown in Fig. 5.8.
The integrated intensity values have been normalized, for convenience, to that of the spectrum acquired in a bulk-
like nanosheet (40 nm thick), which is also shown in Fig. 5.8. (b) Experimental evolution of the emission FWHM
as a function of the nanosheets thickness (black dots). The red solid line represents a fit of the experimental data
to Eq. (5.4).

The nanosheet-thickness dependence of the FWHM of the PL peak (Fig. 5.10(b)) shows a strong

dependence with the thickness for very thin nanosheets that seems to be in agreement with that already

noticed for thicker nanosheets [42]. In Ref. [42], the authors quantified the broadening of the emission

linewidth by using a simple statistical model of the exciton PL emission [166], which takes into account

the roughness of the nanosheet interfaces and the dependence of the PL emission energy (EPL) with

the nanosheet thickness. In this context, the authors assumed that: (i) the two interfaces of the InSe

nanosheets are comparable in quality, (ii) that the QW defined by the nanosheet has a width that fluctuates
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by one SL (δ1) around its mean value d, (iii) and that the roughness of the interfaces consists of islands

with thickness d ± δ1, which have the same concentration and average lateral size δ2 [42]. Within

the above mentioned statistical model, the contribution of the nanosheets roughness (WR) to the total

emission FWHM can be described as [42]

WR =

√
2.8
4

δ2

aex

(
∆
+−∆

−) , (5.2)

with

∆
± = δ1

(
∂EPL

∂d

)
d±δ1

(5.3)

and aex the Bohr Radius. The total emission FWHM (W ) is then calculated as

W =W0 +WR, (5.4)

where W0 represents a constant contribution to the emission linewidth from electron-phonon scattering

and other disorder-related broadening effects that is assumed to be independent of d. Solid red line in

Fig. 5.10(b) represents a fit of the experimental thickness-dependence of the PL emission FWHM to Eq.

(5.4). In contrast to [42], where the authors used a square QW potential of infinite height to model the

dependence of the optical band gap with the InSe thickness, we have used the thickness-dependent optical

band gap obtained by DFT calculations, which shows a better agreement with experimental observations

(see Fig. 5.10(b)). In line to the fittings reported in [42], we have assumed a constant contribution to the

emission linewidth W0 of 64 meV and a δ1 value of ∼0.5 nm (estimated from the AFM measurements).

The fit yielded a δ2/aex = 0.193 ± 0.012, which gives δ2 = 0.97 ± 0.06 nm (assuming a aex value of 50

Å [167]. These results already point out that, as we will see in Chapter 6, nanotexturing or unavoidable

surface roughness, will have a deep influence on the optical response of InSe nanosheets.
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5.4 Low-temperature h-D0 recombination in thin InSe nanosheets

5.4.1 Low-temperature µ-PL in thick InSe nanosheets

It would be expected that the luminescent properties of 2D InSe nanosheets, at low temperatures,

evidenced exciton localization effects or strong exciton-impurity interaction effects. Results reported on

bulk InSe have shown that the low-temperature PL signal of the bulk material is dominated by exciton

and impurity-related radiative recombination [102, 112]. Our bulk samples seem to agree with these

observations. Figure 5.11 shows a low-temperature PL spectrum measured in one of our bulk InSe

samples. We observe different contributions that we split into two groups. The first group is formed

by three high energy and narrow peaks (3-9 meV wide) appearing at 1.337, 1.329, and 1.319 eV. In the

following, we would like to discuss the origin of these narrow peaks. Previous works attributed these

PL lines to free excitons (that appearing at 1.337 eV) and different donor bound excitons [102, 112,

168, 169], although the origin of these PL lines in either not purposely or slightly doped InSe has not

been a subject of intensive research. It would be expected that native donors in not purposely doped

InSe (always n-type) are due to In in excess. Such native donors can give rise to shallow donor levels

if incorporated in interstitial sites of the bulk lattice, but also to deep levels when they are presumably

located in intralayer sites [103]; in fact, most of these impurities can be promoted to interstitial sites

(shallow donors) after annealing. The ionization energy of shallow donor levels was found to be 24 meV

and hence the line at 1.319 eV (1.35 eV would be the InSe band gap energy at low temperatures [35])

can be reasonably assigned to the h-D0 and D+X (D0 and D+ associated to shallow donors) transitions.

Figure 5.11: PL spectrum measured in a bulk InSe sample. Deconvolution of this spectrum has resulted into five
Gaussian components, which have been included.
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In a second group of PL peaks we include a relatively wide PL band (21 meV wide) centered at 1.310

meV and an even wider feature centered around 1.288 eV. We tentatively attribute the first PL band to h-

D0 transitions, either shallow (because of its overlapping with the narrower line at 1.319 eV) and deeper

donor levels at inter-layer sites. Given the random nature of the spatial position for these inter-layer

impurities, the donor binding energy can vary over a wide range of values. Such energy distribution

of donor levels can be responsible of this PL band at 1.310 eV and the low energy tail which has been

simulated here by using a wide Gaussian band located around 1.288 eV.

5.4.2 Low-temperature µ-PL in multi-terraced and single-terraced thin InSe nanosheets

Results described above on the PL response of bulk InSe at low temperature allow to envisage a key

role of bound excitons in the PL response of InSe nanosheets at low temperature. In order to elucidate

this question, we have performed low-temperature µ-PL experiments in InSe nanosheets. Figure 5.12(a)

shows the µ-PL spectra measured at T = 4 K in the different terraces of the nanosheet corresponding to

the points labeled from a to f on the image at the inset. The thickness of the probed nanosheet terrace

is indicated on each PL spectrum. A CW 405 nm laser was used as excitation source (power ∼23 µW)

for these µ-PL measurements. A more detailed description of the experimental setup can be found in

Subsection 3.5.2. Focussing ourselves in the thickest terrace of the nanosheet showed in Fig. 5.12(a)

(12 nm thick), its µ-PL spectrum (acquired at the a-point indicated on the nanosheet image) appears to

be dominated by a clear peak centered around 1.27 eV. By comparing the spectra measured in this 12

nm-thick terrace and in a bulk sample (Fig. 5.11), it can be concluded that the PL signal of nanosheets is

mainly produced by h-D0 transitions, since the PL signal of the thick InSe terrace matches the low energy

tail of the PL in the bulk [102]. At the next terrace, we observe the appearance of new components at

the high-energy side of the µ-PL spectrum measured at the next terrace (at the labelled b-point), with

the highest energy one (at 1.35 eV) clearly separated from the main feature observed at lower energies

and located above the free-exciton recombination line in bulk (at 1.337 eV [102]). As the collection

spot travels to next thinner sections of the nanosheet (points c to f ), the whole µ-PL spectrum shifts

undoubtedly to the blue (Fig. 5.12(a)) with an emission lineshape that depends on the terrace scanned.

These results indicate that the µ-PL signal shifts to the blue, as the terrace thickness decreases, due

to the progressive development of higher energy components that become dominant at the consecutive
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Figure 5.12: Low temperature µ-PL spectra measured in the different terraces of the InSe nanosheet labeled from
a to f in the image at the top. The thickness of the probed nanosheet terrace is indicated on each PL spectrum.
Solid red lines are the result of the fitting to the experimental spectra by using several Gaussian curves of the
same width. Deconvolution of the fitting curves into their single Gaussian components is shown under each PL
spectrum. A color-code has been used to identify similar Gaussian components that result from the deconvolution
of the different PL spectra acquired. Note that the spectra measured in the 5 and 2 nm-thick terraces have been
magnified. (b) Peak energy of the six different Gaussian components (labeled as from P1 to P6 as increasing in
energy) as a function of the spot position.

thin parts of the nanosheet. In order to obtain an insight into the analysis of these µ-PL spectra, a multi-

Gaussian deconvolution has been performed by assuming all the discrete µ-PL components have the

same linewidth. The red solid lines in Fig. 5.12(a) represent the result of the fitting to the experimental

spectra, and the coloured bands represent the Gaussian components resulting from the different fittings.

Proceeding in this way, a minimum number of six components, labelled as P1-P6, have been found to

reproduce all µ-PL spectra acquired. Interestingly, these µ-PL components have been found to appear at

almost the same energies regardless of the terrace scanned (see Fig. 5.12(b)), which indicates that the P1-

P6 µ-PL components are thus associated to the decreasing thickness of the terraces from points a to f as

originated from quantum confinement effects on states related to h-D0 transitions. To analyze quantum-

confinament effects on h-D0 related states, we show in Fig. 5.13 the nanosheet-thickness dependence

of both the h-D0 recombination energy and the band gap energy as obtained by DFT calculations (the

latter already shown in Fig. 5.9, but now, a reference value of the bulk band gap of 1.35 eV at low

temperatures has been used [170]). The h-D0 recombination energy and the calculated band-gap energies
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seem to follow a quite similar trend with the thickness for relatively thick nanosheets (thicker than 6 nm),

although a lower blue-shift of the h-D0 recombination energy seems to occur for thinner nanosheets.

These results reveal that the h-D0 recombination energy blue shifts by 0.2 eV whereas the band gap

does it by 0.4 eV when the thickness of the nanosheet runs from the bulk to 2 nm. This different

behaviour is attributable to the shorter spatial extension of the deep donor states involved in the h-D0

optical transitions. For relatively thick nanosheets (10-6 nm thick), confinement effects mostly act on

extended states defining the InSe band gap. In these relatively thick nanosheets, impurity-related states

can still be considered as bulk ones and seem to evolve with the nanosheet thickness as electronic states

determining the band-gap evolution. However, for thinner nanosheets, confinement effects already acting

on donor-related states progressively increase the donor activation energy similarly to what occurs with

bulk hydrogenic (shallow) excitons [168]: when bulk excitons become localized, they go deeper into the

band gap due to the fact that, although they turn into 2D, Coulomb interactions always remain three-

dimensional [17, 171, 172].

Figure 5.13: Nanosheet-thickness dependence of both the h-D0 recombination energy and the band gap energy as
obtained by DFT calculations (the latter already shown in Fig. 5.9, but now, a reference value of the bulk band gap
of 1.35 eV at low temperatures has been used [170]).

Very recently [173], it has been reported that the low-temperature PL emission of InSe nanosheets is

dominated by the recombination of photo-excited carriers bound at native impurities with binding ener-

gies that are sensitive to the position of the impurities within the nanolayer and that increase significantly

with the decrease in nanosheet thickness, which supports our results.

Once the origin of the optical recombination transitions has been discussed, we proceed to discuss the
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presence of different components in the µ-PL spectra recorded at particular terraces of the nanosheets at

low temperature. Notably, multi-component µ-PL spectra are detected across the nanosheet, even when

the collection spot probes a unique nanosheet terrace, as shown and indicated in Fig. 5.12(a). In the µ-PL

measurements performed at low temperature the excitation area is much larger than the collection spot.

This fact suggests that the observation of multi-component µ-PL spectra is due to a high probability of

carriers photo-excited in a particular point of the nanosheet to drift and recombine at the edges of the

terrace. Interestingly, µ-PL intensity maps measured at RT by other authors (see Fig. 1 in Ref. [42])

reflect an inhomogeneous intensity distribution in which PL intensity tends to accumulate towards the

edges of the terraces. This effect observed [42] should be enhanced at low temperatures, due to the

higher mobility of carriers. All these remarks can be understood taking into account that, multi-terraced

InSe nanosheets are expected to behave as a planar array of heterojunctions formed by semiconductors

with different band-gap values and diffusion length of carriers as large as that of the bulk [174]. In such

devices, photo-excited carriers in thinner terraces (with larger band-gap values due to strong confinement

effects) diffuse and recombine at the terrace edge, whereas carriers excited in the thicker terraces would

eventually recombine further inside neighbouring terraces of lesser thickness, provided that confinement

effects are soft enough in these thick terraces to allow lateral coupling of electronic states at their edges.

In order to gain some more experimental evidences on the evoked radiative recombination occurring

at the edge of the InSe terraces, additional µ-PL spectra were acquired in bulk-like InSe nanosheets

(labelled as 1 and 4 in Figs. 5.14(a) and 5.14 (c), respectively) and in two 8 nm-thick terraces (these

labelled as 2 and 5 in in Figs. 5.14(a) and 5.14(c), respectively). The µ-PL spectra measured in the

bulk-like nanosheets are very similar to that shown in Fig. 5.12 for the thickest terrace. However,

the lineshape of the µ-PL spectra acquired in the 8 nm-thick terraces seems to depend on the nanosheet

studied. In fact, the µ-PL spectra acquired in nanosheets labelled as 2 and 5 present a wider and narrower

lineshape, respectively, that the µ-PL spectrum obtained for the d-labelled terrace (also 8 nm-thick)

shown in Fig. 5.12. In all cases, deconvolution of the µ-PL spectrum can be performed by taking into

account some of the six P1-P6 components, which supports the physical origin of each one of the P1-P6

components discussed previously. On the other hand, the relative intensities of the deconvoluted P1-P6

components obtained in terraces of similar thickness appear also to differ from nanosheet to nanosheet.

This can be understood on the basis of the aforementioned hypothesis on the unidirectional diffusion of

photogenerated carriers from thinner to thicker terraces. This hyphothesis states that the µ-PL spectrum

lineshape is strongly determined by the characteristics (i.e., thicknesses variations) of the nanosheet edge,
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which would explain the differences observed between the lineshapes of the µ-PL spectra recorded in

nanosheets labelled as 2 and 5 (see Figs. 5.14(b) and 5.14(d)).

Figure 5.14: (a), (c) Optical images of single-terraced InSe nanosheets. (b), (d) µ-PL spectra recorded in the 2-
and 5-labelled nanosheets (8 nm-thick), and in bulk-like terraces joined to these thin nanosheets.

It is worth to mention that no µ-PL signal was recorded at low temperature when very thin nanosheets

of uniform thickness were probed, as in the case of the nanosheet labelled as 3 (3 nm-thick) shown in

Fig.5.14(a). This behaviour contrasts to that observed in terraces of similar thicknesses which are part

of multi-terraced nanosheets (as the f -labelled terrace, 2 nm thick, of the nanosheet of Fig. 5.12). How-

ever, it is also worth to notice that this observation applies to very thin nanosheets, because 5-nm thick

single-terraced nanosheets gave rise to µ-PL signal when probed. We believe that this observation is a

clear consequence of the unidirectional diffusion of photogenerated carriers in multi-terraced nanosheets:

in very thin nanosheets of uniform thickness, photogenerated carriers isotropically diffuse before re-

combination. However, in multi-terraced nanosheets, the carriers tend to diffuse towards the nanosheet

edge. Comparing these two situations, surface recombination will tend to play a more determinant role
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in nanosheets of uniform thickness. Therefore, the µ-PL signal intensity coming from these uniform

nanosheets will suffer from a stronger attenuation, when compared to terraced samples, due to the fact

that surface recombination is mainly determined by non-radiative processes, such as surface defects or

SiO2/InSe interface traps.

Finally, a word should be done about the evolution of the low-temperature PL intensity with decreas-

ing nanosheet thickness. Figure 5.15 shows the integrated intensities of the P1-P6 Gaussian components

resulting from the fittings shown in Fig. 5.12(a). An extremely sharp decrease of the integrated intensity

of these components can be observed which resembles that observed for RT µ-PL (Fig. 5.10(a)). This

effect observed not only at room but also at low temperatures will be discussed in detail in Chapter 6.

Figure 5.15: Integrated PL intensity of these fitted Gaussian components as a function of the spot position.

5.5 Intrinsic in-plane heterojunctions in multi-terraced InSe nanosheets

revealed by nano-XPS

As discussed in Chapter 3, X-ray photoemission spectroscopy (XPS) is an experimental technique

that allows to study the chemical composition, the atomic environment of atoms present at the sample

surface and, what is more relevant for the purposes of the present section, the band bending that can

appear at the interface of an electronic junction. More precisely, in this section we combine the powerful

of the XPS technique and the latest technical advances in photoemission with lateral spacial resolution to

reveal the existence of intrinsic potential barriers in the boundaries between different terraces of multi-

terraced InSe nanosheets, originated by the thickness-dependent band gap of InSe demonstrated in the
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previous sections. Moreover, nano-XPS will also be used to study the interaction of the substrate with

few-layer InSe nanosheets.

Photoemission studies of InSe nanosheets presented in this section were carried out under ultra-

high vacuum conditions (with a base pressure better than 5·10−11 Torr), keeping the sample at Nitrogen

temperature. The InSe nanosheets were deposited on top of p-doped Si substrates with a top SiO2

layer of 300 nm, which was grounded to the metallic sample holder with the aim to minimize charge

effects induced by the photoemission process. Previous to the XPS measurements, the InSe nanosheets

deposited on SiO2/Si substrates were rinsed with metil-isobutil-ketone followed by a two-minute H2+O2

plasma flow cleaning procedure. The nominal lateral resolution of these nano-XPS measurements is 50

nm.

5.5.1 Observation of two components in the nano-XPS spectra of the Se 3d and Si 2p

core levels

Figure 5.16(a) shows an optical microscopy image of a multi-terraced InSe nanosheet containing

several terraces with thicknesses ranging from ∼4 to 10 nm, as it can be deduced from the color-contrast

areas observed in the optical image. The thinnest terrace of the nanosheet (4 nm thick) corresponds to the

darkest area observed at the left side of the image whereas the thickest terrace (10 nm thick) corresponds

to the clearest area observed at the right side of the image. All nano-XPS measurements discussed in this

section have been performed on this nanosheet and all showed nano-XPS maps have the same relative

orientation as that chosen to represent the microscopy image of the nanosheet (Fig. 5.16(a)).

First, we will introduce the kind of results obtained by nano-XPS by showing the XPS spectra ac-

quired at three selected points lying on different terraces of the nanosheet, these labelled from A to C in

Fig. 5.16(a). Figure 5.16(b) shows the XPS spectra (black solid lines) measured at these points in the

binding energy (BE) region corresponding to the Si 2p core level. As it can be observed in this figure,

the nano-XPS spectra of the Si 2p core level show two peaks. In order to deep inside into the analysis

of these nano-XPS spectra, a two-Gaussian deconvolution of these spectra has been performed. The

red solid lines of Fig. 5.16(b) represent the result of the fitting to the experimental spectra, while the

coloured bands represent the Gaussian components resulting from the deconvolution processes. These

fittings reveal that the low-BE component appears at the same peak energy for the three measured points
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(i.e., irrespective of the terrace probed), while the high-energy component shows a change in both the

FWHM and peak energy depending on the measured point.

Figure 5.16: (a) Optical microscopy image of a multi-terraced InSe nanosheet containing three terraces of different
thicknesses. (b) Nano-XPS spectra (black solid lines) acquired at three different terraces of the nanosheet shown
in Fig. 5.16(a) (points labelled from A to C) in a range of binding energy (BE) corresponding to the BE of the Si
2p core level of SiO2. (c) Nano-XPS spectra (black solid lines) acquired at the same points (A to C in Fig. 5.16(a))
in a range of BE corresponding to the Se 3d core level of InSe. The red solid lines and coloured bands in Figs. (b)
and (c) represent the result of a two-Gaussian fitting to the experimental spectra.

Figure 5.16(c) shows the nano-XPS spectra (black solid lines) acquired at the points of the nanosheet

corresponding to the A-C points of the image in Fig. 5.16(a), but now at the BE region corresponding to

the Se 3d. These peaks can be clearly attributed to the InSe sample since no signal is detected in this BE

region when a point of the substrate is probed. In fact, the XPS integrated-intensity map (40 micron x

40 micron in size and 500 nm of step) acquired for the Se 3d region (Fig. 5.16(d),) clearly corresponds

to the optical image of the nanosheet (Fig. 5.16(a)). We also observe the presence of two components

in the nano-XPS spectra of the Se 3d core level. The red solid lines and coloured bands in Fig. 5.16(c)

represent the result of a two-Gaussian fitting to the experimental spectra. From the fittings we observe

that the low- and high-BE components of the Se 3d are splitted by∼4.3 eV, and that the peak energy and

intensity of the two components are different in the three measured points.

The characteristic spin-orbit splitting of the Si 2p and Se 3d are 0.6 and 0.9 eV, respectively. The two

peaks resolved here for both the Si 2p and Se 3d core levels are wider than their corresponding spin-orbit

doublet (see, for instance, the comparison between a Se 3d spectra acquired in the nanosheet and in a

bulk InSe sample that is depicted in Fig. 5.17). Therefore, each one of these components of the Se 3d

and Si 2p spectra correspond to different chemical states which will be discussed below.
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Figure 5.17: Nano-XPS spectra (black solid lines) acquired at the A point in Fig. 5.16(a)) (top) and in a bulk InSe
sample (bottom) in a range of BE corresponding to the Se 3d core level of InSe. The red solid lines represent
the result of a two Gaussian deconvolution of the experimental spectra, while the coloured bands represent the
spin-orbit components resulting from the deconvolution processes.

5.5.2 Physical origin of the two components in the nano-XPS spectra of the Si 2p core

level

In the present subsection, we approach the question related to the origin of the two components

observed in the nano-XPS spectra of the Si 2p core level shown in Fig. 5.16(b). In this respect, the

high-BE component can be attributed to the Si 2p core level of SiO2, while the low-BE component can

be attributed to Carbon and Oxygen contamination [175]. The presence of C and O atoms in the substrate

surface, and thus the formation Si-C-O bonds, can be easily understood, since the preparation of the InSe

nanosheet was carried out at ambient conditions by using the micromechanical exfoliation technique (see

Chapter 3) and the samples were then rinsed with metil-isobutil-ketone. Figure 5.18 shows a nano-XPS

spectrum measured in a bare region of the SiO2 substrate. As it can be observed in this figure, the Si-

C-O component (low-BE peak) is also present in the bare substrate. A two-Gaussian deconvolution of

this spectrum has revealed that the intensity ratio between the Si-C-O/SiO2 components is smaller in the

bare substrate than in the regions of the substrate lying below the InSe nanosheet, which reveals a lower

density of Si-C-O bounds in the bare substrate. This observation can be explained as follows: the H2+O2

plasma flow treatment used to clean our samples was more efficient removing C and O contamination

from the bare regions of the substrate, while it was less efficient in those regions of the substrate lying



90 Chapter 5. Quantum confinement effects on few-layer InSe

below the InSe nanosheet due to an encapsulation effect by InSe. Regarding to the peak energy of the

Si-C-O component, we observe that it appears at the same BE observed in the XPS spectra shown in

Fig. 5.16(b). However, for the Si 2p component of SiO2, we observe a change in both the peak energy

and FWHM with respect to the three XPS spectra shown in Fig. 5.16(b). The origin of the peak energy

change observed for the SiO2 component will be discussed below.

Figure 5.18: Nano-XPS spectrum measured in a bare region of the SiO2 substrate in a range of BE corresponding
to the BE region of the Si 2p core level of the SiO2.

5.5.3 Physical interpretation of the existence of two components in the nano-XPS spectra

of the Se 3d core level

In this subsection, we approach the question related to the origin of the two components observed

in the nano-XPS spectra of the Se 3d core level of InSe shown in Fig. 5.16(c). Figure 5.19(a) presents

an optical microscopy image of the multi-terraced nanosheet used in the experiments described above.

Figures 5.19(b) and 5.19(c) show 40 µm by 40 µm high-resolution (500-nm step) spatial maps of the

photoemission intensity of the low- and high-BE components of the Se 3d core level, respectively, mea-

sured in the multi-terraced nanosheet shown in Fig. 5.19(a). The photoemission intensity value shown at

each individual pixel of Figs. 5.19(b) and 5.19(c) has been obtained from a two-Gaussian fitting of the

nano-XPS spectrum acquired at the corresponding point. As it can be observed in Fig. 5.19(b), the pho-

toemission intensity of the low-BE component shows an homogeneous distribution all over the nanosheet

(i.e., irrespective of the terrace probed), with a progressive decrease of intensity at the nanosheet edges.

However, the photoemission intensity distribution of the high-BE component shows a quite different be-

haviour, as shown in Fig. 5.19(c). This component presents a clear inhomogeneous intensity distribution
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along the InSe nanosheet that seems to depend on the thickness of the terrace probed. In this sense, a

maximum of photoemission intensity is observed in the regions of the thickest terrace which lie close to

the boundaries between different terraces, while the minimum photoemission intensity is observed in the

thinnest terrace of the nanosheet.

Figure 5.19: (a) Optical microscopy of the same InSe nanosheet shown in Fig. 5.16(a). High-resolution spatial
maps of the photoemission intensity of the low- (b) and high-BE (c) components in the nano-XPS spectra of the
Se 3d core level measured in the multi-terraced nanosheet shown in Fig. 5.19(a).

These results suggest that the two photoemission components of Se 3d can be associated with the

existence of two kinds of InSe layers in the nanosheet that have different doping levels. In this respect, it

is possible to estimate the thickness of these two kinds of InSe layers from the photoemission intensity

ratio between the two photoemission components. Figure 5.20 shows a spatial map of the photoemission

intensity ratio between the low- and high-BE components. From the intensity ratio observed in this figure,

and taking into account that the thinnest and thickest terraces are ∼4 and ∼10 nm thick, respectively, we

estimate a constant thickness of ∼3.5 nm for the InSe layer associated to the low-BE component, while

for the InSe layer associated to the high-BE component we estimate a terrace-dependent thickness that

ranges from ∼0.9 nm (in the thinnest terrace) up to ∼6 nm (in the thickest terrace). Figure 5.21 shows
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a schematic description of the previous interpretation, where only the thinnest and thickest terrace of the

nanosheet have been considered for clarity purposes. In the following sections, we will discuss in detail

the physical origin of these two components of the Se 3d spectra.

Figure 5.20: High-resolution spatial map of the photoemission intensity ratio between the low- and the high-BE
components in the nano-XPS spectra of the Se 3d core level.

Figure 5.21: Schematic description of the physical interpretation proposed to explain the origin of the two photoe-
mission components observed in the nano-XPS spectra of the Se 3d core level measured in the multi-terraced InSe
nanosheet shown in Fig. 5.19(a).

5.5.4 InSe-SiO2 interaction

In this subsection, we approach the study of the effects that the underlying substrate has on the

electronic properties of the multi-terraced InSe nanosheet. In order to gain some insight into the InSe-

SiO2 interaction, we have carried out a nano-XPS line scan measurement along the path marked by a

black line in Fig. 5.22(a) in the BE range corresponding to the Si 2p of SiO2. Figure 5.22(b) shows the

evolution of the BE of the SiO2 component extracted from a two-Gaussian deconvolution carried out for

all the nano-XPS spectra acquired along the line scan measurement. As we can observe in this figure, the
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BE of SiO2 component shows a strong variation along the measured path. The SiO2 component measured

in points of the substrate which are separated from the InSe nanosheet shows BE values similar to that

obtained for the Si 2p core level of SiO2 measured in a bare region of the substrate (see Fig. 5.18).

However, the BE of the SiO2 component starts increasing as the measurement spot gets closer to the

edges of the InSe nanosheet, where it takes the maximum value. This behaviour is observed for nano-

XPS measurements performed in points on both the left and right sides of the measurement path. The

BE of the SiO2 component measured at points of the substrate lying below the InSe nanosheet presents a

different evolution. Starting from the points measured at the edges of the nanosheet (were the BE takes

the maximum value), the BE of this component starts decreasing as the measurement spot gets closer to

the junction between terraces of different thickness, where it takes the minimum value. Moreover, we

observe that the decrease of the BE seems to be more abrupt in thickest terrace than in the thinnest one.

Figure 5.22: (a) Optical microscopy of the same InSe nanosheet shown in Fig. 5.16(a). (b) Evolution of the binding
energy of the Si 2p core levels of SiC and SiO2 obtained from the nano-XPS spectra acquired all along the path
marked on (a) by a black solid line.

The strong variation of the BE observed for the Si 2p core level of SiO2 suggests the existence of

an interaction between the InSe nanosheet and the SiO2 substrate. In order to gain more insight into the

InSe-SiO2 interaction, we have carried out a nano-XPS high-resolution spatial map of the same multi-

terraced InSe nanosheet in a BE range corresponding to the Si 2p core level of SiO2. From these results,
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we have performed a two-peak Gaussian deconvolution of all Si 2p spectra acquired and extracted, for

each spectrum, the BE value corresponding to the maximum of the Si 2p component associated to the

SiO2 substrate. This procedure allows us to obtain a distribution map of the BE position of the Si 2p of

the SiO2 substrate, which is shown in Fig. 5.23. A black dotted line has been added to Fig. 5.23 in order

to indicate the boundaries of the InSe nanosheet. These results corroborate the strong variation of the BE

of the SiO2 component observed in our previous measurements. In this respect, the spatial distribution

map of the SiO2 component reveals an increase of the BE of this component as the measurement spot

gets closer to the edges of the InSe nanosheet, where it shows the maximum values. However, a decrease

of the BE of the SiO2 component is observed as soon as the measurement spot probes points of the

substrate lying below the InSe nanosheet, showing minimum values at the regions which are close to the

junction between terraces of different thickness. Morevoer, as it has been previously observed in the line

scan measurement shown in Fig. 5.22(b), the observed decrease of the BE seems to be more abrupt in

thickest terrace than in the thinnest one.

Figure 5.23: High-resolution spatial map of the BE of the Si 2p core-level of SiO2 measured on the nanosheet
shown in 5.22(a) by nano-XPS. The black dotted line indicates the boundaries of the InSe nanosheet.

The experimental results shown in this subsection evidence the existence of an electronic interaction

between the InSe nanosheet and the underlying SiO2 substrate that seems to change in the central regions

of the InSe nanosheet. Such an electronic interaction can be explained by the pMOS-like behaviour of

the system formed by the p-doped Si substrate and the top oxide SiO2 layer, which has been reported to

induce an n-doping in overlying 2D materials such as MoS2 [176, 177]. In this respect, the p-Si/SiO2

multilayer structure produces an accumulation of positive and negative charges in the SiO2 and InSe

atomic layers, respectively, which lie close to the SiO2/InSe interface. Figure 5.24 shows a schematic

description of the accumulation of positive and negative charges in the p-Si/SiO2/InSe system. Within
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this “physical picture”, the increase of the BE observed for the SiO2 component as the measurement

spot gets closer to the InSe nanosheet can be explained by the progressive increase of density of positive

charges accumulated in the SiO2 regions covered by the InSe nanosheet due to the previously evoked

pMOS behaviour of the p-Si/SiO2/InSe system. As a consequence, the photoemitted electrons extracted

from the Si 2p core level of SiO2 atoms which are close to the InSe nanosheet are affected by a pos-

itive charge that makes them to escape with lower kinetic energy, i.e. to present a higher BE. On the

other hand, electrons photoemitted from the Si 2p core level of SiO2 atoms which lay beneath the InSe

nanosheet are affected by the negative charges acumulated in the InSe, which explains the decrease of

the BE observed for the SiO2 XPS component in the central region of the nanosheet (see Fig. 5.23).

Figure 5.24: Schematic description of the accumulation of positive and negative charges in the p-Si/SiO2/InSe
system.

Moreover, the “physical picture” described in Fig. 5.24 also explains the existence of two different

kinds of InSe layers in the InSe nanosheet previously evoked to explain the existence of two photoe-

mission components for the Se 3d core level. In this respect, the accumulation of electrons in the InSe

atomic layers which lie close to the SiO2 interface makes them to present an n-doped behaviour, while

the outermost InSe atomic layers present a more intrinsic behaviour due to the larger separation from

the InSe/SiO2 interface. Additionally, the proposed pMOS behaviour of the p-Si/SiO2/InSe system also

explains the spatial distribution observed for the two XPS components of the Se 3d core level. As the

accumulation of negative charges in the InSe atomic layers which lie close to the SiO2 occurs all over

the InSe nanosheet, the photoemission component associated to these n-doped InSe layers should be

present in all the regions of the sample and its intensity should show little dependence with the thickness

of the InSe terrace. On the other hand, the Se 3d photoemission component associated to the outermost

intrinsic InSe layers should (in principle) depend on the thickness of the InSe terrace.

Regarding to the BE of the two XPS components observed for the Se 3d core level, within the pro-

posed picture, the photoemitted electrons during an XPS measurement leave behind a positive charge in
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the InSe nanosheet, and only the atoms of the n-doped InSe layers lying close to the InSe/SiO2 inter-

face are able to recover their neutrality. In contrast to this, it is less probable that photoexcited atoms

present in the outermost intrinsic InSe layers of the nanosheet recover their neutrality. Consequently,

the photoemitted electrons coming from the Se 3d core level of these atoms are affected by a positive

charge that makes them to escape with lower kinetic energy (i.e. they present a higher BE). This be-

haviour agrees with the experimental observation of a low-BE XPS component for the Se 3d core level

with an homogeneous intensity distribution all over the InSe nanosheet, and a high-BE component with

a photoemission intensity that depends on the thickness of the terrace probed. In addition, the low-BE

component of Se 3d measured in our experiments appears at a BE of ∼57.4 eV, which agrees quite well

with the BE reported for the Se 3d core level of InSe [178]. The slightly higher BE value observed in

our experiments for the low-BE Se 3d component, with respect to reported values, can be attributed to

the substrate-induced n-doping of the InSe layers.

5.5.5 Existence of an intrinsic potential barrier in the boundaries between different ter-

races

In this subsection, we approach the question regarding the effect that the quantum confinement effects

of the optical band gap has on the electronic properties of multi-terraced InSe. In order to approach this

question, we have performed, similarly to that done for the Si 2p, a spatial distribution map of the BE

of each one of the Se 3d peaks resolved in our experiments performed on the nanosheet depicted (again)

in Fig. 5.25(a). Figures 5.25(b) and 5.25(c) show the corresponding high-resolution spatial distribution

maps of the BE of the low- and high-BE XPS components, respectively. As it can be observed in these

figures, the BE of both components show a similar evolution along the nanosheet. Both components

present the minimum BE at the thinnest terrace of the nanosheet. However, the BE of both components

starts increasing as the collection spot travels from the thinnest to the thickest terrace of the nanosheet,

where it shows the maximum value. A maximum increase in the BE of ∼0.6 eV is observed for both

components.

Because of the similar evolution of the BE of both components observed in the previous measure-

ments, in the following we will mainly focus our discussion only on the low-BE Se 3d component,

which in addition, turns out to be the most intense one all over the nanosheet and it leads thus to a lower

uncertainty on the determination of its BE.
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Figure 5.25: (a) Optical microscopy of the multi-terraced InSe nanosheet used in our experiments. High-resolution
spatial map of the BE of the (b) low- and (c) high-BE components of the Se 3d nano-XPS spectra measured on the
nanosheet shown in (a). The insets of (b) and (c) show an sketch which indicates the InSe layers (grey-coloured
regions) associated to each one of the XPS components.

The behaviour of the BE of the Se 3d core level observed in Figs. 5.25(b) and 5.25(c) seems to

indicate the existence of a potential barrier in the boundaries of the junctions between terraces of different

thicknesses as a consequence of the band alignment resulting from the different thickness-dependent

band gap of few-layer InSe. In order to corroborate this observation, we have performed a line scan

measurement probing two terraces of the InSe nanosheet, in which nano-XPS spectra of the Se 3d core

level have been acquired with steps of 500 nm all along the red dashed line shown in Fig. 5.26(a).

Figure 5.26(b) shows the evolution of the BE of the low-BE component obtained from a two-Gaussian

fit performed for all the acquired spectra. Starting from the thinnest terrace (left side), a progressive

increase of the BE is observed as the measurement spot starts probing points which lay close to the

junction between terraces. Once in the thickest terrace, the BE of the Se 3d core level keeps increasing

with a lower slope as the measurement spot probes points∼5-7 microns far from the junction, after which

the BE stabilizes. Since the BE of an electronic level has an inverse relationship with the electrostatic

potential of the corresponding electronic level, the results shown in Fig. 5.26(b) indicate the existence

of an intrinsic potential barrier for the Se 3d core level as the one depicted in Fig. 5.26(c). The origin

of such a potential barrier can be explained by the in-plane heterojunction formed by InSe layers with
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different band gaps and different doping levels (due to the thickness-dependent carrier concentration).

Figure 5.26(d) shows a schematic description of an in-plane heterojunction formed by an InSe nanosheet

consisting of two terraces. As schematized in the band diagram of this figure, the potential barrier of

the heterojunction shows an asymmetric profile due to the different extension of the depletion zone in

each terrace, being larger in the thinnest terrace. Such an asymmetric behaviour of the potential barrier

is indeed observed in the relative potential of the Se 3d core level shown in Fig. 5.26(c).

Figure 5.26: nano-XPS line scan measurement of the Se 3d core level performed along the red dashed line shown
in Fig.5.26(a). (b) Evolution of the BE of the low-BE component of the Se 3d core level along the measured path.
(c) Intrinsic potential barrier for the Se 3d core level measured for the two-terraced InSe heterojunction probed in
the line scan measurement. (d) Schematic description of an in-plane heterojunction formed by an InSe nanosheet
consisting of two terraces.

As discussed above, the existence of the intrinsic potential barrier observed for the Se 3d core level

in the junction between different terraces of InSe has its origin in the band alignment resulting from the

different thickness-dependent band gap of few-layer InSe. In this respect, Figs. 5.27(a) and 5.27(b) show

a more detailed description of the band alignment of two InSe terraces∼5- and∼10-nm thick before and

after contact, respectively.
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Figure 5.27: Schematic description of the band alignment between two terraces of InSe with different thickness
before (a) and after contact (b).

5.6 Summary

In this chapter, we have demonstrated that the progressive thickness reduction of atomically thin InSe

nanosheets gives rise to a gradual enhancement of quantum-size confinement effects that enable tuning

the dimensionality of the lattice dynamics and electronic properties. In this way, electronic charge rear-

ranges and Raman modes involving quasi-in-plane bonds stiffen whereas those involving bonds perpen-

dicular to the layer soften. The most evident effect of quantum-size confinement appears on the electronic

properties of extended states. DFT calculations have predicted a huge increase of the electronic band gap

by more than 1 eV for a single InSe layer (2D case), which has been experimentally demonstrated by

means of RT µ-PL in InSe as its thickness decreases from bulk to the SL. Such a wide band-gap tuning

has resulted to be one of the largest optical windows observed so far in the bulk-to-SL transition of a

given semiconductor and comparable to that observed in phosphorene [165]. First-principle calculations

have also predicted that the huge blue shift of the band gap occurs at the same time that the semiconduc-

tor turns from direct, in bulk, into pseudoindirect, in few atomic layers. For these InSe nanosheets with

a pseudoindirect character, the valence band maximum is located only 15 meV above the valence band

states at the Γ-point, where the minimum of the conduction band appears. The rather flat valence-band

dispersion around the Γ-point in these indirect nanosheets means that electrons can easily be transferred
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between energetically near states with a small amount of thermal energy. These results seem to indicate

that the observed strong decrease of the PL signal is unlikely to be originated by the evoked direct-to-

indirect band-gap crossover [42]. The origin of such a strong decrease of the PL emission intensity will

be addressed in Chapter 6. Finally, low-temperature µ-PL measurements suggest that h-D0 recombina-

tion channels seem to dominate over bound exciton recombination in thin InSe nanosheets.

Finally, we have combined the powerful of the XPS technique and the latest technical advances in

photoemission with lateral spacial resolution to reveal the existence of an intrinsic potential barrier in the

boundaries between different terraces of a multi-terraced InSe nanosheet, originated by the thickness-

dependent band gap of InSe demonstrated in this chapter. These results open the door for the fabrication

of in-plane heterojunctions with minimal junction defect density (due to the natural lattice match among

terraces of different thicknesses), by selective thickness reduction in multi-terraced InSe nanosheets.
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Chapter 6

Manipulating the luminescent response of

atomically thin InSe nanosheets

In the present chapter, we approach the question related to the origin of the poor luminescent be-

havior of flat InSe nanosheets already evidenced in Sections 5.3 and 5.4.1. Section 6.1 summarizes the

experimental observations of the strong quenching of the InSe PL. In Section 6.2 we discuss the optical

dipolar selection rules of InSe as a function of its thickness. Section 6.3 presents and discuss experi-

mental evidences that reveal that the intrinsic optical anisotropy of InSe can be used to enhance its PL

emission intensity through angle-dependent excitation µ-PL measurements. In Section 6.4, we show the

ability of nanotexturing strategies or important surface roughness to enhance light absorption and the

luminescent response of atomically thin indium selenide nanosheets. Finally, Section 6.5 summarizes

the main results of this chapter.

The thickness of the InSe nanosheets used in the experiments described in this chapter was deter-

mined by means of AFM measurements, which were carried out in collaboration with Prof. Ana Cros

and Mr. Daniel Andrés Penares from the Materials Science Intitute of University of Valencia. Calcula-

tions of the imaginary part of the dielectric constant and optical density of states of InSe with different

thicknesses (shown in Secion 6.2) were provided by Prof. Enric Canadell from the Institut de Ciència

dels Materials of the Universitat Autònoma de Barcelona. The RT µ-PL measurements shown in Sec-

tions 6.3 and 6.4 were carried out at the Servei Central de Suport a la Investigació Experimental (SCSIE)

of University of Valencia. Finally, the SiO2 nanoparticles used to nanotexturize the InSe nanosheets were

provided by Intenanomat S. L.
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6.1 Observation of a strong decrease of the InSe PL intensity with de-

creasing thickness

First-principles calculations predicted few-layer InSe to convey a band-gap blueshift at the same

time that the semiconductor turns from direct, in bulk, into pseudoindirect, in few atomic layers [157,

158]. In the pseudoindirect few-layer InSe, the valence band adopts a camel-back-like shape and its

maximum appears only few tens of meV above the valence band states at Γ (reported values oscillate

between 15 [157] and 50 meV [158]) where the conduction band minimum (CBM) is located. The strong

quenching of the PL observed in InSe nanosheets as its thickness decreases [42, 157] (see also Section

5.3) was first tentatively attributed to this direct-to-indirect crossover [42], as a mirror-like description of

the dichalcogenide case [10–12]. In these materials, only atomically thin nanosheets exhibit important

PL due to an indirect-to-direct character transition occurring at SL thickness. The direct-to-indirect

crossover predicted by DFT calculations is similar to the direct-to-indirect crossover occurring in bulk

InSe under pressure conditions [37, 103, 104]. By increasing pressure, a ring-shaped valence band

emerges and continuously develops, as shown by its effects on the hole concentration and mobility [37].

However, this direct-to-indirect crossover, observed to appear in bulk InSe at 2 GPa, shows little effect

on its intrinsic room-temperature PL until the pressure exceeds 4 GPa, when the difference between

the direct and indirect band gaps is about 60 meV [103, 104]. In fact, pressure induced PL quenching

in InSe is observed between 4 and 7 GPa, as a consequence of a second direct-to-indirect crossover in

the conduction band along the ZB direction [103]. Taking into account that the difference between the

direct and indirect band gaps is predicted to be few tens of meV in few-layer InSe [157, 158], the above-

described facts indicate that the thermalization of holes among top valence band states tends to minimize

the effects of the indirect nature of the nanosheets on their luminescence response at RT, suggesting

that other processes different from the direct-to-indirect crossover are responsible for the PL quenching

previously reported [42, 157].

6.2 Optical dipolar selection rules of 2D InSe and PL quenching

Dipolar selection rules for 2D TMDs favor optical transitions to occur for electric field polarized in

the layer plane [179], and luminescent recombination originates solely from in-plane excitons [86]. In

these 2D semiconductors, the existence of strong peaks in the joint density of states (JDOS) associated
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with van Hove singularities gives rise to strong light absorption in the visible range [180] when the

electric field is polarized in the layer plane [179]. Figure 6.1(a) shows the calculated density of states

for bulk InSe and 3, 2 and 1 SLs. Starting from the valence and conduction band edges, the density of

states of the bulk exhibits the continuous ∼E1/2 dependence expected for delocalized bands, until more

localized bands are reached (as the px− py valence band states observed at energies lower than -1 eV in

bulk InSe). Quantum-size confinement effects introduce van Hove singularities in the density of states of

atomically thin InSe nanosheets. Figure 6.1(b) shows the calculated JDOS for InSe SL, which has been

shifted in energy by 0.9 eV to take into account the well-known underestimation of band-gap values

calculated by DFT. For ease of comparison, we also show the JDOS calculated for WS2 SL. For energies

below ∼2.8 eV, i. e., most of the visible spectrum, the JDOS calculated for 2D InSe and WS2 similarly

exhibit a monotonous increase as energy increases. However, only for energies higher than 2.8 eV, the

presence of strong van Hove singularities relatively enhances the density of states available for optical

transitions in WS2.

Figure 6.1: (a) Density of states calculated for bulk InSe and 3, 2 and 1 SLs. (b) JDOS calculated for InSe SL,
which has been shifted in energy by 0.9 eV to take into account the well-known underestimation of band gap values
obtained by DFT. For ease of comparison, we also show the JDOS calculated for WS2 SL.

As it can be observed in Fig. 6.1(b), InSe nanosheets present a notable JDOS accessible for optical

transitions at the high energy side of the visible spectrum. However, dipolar selection rules for optical

transitions in 2D InSe are just the opposite of those for 2D dichalcogenides. InSe belongs to the C3v

point group, in whose symmetry the first band-to-band optical transition (labelled as Eg in Fig. 6.2(a))

is forbidden for electric fields polarized in the direction perpendicular to the c-axis (
−→
E⊥ c), as both

the valence band maximum (with Se pz character) and the CBM (with In s character) belong to the

A1 representation. Spin-orbit interaction makes it weakly allowed by mixing with deeper lying valence
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Figure 6.2: (a) Scheme of the conduction and valence bands of bulk InSe and its SL, as extracted from Ref.
[157]. The band gap values obtained by DFT are indicated in red colors, whereas those in black take into account
their usual band gap underestimation. The band gap of bulk InSe at RT (1.25 eV) has been used as a reference
value. Imaginary part of the dielectric function calculated for InSe nanosheets when the electric field is polarized
perpendicular (b) and parallel (c) to the c-axis.

bands, with Se px− py character, belonging to the E representation. The optical transition from these

deeper valence bands to the conduction band (labelled as E1 in Fig. 6.2(a)) is fully allowed. Figures

6.2(b) and 6.2(c) show the imaginary part of the dielectric function (Im ε(ω)) calculated by using the

first-principles band-structure calculations shown in Chapter 5. The calculations clearly reflect the role

of the optical selection rules in 2D InSe. Figure 6.2(b) shows the Im ε(ω) evaluated for
−→
E⊥ c in bulk

and InSe nanosheets of different thicknesses. The Im ε(ω) smoothly increases as (ω −Eg)
3/2 as soon

as ω > Eg, as expected for a forbidden transition, until the allowed E1-transition is reached. For the

case of the InSe SL (D3h point group) the Eg transition is strictly forbidden due to the existence of a

symmetry-plane. On the contrary, the Im ε(ω) calculated for
−→
E || c in bulk and nanosheets (Fig. 6.2(c))

shows that the Eg- and E1-related transitions exchange their role, i. e., the Eg transition becomes fully

allowed whereas the E1-one is forbidden for
−→
E || c. These optical dipolar selection rules explain, for

instance, that bulk InSe absorption coefficient for
−→
E || c is as high as that of dichalcogenides for

−→
E⊥ c

(∼105 cm−1) at energies corresponding to the visible spectrum [106].
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Figure 6.3: (a) µ-PL spectra acquired in InSe nanosheets of different thicknesses exfoliated on SiO2/Si substrates
at an excitation energy of 2.54 eV. (b) Nanosheet-thickness dependence of the PL-peak integrated intensity of the
spectra shown in (a). The PL-peak integrated-intensity values have been normalized, for convenience, to that of the
spectrum acquired in a bulk-like slab (40 nm thick), which is also shown in (a). The thickness dependence of the
light absorption ratio has been also included, which has been calculated by considering the thickness dependence
of the Im ε(ω) for electric fields perpendicular to the c-axis at the excitation energy of 2.54 eV obtained from data
shown in Fig. 6.2(b).

Bearing in mind these observations, we can now approach the question regarding to the origin of

the PL quenching previously reported [42, 157]. Figures 6.3(a) and 6.3(b) show the µ-PL spectra and

d dependence of the PL-peak integrated intensity, respectively, obtained from the µ-PL experiments

described and already discussed in Section 5.3. The wide d-range comprised in this experimental study

allows to evidence that the reported strong quenching of the PL-signal [42, 157] is better described by

a staggered reduction of the integrated PL intensity as d decreases. We observe a first quite abrupt step

when d diminishes from 6.5 to 5 nm in which the PL intensity decreases by a factor ∼5 followed by a

more subtle step for d decreasing from 3 to 2 nm in which the PL intensity decreases by a factor∼2. This

behavior of the integrated PL intensity points out quantum-size confinement effects acting on the optical

properties of the 2D InSe layers not only through the progressive shift of the band gap as d decreases

but also via the density of states available for optical absorption at each particular d. To illustrate these

effects, we can consider that the PL peak intensity is mainly determined by the light absorption ratio, that

can be evaluated as 1−e(−αd), where α = 2π Im ε(ωexc)/(nλexc) is the InSe absorption coefficient at the

incident-light energy (ωexc), n is the refractive index, and (λexc) is the excitation light wavelength. The

Im ε(ωexc), the main contribution to the light absorption ratio, can be extracted from the data shown in

Fig. 6.2(b) taking into account that ωexc was fixed to 2.54 eV in the experiments collected in Fig. 6.3(a)

(see Section 5.3). As quantum confinement effects are enhanced, different electron and hole sub-bands
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become involved in the optical absorption process, which makes Im ε(ωexc = 2.54 eV) to decrease by

stages as d does (Fig. 6.2(b)). For instance, optical absorption involves Eg- and E1-related transitions

in bulk InSe but E1-related ones are no longer available for nanosheets thinner than ∼5 nm. The light

absorption ratio shown in Fig. 6.3(b) has been calculated by using the obtained d dependence of the Im

ε(ωexc = 2.54 eV), which predicts a negligible PL intensity for nanosheets thinner than 3 SLs. Apart from

this, the calculated behavior of light absorption ratio appears to nicely account for the staggered behavior

of the PL intensity observed with d, which also seems to indicate that the PL quantum yield is basically

thickness-independent in spite of the large surface-to-volume ratio of the atomically thin nanosheets and

suggests a negligible influence of defect-mediated non-radiative recombination processes as d decreases,

that contrasts with the behavior observed in MoS2 [181].

6.3 Excitation angle dependence of InSe photoluminescence

In this section, we demonstrate that the previously described optical anisotropy of InSe can be used

to enhance the optical absorption of InSe nanosheets, and hence its PL signal intensity. The effective

absorption coefficient of the InSe nanosheets is expected to increase under non-normal optical excitation

due the increase of the electric field component parallel to the c-axis. The transfer matrix formalism de-

scribed in Chapter 4 has been employed here to estimate the ratio of power absorbed by InSe nanosheets

of different thicknesses under TM-polarized excitation as a function of the excitation angle. In the cal-

culations, we have considered that the InSe nanosheets are deposited on top of the conventional SiO2/Si

substrates with a nominal dSiO2 = 300 nm. The optical response of the InSe nanosheets has been modelled

by using the imaginary and real parts of the dielectric function ε(ω) shown in Figs. 6.2(b) and 6.2(c).

Figures 6.4(a) and 6.4(b) show the calculated ratio of absorbed light for InSe nanosheets of selected

thickness corresponding to 5 and 8 SLs, respectively, as a function of the wavelength and the incident

angle of a TM-polarized excitation plane wave. As expected, calculations reveal that the 8 SLs nanosheet

absorbs more light than the 5 SLs one due to its higher thickness. We also observe a strong dependence

of the ratio of absorbed light as a function of both the wavelength and angle of excitation. In order to

emphasize the effect that the excitation angle has on the ratio of absorbed light, we have plotted in Figs.

6.4(c) (5 SLs) and 6.4(d) (8 SLs) the calculated dependence of the absorbed power with the incident

angle for excitation wavelengths of 488 and 532 nm. As it can be seen in these figures, an increase of the

ratio of absorbed light with increasing angle is predicted by using both 488 and 532 nm excitation, with
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488 nm excitation giving rise to the highest increase for both InSe thicknesses. We also observe that for

both InSe thicknesses, the ratio of absorbed light presents a maximum value for incident angles of∼ 45◦

(532 nm) and∼ 55◦ (488 nm). For incident angles above these values, a decrease of the ratio of absorbed

light is observed, which can be understood as a combination of the angle-dependent effective thickness

of the SiO2 layer and an increase of the reflected intensity in the air/InSe interface.

Figure 6.4: Calculated ratio of absorbed light for InSe nanosheets of 5 (a) and 8 SLs (b) as a function of the
wavelength and the incident angle of a TM-polarized excitation plane wave. (c), (d) Incidence-angle dependence of
the absorbed power for excitation wavelengths of 488 and 532 nm in InSe nanosheets of 5 and 8 SLs, respectively.

As a proof of concept of the anisotropy of the optical absorption and its effects on the luminescent re-

sponse of InSe nanosheets, we have performed µ-PL experiments on tilted InSe nanosheets of different

thicknesses. Figure 6.5(a) shows a scheme of the experimental procedure followed in these measure-

ments. A 532 nm CW excitation was used to perform the PL measurements under different excitation

angles θ . The polarization of the excitation light was placed perpendicular to the rotation angle (TM

polarization). The emitted PL was then collected by a long working distance objective with a NA of 0.75

at the same angle θ (see Fig. 6.5(a)). Figures 6.5(b)-(e) show the µ-PL spectra collected in bulk InSe,

and in nanosheets of 7, 3 and 1 SLs, respectively, at different values of θ . These results clearly indicate

that, in the θ -range covered in these measurements, the PL intensity becomes enhanced under off-normal

excitation conditions for all nanosheet thickness explored here. Although such an enhancement of the
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PL intensity cannot be exclusively attributed to an increase of the light absorption by the nanosheets

(because contributions from light emission processes should be considered as well), our results suggest

that the optical anisotropy of InSe can be used to enhance the PL emission of the nanosheets.

Figure 6.5: Scheme of the experimental procedure used to perform µ-PL measurements in flat InSe nanosheets
as a function of the excitation/collection angle θ . The excitation light was placed perpendicular to the rotation
axis. The excitation wavelength was 532 nm. (b)-(e) µ-PL spectra collected in bulk and InSe nanosheets placed at
different θ . The thickness of the nanosheets and the θ used for each acquisition are indicated on each plot.

6.4 Nanotexturing to enhance the luminescent response of InSe

It is usually believed that nanotexturing, i.e., morphological manipulation at the nanometric scale

[182], reduces transport abilities of 2D systems whereas it introduces or enhances other functionalities.

That is the case, for instance, of graphene. Ultraflat graphene with reduced substrate interactions has

shown a drastic improvement in carrier mobility [183, 184] with respect to that on SiO2. Conversely,
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corrugation enhances graphene functionalities for sensing [185], and mechanical structuring has been

proposed as a non-invasive strategy to open the long awaited band gap for this material [186].

In this section, we demonstrate that nanotexturing strategies can be implemented to effectively en-

hance light emission in few-layer and SL InSe, by taking advantage of its large optical anisotropy. Such

an anisotropy (discussed in Section 6.2) makes the dipole matrix elements for light polarization parallel

to the c-axis to be nearly two order of magnitude larger than those for the perpendicular case. For this

reason, the morphology of few-layer InSe nanosheets has an important influence on their luminescence

response. In order to reveal the effects of the morphological manipulation on the luminescent response

of few-layer InSe nanosheets, mechanically exfoliated few-layer InSe nanosheets were deposited on top

of nanoparticle (NP) agglomerates and even single NPs. Figure 6.6 shows a sketch of the experimental

configuration. Previous to the deposition of exfoliated nanosheets on SiO2/Si substrates, SiO2 NPs of

∼100 nm in diameter were dispersed on the substrates, in a density high enough to favor the formation of

agglomerates of some hundreds of nanometers in height (several stacked NPs), but sparse throughout the

substrate surface due to the spin-coating of the NP solution at a sufficiently high angular velocity. Then,

mechanically exfoliated few-layer InSe nanosheets were deposited on top of these NP agglomerates. In

these textured areas, a large proportion of light absorbed is polarized parallel to the nanosheet c-axis,

which enhances the light absorption.

Figure 6.6: Sketch of the nanotexturing strategy proposed to enhance the RT light emission intensity of few-layer
and SL InSe by taking advantage of its large optical anisotropy.

Figure 6.7(a) shows an optical image of an InSe nanosheet showing different thin uniform terraces,

as it can be deduced by its optical contrast (see Chapter 4). The thinnest terrace of the nanosheet is

trapping three NPs underneath, as it can be observed in the scanning electron microscopy (SEM) image

shown in Fig. 6.7(b). Optically (Fig. 6.7(a)), the presence of SiO2 NPs enhances light scattering,

and consequently nanosheets trapping them underneath experience strong color contrast changes. This

optical hallmark makes it possible to easily identify such nanosheets among those lying on the bare
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Figure 6.7: (a) Optical image of an InSe nanosheet with a thin and uniform terrace of 4 nm in thickness with 3
NPs trapped under it. (b) SEM image of the nanosheet shown in (a). The SEM image at the inset is a detailed
view of the region indicated by a red rectangle depicted on the main SEM image. (c) Integrated µ-PL intensity
map measured in the InSe nanosheet of (a). (d) µ-PL spectra acquired in selected points of the nanosheet, which
correspond to those labeled from A to C in the optical image of (a).

regions of the SiO2/Si substrate even when few NPs become trapped as shown in Figs. 6.7(a) and 6.7(b).

Figure 6.7(c) shows a spatial map of the integrated µ-PL intensity measured in the InSe nanosheet of

Fig. 6.7(a). The integration was performed in the 1.2-1.7 eV range. As it can be observed in this figure,

a high PL intensity appears in the thickest terraces of the nanosheet, which can be easily understood by

the increase of PL with increasing InSe thickness [42, 157]. However, we also observe a high integrated-

PL intensity in the textured area of the thinnest terrace. Figure 6.7(d) shows individual µ-PL spectra

acquired in the points of the nanosheet labelled from A to C in the optical image of Fig. 6.7(a). The

spectra measured at the A and C points present peak maxima at 1.442 ± 0.001 eV and at 1.490 ± 0.001

eV, respectively, as corresponds to InSe terraces 5- and 4-nm thick. The PL peak acquired in a textured

area of the 4-nm thick nanosheet (C point) appears centered at the same energy as that measured in a

flatter area (B point). However, its PL intensity presents a 2-fold increase, becoming as intense as the PL

signal acquired in a flat 5-nm thick nanosheet (A point).

These results evidence that the presence of individual SiO2 NPs trapped underneath InSe nanosheets

is able to provide an enhancement of its emission intensity. In the following, we want to show that

agglomerates of NPs can also give rise to similar enhancement of the PL. Figures 6.8(a) and 6.8(b)
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Figure 6.8: (a) SEM image obtained in a partially lifted InSe nanosheet of 12 nm in thickness. The inset shows
a detailed SEM image of the lifted region of the nanosheet (the one delimited by a yellow rectangle). The AFM
contour shown at the bottom-right side was obtained from the nanosheet along the path marked on the detailed
SEM image by a red dashed line. (b) Optical image of the same InSe nanosheet shown in (a). (c) Integrated-PL
intensity map measured in this InSe nanosheet in the 1.2-1.5 eV range. Intensity values are represented by the
colorcode bar shown at the bottom of the map. The inset shows the integrated-PL intensity map measured in
the region delimited by the white rectangle depicted in the main PL-map. (d) µ-PL spectra measured in selected
points of the nanosheet, which correspond to the points labelled from A to D in the optical image shown in (b).
The vertical dashed line indicates the position of the PL-peak maximum, which appears at 1.279 ± 0.001 eV in all
of the spectra.

show the SEM and optical images, respectively, of what can be considered an archetype of a few-layer

InSe nanosheet deposited on top of a NP agglomerate. As we observed by SEM (Fig. 6.8(a)), NPs

agglomerates locally lift up nanosheets. The lifted nanosheets wrap the NP agglomerates (free from

microfractures) and evolve as microramps at their edges. The characteristics of these microramps are

intrinsic to the lifting process, since these microramps naturally appear to balance the sheet-substrate

adhesion force and the intrinsic elastic strain of the sheets. Interestingly, the average deflection angle of

these microramps appears to be of the order of 10◦− 20◦ (Fig. 6.8(a)), as measured by AFM. Such a

deflection angle envisages a robust and flexible elastic property of InSe nanosheets since these deflection

angles are comparable to those observed in atomically thin MoS2 sheets just before fracture [187]. Figure

6.8(c) shows the obtained µ-PL intensity map for this nanosheet, which evidences a homogeneous PL
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emission over the whole nanosheet except at the part of the sample corresponding to its lifted region,

where the integrated-PL intensity is clearly enhanced. More precisely, a high-resolution integrated-PL

intensity map measured in the lifted zone (inset of Fig. 6.8(c)) seems to indicate that the most intense

PL signal stems from the microramps of the lifted region, rather than its top. In order to confirm this,

Fig. 6.8(d) shows the µ-PL spectra recorded in selected points of the nanosheet that correspond to

those marked on the image of Fig. 6.8(b). The µ-PL spectra acquired in points of the flat region of

the InSe nanosheet (as the A-point) show a peak at 1.279 ± 0.001 eV which is attributable to the band-

to-band transition that is blue-shifted by 30 meV with respect to that of bulk InSe due to quantum-size

confinement effects of the natural quantum-well determined by a few layer InSe sheet [42]. Such a PL

peak energy reveals that the nanosheet has a thickness of ∼12 nm, as confirmed by AFM. In the lifted

region, the PL peak is observed at the same energy position, although it experiences a notable intensity

enhancement at the top of the lifted region (B-point) and even higher in points located at the microramp

(a factor 5 at the D-point).

The possibility of manipulating the luminescence response of this material is crucial to pave the way

for the potential optoelectronic applications of atomically thin InSe, whose band gap has been demon-

strated to vary over a broad window as large as∼1 eV (see Section 5.3) when the InSe thickness decreases

until the SL limit. However, as discussed in Section 6.3, the luminescent response of nanosheets thin-

ner than 5 nm suffers from a strong quenching [42, 157]. In the following, we show that the presented

nanotexturing strategy can also be used to enhance the PL emission in even few-SL nanosheets. Con-

ditions to obtain textured nanosheets were favored by controlling the NP dispersion process on SiO2/Si

substrates in order to reduce NP agglomeration and favor their dispersion. Figure 6.9(a) shows SEM

and optical images of an InSe nanosheet exfoliated on a dense distribution of NPs. Although optical

contrast techniques can be used for thickness determination of InSe nanosheets (see Chapter 4), the high

roughness degree caused by the distribution of NPs prevents a precise determination of the thickness of

nanosheets on a dense NPs distribution by optical contrast techniques and even by using AFM. In fact,

the AFM profiles obtained at the nanosheet shown in Fig. 6.9(a) edges far from the NPs give heights of

30 nm, which suggests that most of the sample is adhered on top of the NP agglomerates. In spite of this,

the morphology map of this sample shown in Fig. 6.9(b), as measured by AFM, reveals a high texturiza-

tion degree in the nanosheet, in which some points (indicated by dashed conic sections) exhibit deflection

angles as high as 20◦−30◦ (Fig. 6.9(a)). The effects of texturization on the luminescent response of this

atomically thin nanosheet can be clearly observed in the measured integrated-PL intensity spatial map
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(Fig. 6.9(c)), in which a clear correspondence can be established between points of the nanosheet with

enhanced PL signal and those being highly texturized (Fig. 6.9(b)). The µ-PL spectra shown in Fig.

6.9(d) were acquired in the selected points of the substrate and the nanosheet that are marked in Fig.

6.9(c) (A and B-D points, respectively). These µ-PL spectra indicate that the PL signal of the flattest

parts of the nanosheet can be described by a single peak (labeled as C2) centered at 1.89 ± 0.01 eV, that

is, corresponding to the PL emission of InSe 2 SLs-thick. We also observe that the intensity of peak

C2 is enhanced by a factor 3 with respect to that at the flattest region of the nanosheet. Furthermore,

the intensity enhancement of the µ-PL spectra produced in the texturized regions of the nanosheet (in

particular, at the C- and D-points) allows to resolve the existence of an additional PL peak, labeled as

C1, located at at 2.15 ± 0.02 eV, which corresponds to the emission energy of the SL InSe.

Figure 6.9: (a) SEM and optical images obtained in a highly textured atomically thin InSe nanosheet. The top-
right inset shows a detailed SEM image taken at the border of the nanosheet corresponding to the yellow rectangle
depicted on the main SEM image. The AFM contour shown at the right side was obtained from the nanosheet
along the path indicated on the detailed SEM image by a red dashed line. (b) Perspective of the morphology of
the nanosheet, as obtained by AFM. (c) Integrated-PL intensity spatial map measured in this nanosheet. (d) µ-PL
spectra acquired in selected points of the substrate and the nanosheet, which correspond to the points labeled as A
(substrate) and B to D (nanosheet) in the map of (c).

The above presented results suggest that morphological manipulation strategies, such as nanotextur-

ing or induced roughness, can enhance the optical performance not only of slabs of few layers of InSe but
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also of atomically thin nanosheets. However, the enhancement of PL emission observed in the previous

results cannot be exclusively attributed to an enhancement of the InSe absorption due to the presence of

lifted microramps. The presence of SiO2 NPs trapped under the nanosheets might also be contributing

to enhance light absorption by light scattering. Figure 6.10(a) shows an optical image of a 12-nm thick

InSe nanosheet trapping a NP agglomerate underneath, which has also been shown in Fig. 6.8. Figures

6.10(b) and 6.10(c) show the reflected intensity detected on the R, G, and B channels of the CCD ex-

tracted from the optical image of the nanosheet, along these two paths. These curves reflect that, within

the visible spectrum, the used NPs act as effective light-scattering centers for red and green wavelengths,

which can be seen by an enhancement of the backscattering intensity of the R and G channels at the

border of the lifted region of the nanosheet. These results indicate that the presence of the trapped NPs

also favors light absorption since they act as light scattering centers.

Figure 6.10: (a) Optical image of a 12-nm thick InSe nanosheet, which has also been shown in Fig. 6.8. (b), (c)
Reflected intensity of the R, G, and B channels extracted from the optical image of the nanosheet, along the paths
1 and 2, respectively, marked in (a).

Finally, it is worth to mention that lifting nanosheets from the SiO2/Si substrate may also have addi-

tional effects that could contribute to enhance light emission, such as the modification of the dielectric

properties of the surrounding media and the lower probability of surface trapping of excitons as compared

to the case of a standard 2D-semiconductor/SiO2 interface.
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6.5 Summary

In this chapter, we have shown that the morphological modification of InSe nanosheets through

nanotexturing is able to enhance the light emission intensity of this semiconductor for a wide range of

material thicknesses, and thus, for a wide range of emission wavelengths. This has been possible by

taking advantage of the large optical anisotropy existing in InSe, as observed in the calculated imaginary

part of the dielectric function (Im ε(ω)) by using first-principles band-structure calculations. Such an

optical anisotropy makes the dipole matrix elements for light polarization parallel to the c-axis (
−→
E⊥ c)

to be nearly 2 orders of magnitude larger than those for the perpendicular case (
−→
E || c).

Moreover, we have also shown that the strong quenching of the InSe PL as its thickness is reduced

originates from a different process than the direct-to-indirect crossover suggested in [42]. Although

DFT calculations predicted few-layer InSe to become a pseudoindirect semiconductor, its valence band

maximum is predicted to be only few tens of meV above the valence band states at Γ (where the CBM

is located), which suggests that thermalization of holes among top valence band states tends to minimize

the effects of the indirect nature of the nanosheets on their luminescence response at RT. In contrast

to this, the observed behavior of the integrated-PL intensity points out that quantum-size confinement

effects acting on the optical properties of the 2D InSe layers not only produce a progressive blueshift

of the band gap as d decreases but also modify the density of states available for optical absorption at

each particular thickness. As quantum confinement effects are enhanced, different electron and hole

sub-bands become involved in the optical absorption process, which makes the optical absorption of the

nanosheets to decrease as the thickness of InSe does.

Finally, the ability of nanotexturing strategies to manipulate the optical response of 2D forms of InSe,

as demonstrated in this chapter, allows anticipating a robust and flexible property to be explored. The

possibility that nanotexturing could be introduced in a controlled and scalable manner (by using patterned

substrates, for instance) is particularly relevant for the potential applications of 2D InSe in photonics.

These results also open the door for the design of high-performance flexible optoelectronic devices based

on a 2D semiconductor which offers a wide optical window and can be eventually combined with other

2D semiconductors and graphene to obtain new semiconductor/semiconductor and metal/semiconductor

heterostructures.
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Chapter 7

Optical spectroscopy of localized excitons

in single-layer WSe2

This chapter presents a non-resonance, near-resonance and resonance fluorescence (RF) study of

three-dimensionally confined excitons in SL WSe2. All the experiments described in this chapter were

carried out at the Quantum Photonics Lab in the Institute of Photonics and Quantum Sciences of Heriot-

Watt University in collaboration with Dr. Santosh Kumar and under the supervision of Prof. Brian D.

Gerardot. The chapter is divided into five sections. In the first one, we review very briefly the state-

of-the-art of single-photon sources in 2D materials. Section 7.1 presents a description of the different

optical excitation schemes used in this work. Section 7.3 shows the spectroscopic characterization of

localized excitons in SL WSe2 using non-resonant CW excitation at λ=532 nm. In Section 7.4 we

present the results of RF from a single quantum emitter in SL WSe2. Section 7.5 presents the results of

the conventional and high-resolution photoluminescence excitation (PLE) study carried out on a quantum

emitter in SL WSe2. Finally, Section 7.6 summarizes the main results of the chapter.

7.1 Introduction

Non-classical light sources are a crucial resource for an increasing number of future applications

in the field of quantum technologies [188], such as quantum simulation and computation [189, 190],

quantum metrology [191], and quantum secure communication schemes [192, 193]. A crucial building

block for these quantum technologies is the generation of on-demand indistinguishable single-photons.

Among the different single-photon sources currently available, solid state-based single-photon emitters
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(SPEs) have positioned themselves as the most promising candidates. Due to the presence of discrete

energy levels, solid state-based SPEs are often compared to single isolated atoms. However, this compar-

ison is not completely accurate since solid state SPEs are usually embedded in a 3D environment which

gives them a long-term stability but also gives rise to some problems and limitations in the design of

efficient and coherent quantum sources. First of all, the possible interactions of the emitter with lattice

vibrations (phonons) of the host material and with fluctuating charges in the surroundings of the emitter

are a source of dephasing of the photon emission [188, 194]. Secondly, the high-index surroundings of

the emitter can also lead to problems for an efficient extraction of the emitted photons due to the total

internal reflection in the dielectric/air interface.

Recently, it has been reported that crystal structure imperfections or disorder in some 2D materials

such as WSe2 [24–28], MoSe2 [29] and h-BN [195–198] can act as efficient carrier trapping centers

that behave as SPEs. Since the first demonstrations of single-photon emission in 2D WSe2 [24–28],

2D semiconductors have positioned themselves as an interesting alternative to host quantum emitters.

On the one hand, the 2D nature of the host materials eliminates the photon extraction problems at the

same time that facilitates a controllable external modification because of the proximity of the SPEs to

the material surface. On the other hand, it has been demonstrated that localized excitons (0D-X) with

narrow emission linewidths in 2D WSe2 emit quantum light while maintaining the general electronic

and magneto-optical characteristics (e.g., direct band gap, large long-range exchange interaction energy,

large Coulomb screening, and large exciton g-factor) of the host 2D semiconductor [25–27]. However,

besides their basic magneto-optical properties, these quantum emitters have yet to be explored in detail.

There are still some fundamental open questions regarding the precise nature of the three-dimensional

confinement and its effect on emitter properties, e.g., spin-orbit coupling and valley hybridization [199],

which could play an important role on the potential application of SL WSe2 as a source of coherent qubits.

In this way, non-resonant optical excitation can lead to detrimental effects on the coherence time of the

emitted photons due to the interaction of the carriers in the localized excitons with the host semiconductor

matrix, which usually tends to limit the indistinguishability of the emitted photons. In contrast to non-

resonant excitation, resonant optical excitation turns out to be an invaluable tool to probe the coherence

and dephasing mechanisms in few-level quantum systems, as it has been shown that dephasing effects

can be greatly suppressed by resonant optical excitation [30, 200]. However, although RF has already

been demonstrated using quantum dots (QDs) [30, 201–204], single molecules [205, 206]], and crystal

defects [207, 208], it has not yet been demonstrated for localized excitons in any 2D material.
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7.2 Optical excitation schemes

As has been mentioned in the previous section, the practical application of SPEs in future schemes

of quantum information technology is critically dependent on the coherence properties and mutual indis-

tinguishability of the single-photons. It is therefore interesting to compare the effects that the different

optical excitation conditions have on the emission coherence characteristics and also the timing of spon-

taneous recombination from the ground state of a SPE.

SPEs in 2D semiconductors can be regarded as QDs, as the observed localized excitons originate

from neutral excitons X0 trapped in a confinement potential, similar to self-assembled (“natural”) zero-

dimensional semiconductor nanostructures. Figure 7.1 shows the schematics of the three optical exci-

tation schemes used in this chapter to study the PL of localized excitons in SL WSe2: (a) non-resonant

excitation, (b) near-resonant excitation and (c) resonant excitation.

Figure 7.1: Schematics of the three optical excitation schemes used to characterize the PL of localized excitons in
WSE2: (a) non-resonant excitation, (b) near-resonant excitation and (c) resonant excitation.

The non-resonant optical excitation scheme (Fig. 7.1(a)) consists in the creation of electron-hole

pairs in the continuum associated to the 2D host semiconductor. It is the easiest and most common way

to initialize the excitation of QDs via non-radiative relaxation of the carriers from the continuum states

into confined states of the emitter. The initial creation of carriers in the continuum is then followed by

a fast capture and relaxation of electrons and holes into empty confined states of a single QD, which

usually occurs at timescales of the order of a few tens of picoseconds. Such carrier relaxation has

its origin in the efficient coupling of carriers with the bath of longitudinal acoustic (LA)-phonons in

the continuum matrix. This relaxation of carriers to the radiative ground state of the QD makes the

overall process of exciton creation to suffer from distinct “time jitter”, which has a detrimental effect
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on the coherence of the photons. Therefore, it is necessary to distinguish contributions by radiative and

“pure” dephasing processes. The radiative recombination of an electron-hole pair is the fundamental

contribution to decoherence. As such, it defines the ultimate achievable coherence limit for emission

from a two-level quantum emitter, if “pure” dephasing is negligible [209]. “Pure” dephasing in general

is the cumulative result of different effects, which reduce the emitter state coherence. One contribution

results from carrier-carrier scattering by Coulomb interaction of confined charge carriers with excess

charges either inside the QD or in the surrounding matrix [209]. The second contribution to “pure”

dephasing originates from higher-order phonon scattering processes, dominantly involving longitudinal

acoustic (LA) phonons [209].

In order to minimize the delay induced by the capture of charges in the QD, electron-hole pairs can

also be directly created in a discrete resonance inside the QD: this is called a quasi-resonant or near-

resonant excitation (see Fig. 7.1(b)). Within this optical excitation scheme, the processes of carrier

capture and subsequent fast relaxation from the continuum is avoided here, and only fast carrier relax-

ation from higher excited levels into the emitter ground state has to be considered. As a consequence of

the reduced number of relaxation events involved, the process of exciton creation should be improved in

terms of timing jitter. Under near-resonant excitation the emission coherence properties should also be

improved, as the limiting impact of “pure” dephasing by carrier-carrier scattering should be reduced.

Finally, an alternative optical excitation scheme is the resonant-excitation (see Fig. 7.1(c)), which

consists in the optical creation of electron-hole pairs directly into the considered exciton state. Under

these conditions, the time jitter in the photon emission process is solely governed by spontaneous decay,

whereas the impact by carrier relaxation from higher states becomes insignificant [209], which leads to

an improvement of the coherence properties of photon emission.

Based on the above, resonant optical excitation positions itself as an invaluable tool to probe the co-

herence and dephasing mechanisms in few-level quantum systems, as it leads to the optimum conditions

of quantum emitter preparation.
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7.3 Non-resonant µ-PL characterization of a single quantum emitter in

SL WSe2

This section presents the spectroscopic characterization of localized excitons in SL WSe2 using non-

resonant CW excitation at λ = 532 nm. The experimental setup used for these experiments is described

in Chapter 3.

Figure 7.2: Color-coded spatial maps of non-resonant PL with (a) integrated intensities in the spectral range of 710-
850 nm and (b) intensities in the spectral range of 780-800 nm. (c) Low-resolution µ-PL spectra corresponding to
localized bright spots labelled in (b). The excitation power was 2 µW.

Figure 7.2(a) shows a non-resonant µ-PL spatial map at an excitation power of 2 µW of a WSe2

SL nanosheet deposited onto a few layers of h-BN on top of a gold layer 100-nm thick. This spatial

map shows the integrated emission intensity for wavelengths ranging between 710 and 850 nm. Figure

7.2(b) shows the same PL spatial map for emission intensities integrated over a shorter wavelength range

(between 780 and 800 nm), which turns out to be favorable for the CW tunable laser diode available

in our lab. As it can be seen in this figure, five localized bright PL spots appear distributed along the

sample. These spots are labelled from A to E, and their corresponding low-resolution µ-PL spectra are

shown in Fig. 7.2(c). The spectra acquired at these bright spots are different from the typical emission

spectra of SL WSe2 originated by quantum-well effects, such as the 2D neutral exciton (2D-X), the 2D

charged exciton (2D-XT) and defect-bound excitons [210, 211]. The spectra shown in Fig. 7.2(c) present

sharp emission lines at much lower energies than those of the previously discussed quantum-well related
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emission lines, as already reported in Ref. [28]. In that work, the authors proved that this emission lines

present quantum emission.

In order to check the quantum emission behaviour of these spectral lines we carried out a second-

order correlation measurement at location E in Fig. 7.2(b). We observed strong anti-bunched photon

emission from this emitter. Figure 7.3 presents the normalized second-order correlation function g(2)(τ)

under non-resonant CW excitation for an excitation power of 2 µW. The black dots represent the ex-

perimental data whereas the solid red line represents a fit using the convolution of the second order

correlation function f (τ) = 1−ρ2e−|τ|/T1 and the system response function g(τ) = e(− log(4)τ2/γ2
). T1 is

the emitter lifetime, SBR = ρ/(1− ρ) is the signal-to-background ratio (SBR) and γ is an instrument

response time. The convolved equation is given by

g(2)(τ) = ( f ∗g)(t). (7.1)

The fitting revealed a g(2)(0) = 0.20±0.02, unambiguously proving quantum emission. The fit also

yielded an estimated SBR of ∼8.7 and a lifetime T1 = 2.42±0.19 ns. This lifetime value is in the same

order of magnitude than previously reported values for quantum emitters in SL WSe2[24, 26, 28].

Figure 7.3: Normalized second-order correlation function g(2)(τ) of the 0D-X line under non-resonant CW ex-
citation at an excitation power of 2 µW. The fit (red solid line) shows a g(2)(0) = 0.20± 0.02 and a lifetime of
2.42±0.19 ns.

Figure 7.4(a) presents a high-resolution µ-PL spatial map of the spot labelled as C in Fig. 7.2(b).

This spot was chosen because of its favourable emission wavelength for the CW tunable laser diode

and the angle-sensitive edge filters used in this work. This spatial map shows the integrated emission

intensities for wavelengths ranging between 770 and 800 nm in logarithmic scale. Figure 7.4(b) shows

the low-resolution µ-PL spectrum measured in the brightest point of (a) in logarithmic scale. As it can
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Figure 7.4: (a) High-resolution µ-PL spatial map of the spot labelled as C in Fig. 7.2. (b) Low-resolution µ-PL
spectrum measured in the brightest point of (a) in logarithmic scale. (c) Same spatial map than (a) for integrated
emission intensities in four different spectral ranges corresponding to the peaks C1-C4 labelled in (b).

be seen in this figure, this spectrum presents a bright emission peak at around ∼785 nm (labelled as

C3) accompanied by three weaker emission lines labelled as C1, C2 and C4. To demonstrate that these

four emission lines originate from different spatially isolated spots in the sample, we have plotted in Fig.

7.4(c) the same spatial map for integrated emission intensities in four different spectral ranges. The top

left map of Fig. 7.4(b) shows the integrated PL for emission wavelengths corresponding to peak C3. The

top right, bottom left and bottom right maps present the integrated PL for spectral ranges corresponding

to the C1, C2 and C4 emission lines, respectively. The black spots in these three maps represent the

central position of peak C3, as extracted from the top left map. As it can be observed, the four emission

lines originate from different spatial positions in the sample, demonstrating the spatial isolation of the

C3 peak.

In the following, we will focus ourselves on the peak C3. Figure 7.5(a) shows a low-resolution

µ-PL emission spectrum from location C3 on the SL WSe2 for a wide spectral range. In agreement

to previous observations, the sharp emission line is accompanied by extraneous emissions from other

localized emitters or 2D-X [25, 27, 28]. Figure 7.5(b) presents a high-resolution µ-PL spectrum of

the sharp emission line presented in (a), showing a fine-structure splitting (FSS) doublet with unequal

intensities (peaks P1 and P2) accompanied by a weak emission peak at higher energy (P0) and a phonon
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emission band at lower energies. The open black circles are the experimental data, while the red solid

line is a fit of the experimental data to four Lorentzian peaks (lines P0, P1, P2 and the phonon band).

Figure 7.5: (a) Low-resolution µ-PL emission spectrum from location C3 on the SL WSe2 for a wide spectral
range. (b) High-resolution µ-PL spectrum from the same location that (a), showing a fine-structure splitting (FSS)
doublet with unequal intensities (peaks P1 and P2) accompanied by a weak emission peak at higher energy (P0)
and a phonon emission band at lower energies.

Figure 7.6(a) shows the temporal evolution over 10 minutes of the spectrum shown in Fig. 7.5(b).

From these measurements we were able to estimate the energy splitting between the peaks P1 and P2.

Figure 7.6(b) shows a histogram with the splitting distribution probability. An energy splitting of ∆12 =

335± 10 µeV can be observed between these two peaks. However, we were not able to estimate the

energy splitting between peaks P1 and P0 from Fig. 7.6(a) due to the weak emission intensity of P0. To

overcome this issue, we performed a similar experiment by using a different orientation of the collection

polarizer. Using the proper orientation of the polarizer we measured again the temporal evolution of the

µ-PL spectrum of emitter C3. Figure 7.6(c) shows a colormap in logarithmic scale with these results.

In these measurements we were able to identify the peak P0 at lower wavelengths. A fit of these data

revealed an energy splitting of ∆01 = 598±19 µeV between peaks P0 and P1. Finally, from Figs. 7.6(a)

and 7.6(c) we also estimated the spectral wandering of the emission lines. A fit of the data revealed a

spectral jitter of∼ 100 µeV around the central energy position for the three lines. Moreover, the spectral

shift over time of the P0, P1, and P2 peaks, as shown in Fig. 7.6(c), is similar to each other, which

confirms that they belong to the same emitter.
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Figure 7.6: (a) Temporal evolution of the spectrum shown in Fig. 7.5(b). (b) Distribution probability of the energy
splitting between peaks P1 and P2. (c) Same measurement than that shown in (a) for a different orientation of the
collection polarizer. (d) Distribution probability of the energy splitting between peaks P0 and P1.

7.3.1 Non-resonant power dependence

To gain further insight into the nature of the doublet we investigated the power dependence of the PL

response. Figure 7.7(a) shows five µ-PL spectra of emitter C3 acquired using different laser excitation

powers. The black dots represent the experimental data and the red solid lines are fits to these experi-

mental data using four Lorentzian peaks. For single quantum emitters, a saturation of the PL intensity is

expected with increasing excitation power, since the maximum number of emitted single photons is limi-

ted by the lifetime of the excited state [24]. Therefore, increasing the non-resonat laser excitation power

results in a nonlinear dependence of the emission intensity. Figures 7.7(b), 7.7(c) and 7.7(d) show the

evolution of the integrated PL intensity as function of the excitation power corresponding to the P1, P2

and phonon band lines, respectively. We observe that the three components present a linear power depen-

dence at low excitation powers (Pexc) and a clear saturation behavior at high Pexc. The solid lines in these

figures represent a saturation curve fit for a two-level system using the relation I = Isat(Pexc/(Pexc+PN)),

where PN represents the normalized excitation power at which the integrated intensity of the PL peaks
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become half of the saturation integrated intensity (Isat). The fits reveal that the three states present dif-

ferent saturation behaviours. We measured minimum linewidths (FWHM) of ∼120 and ∼150 µeV for

the P1 and P2 peaks, respectively, at the lowest excitation power used in this experiment. Figures 7.8(a)

and 7.8(b) show the evolution of the emission linewidth with Pexc for peaks P1 and P2, respectively. We

observe that the broadening of this peak inhomogeneously increases as Pexc does. Such an inhomogenous

broadening can be attributed to fluctuating charges in the surroundings of the quantum emitter at a time

scale faster than the experimental acquisition time [28].

Figure 7.7: (a) µ-PL spectra of emitter C3 acquired using different laser excitation powers. The black dots repre-
sent the experimental data and the red solid lines are fits to these experimental data using three Lorentzian peaks.
Evolution of the integrated PL intensity as function of the excitation power corresponding to the P1 (b), P2 (c) and
phonon band (d) lines, respectively.
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Figure 7.8: Evolution of the emission linewidth with Pexc for peaks P1 (a) and P2 (b), respectively.

7.3.2 Magneto-optical spectroscopy

In this subsection we show the results of the magneto-optical spectroscopy study of emitter C3. The

experiments were carried out in the Faraday geometry, in which the external magnetic field is applied in

the direction perpendicular to the nanosheet surface (Bz). In this geometry, the split of the fine-structure

doublet is modified according to [212]

∆B =

√
∆2

0 +(µBg0D−X Bz)
2, (7.2)

where ∆0 is the energy splitting measured from the average energy of the doublet at 0 T, µB is the Bohr

magneton and g0D−X is the exciton g-factor. Figure 7.9(a) presents three µ-PL spectra of emitter C3

acquired with different applied magnetic fields. The black dots represent the experimental data and the

red solid lines are the corresponding Lorentzian peaks. Figure 7.9(b) shows the behaviour of the emission

doublet of emitter C3 for applied magnetic fields up to 6 T, extracted from the fitting process. A fit of

the experimental splitting data using Eq. (7.2) revealed a g0D−X = 0.41±0.03. Such a small value of the

g-factor contrasts with larger g0D−X values recently reported [25–27].

We also performed a similar measurement for emitter C4, which also presents FSS, as it can be

seen in the µ-PL spectrum shown in Fig. 7.10(a) and in its temporal evolution shown in Fig. 7.10(b).

Figure 7.10(c) shows the magnetic-field dependence of the splitting existing between the two emission

components of the C4 emitter, as extracted from a Lorentzian fitting of the peaks. A fit of the experi-

mental splitting data using Eq. (7.2) revealed a higher g-factor of g0D−X = 2.651±0.009 for emitter C4.

Moreover, the applied magnetic field is also supposed to change the central emission energy (EAvg) of
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Figure 7.9: (a) µ-PL spectra of emitter C3 acquired with different applied magnetic fields. The black dots represent
the experimental data and the red solid lines are the corresponding fits. (b) Magnetic field dependence of the fine-
structure split doublet.

the doublet due to the diamagnetic shift [213], which is given by EAvg(Bz) = EAvg(0)+γ(Bz)
2, where γ is

the diamagnetic coefficient. For the emitter C4, we obtained γ =−1.5±0.6 µeV/T2. Such a very small

value of γ demonstrates a very strong confinement of the 0D-X, as for a 0D confined system γ quantifies

the combined contributions of confinement and Coulomb interaction upon application of the magnetic

field [213].

Figure 7.10: (a) µ-PL spectrum of emitter C4 acquired at 0 T applied magnetic field. (b) Temporal evolution of
the spectrum shown in (a). (c) Magnetic field dependence of the fine-structure split doublet of emitter C4.



7.4. Resonance fluorescence from a single quantum emitter in SL WSe2 129

7.4 Resonance fluorescence from a single quantum emitter in SL WSe2

In this section, we present the results of RF from a single quantum emitter in SL WSe2 (emitter

C3). A CW tunable laser diode, covering a wavelength range of 765-805 nm, was used as excitation

source. The background laser scattering was strongly, but not completely, suppressed using orthogonal

linear polarizers in the excitation and collection arms of the microscope (see Chapter 3). The RF signal

was splitted into two parts: 70% of the signal was sent to an avalanche photodiode (APD) and 30% to a

spectrometer.

Figure 7.11: APD counts (a) and high-resolution RF spectra (b) from emitter C3 recorded over a 44-minutes long
measurement under resonant CW excitation at λ = 784.69460 nm with a power of 1 µW. (c) The time trace of
emitter detuning δ = Elaser - EP1 of the dominant emission line P1 of emitter C3.

Figures 7.11(a) and 7.11(b) show the APD counts and the RF spectra of emitter C3 recorded over a

44-minutes long measurement. By fitting each spectrum in Fig. 7.11(b) we were able to determine the

fluorescence emission intensity as a function of the emitter peak energy detuning (δ = Elaser-EP1 , where
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Elaser and EP1 are the laser and emitter peak emission energies, respectively). To illustrate the analysis

procedure carried out here, the spectra acquired at particular time instances of t = 11.5 and 38.0 min are

shown in Fig. 7.12(a) together with the corresponding fits. Figure 7.11(c) shows the evolution of δ over

time extracted from the fits. As it can be observed in these figures, the single-photon count-rate dynamics

measured by the APD is directly correlated with δ . We have added four vertical dashed lines to Fig. 7.11

to highlight such a correlation. We observe that the highest single-photon count rates measured by the

APD occur for the lowest values of δ . For δ = 0 (occurring at ∼11.5 minutes), the emitter was resonant

with the excitation laser and a maximum count rate of ∼1.7 MHz was measured, demonstrating RF of a

localized exciton on SL WSe2. The highest single-photon count rate observed when the emitter was on

resonance turns out to be ∼4.3 times higher than the mean background level (0.4 MHz) obtained when

the emitter was out of resonance. Such a background has its origin in the unsuppressed excitation laser

scattering. The horizontal dashed line shown in Fig. 7.11(a) indicates such a mean background level.

Regarding to the slow spectral fluctuations observed in the measurement, they can be attributed to charge

noise in the emitter environment, similar to that observed in semiconductor QDs [214, 215].

Figure 7.12: (a) The fluorescence spectra of emitter C3 at two different time instances corresponding to time t =
11.5 (38.0) min for δ = 0 (200) µeV. (b) Normalized g(2)(τ) measured during a time interval when the emitter was
in resonance with the excitation laser (δ = 0).

Figure 7.12 shows a second-order correlation measurement during a time interval when the emitter

was in resonance with the excitation laser. A fitting of the anti-bunching data to Eq. (7.1) yielded a

g(2)(0) = 0.345±0.009, demonstrating that the RF signal was indeed composed of quantum light. From

the fitting we also deduced a SBR of∼4.3, in agreement with the maximum signal and background count

rates extracted from Fig. 7.11(a). The horizontal dashed line in Fig. 7.12 represents the minimum g(2)(0)

value expected for a SBR of 4.3.
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Results presented above demonstrate that we have unambiguously achieved RF from a quantum

emitters on SL WSe2 in spite of significant spectral fluctuations and background laser scattering. Such

a first demonstration of RF in SL WSe2 paves the way to probe the localized exciton coherence in 2D

semiconductors.

7.5 High-resolution laser spectroscopy of a single quantum emitter in SL

WSe2

In this section we present the results of the photoluminescence excitation (PLE) experiments carried

out on a quantum emitter in SL WSe2. A CW tunable laser diode, covering a wavelength range of 765-

805 nm, was used for the measurements. The PLE experiments of emitter C3 were carried out using two

different methods. First, we carried out a conventional PLE experiment. In second place, we employed

a novel strategy that takes advantage of the spectral jittering of the SPE emission energy to perform

high-resolution PLE spectroscopy.

7.5.1 Conventional PLE of a single quantum emitter in SL WSe2

First, we employed the conventional PLE technique, where the tunable laser was scanned manually

with a step size of∼100 µeV, and the integrated intensity of peak P1 was recorded. Figure 7.13(a) shows

the PLE spectrum of emitter C3 over an extended range of detuning acquired using such a conventional

method at no applied magnetic field. The resonances of peaks P1, P0, and a high-energy phonon-side

band (PSB) (previously introduced in Fig. 7.5(b)) are clearly resolved. Moreover, an additional reso-

nance peak, blue shifted by ∼4.75 meV from P1, is also observed (red dots). The experimental data in

the spectral range corresponding to this blue-shift exciton (BS-X) have been multiplied by a factor 5 in

the graph for an easier identification.

Figure 7.13(b) shows the PLE spectrum of emitter C3 for an applied magnetic field of 7.5 T. The P1,

P2 and BS-X resonances can also be observed at 7.5 T, although the P0 and the BS-X appear red-shifted

by ∼30 and ∼400 µeV, respectively. Figure 7.14(a) shows an example of PL spectrum in logarithmic

scale acquired during the PLE experiment at 0 T. For this particular spectrum, the excitation laser was

fixed at an energy resonant with the BS-X peak. Figure 7.14(b) shows an example of PL spectrum
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acquired with non-resonant excitation in logarithmic scale. As it can be observed in this figure, the µ-PL

spectrum of emitter C3 under non-resonant excitation shows negligible emission at the energy of the

BS-X.

Figure 7.13: PLE spectrum of emitter C3 at 0 (a) and 7.5 T (b) acquired using the conventional method.

Figure 7.14: (a) PL spectrum of emitter C3 at resonant excitation to BS-X. (b) Non-resonant excitation PL spectrum
of emitter C3.

7.5.2 High-resolution PLE of a single quantum emitter in SL WSe2

The conventional method used for the PLE experiments shown in the previous subsection does not al-

low us to measure the resonances with an accuracy better than∼100 µeV due to the spectral fluctuations

that could occur over the acquisition time of a single µ-PL spectrum. In this subsection, we will show

that it is possible to take advantage of these spectral fluctuations over time as a new strategy to perform

high-resolution PLE (HRPLE) spectroscopy. This can be done by keeping the excitation laser at a fixed

wavelength and allowing the spectral fluctuations to detune the emitter randomly. A fitting procedure can

then be used to determine the PL emission intensity as a function of the detuning with a fitting limited

accuracy of ±5 µeV. This allows one to measure several detuning values and corresponding intensities
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at a single excitation wavelength. Such a HRPLE technique was used to characterize the P1, P0 and

BS-X resonances. Figure 7.15(a) shows the result of the HRPLE (red open circles) superimposed to the

PLE spectrum acquired by using the conventional method (closed black circles). A Lorentzian fit of the

HRPLE data revealed a FWHM of ∼40 µeV for the P0 resonance. Figure 7.15(b) shows a comparison

of the PLE results for the BS-X state using the conventional (closed black circles) and high-resolution

(red open circles) methods. As it can be seen in this figure, the HRPLE of the BS-X allows to resolve

two peaks separated by ∼290 µeV.

Figure 7.15: PLE spectrum of the P1 and P0 resonances of emitter C3 acquired using the high-resolution (open red
circles) and conventional (closed black circles) PLE techniques.

Finally, we demonstrate single-photon emission from the P1 state of emitter C3 under resonant exci-

tation of the BS-X state. The background scattered laser was efficiently, but not completely, suppressed

by using two angle-sensitive edge filters. Figures 7.16(a) and 7.16(b) show the second-order coherence

measurement of emitter C3 under resonant excitation of the low energy line of the BS-X state at ex-

citation powers of 5 and 10 µW, respectively. A fitting of the anti-bunching data to Eq. (7.1) yielded

g(2)(0) = 0.22± 0.04 (a) and g(2)(0) = 0.25± 0.02 (b), demonstrating that the fluorescence signal was

indeed composed of quantum light.

These results reveal that optical absorption into the BS-X state quickly relaxes into the exciton ground

state, from which it can emit single photons. We currently do not understand the nature or origin of the

BS-X state. One possibility is that the BS-X is a charged species that quickly relaxes into the exciton
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ground state, motivating future experiments with charge-tunable samples [216]. Another possibility is

that the BS-X state is a mostly optically inactive dark exciton. For W-based monolayer TMDs (WS2,

WSe2), the electron spin in the lowest conduction band is antiparallel to hole spin in the highest valence

band, leading to optically inactive dark states, which limits their quantum efficiency for light emission

at low temperatures in comparison to Mo-based monolayer TMDs such as MoSe2 [217]. Similar to

valley hybridization, the optical activity of localized dark excitons could be linked to the symmetry of

the confinement potential and underlying crystal lattice. Further investigations are required to understand

the nature of the ground-state excitons and BS-X.

Figure 7.16: Second-order coherence measurement of emitter C3 obtained under resonant excitation of the low-
energy line of the BS-X state when excitation powers of 5 (a) and 10 µW (b) have been selected.

7.5.3 Suppression of fine-structure split lines and binding energy re-normalization

In this subsection, we want to highlight two observed differences in the emission behaviour of emitter

C3 under non-resonant and resonant excitation. The first one is the observed suppression of emission

from the state P2 under quasi-resonant or true resonant excitation in comparison to the non-resonant

excitation scheme. The second one is the observed change on the binding energy of the two fine-structure

split sates P1 and P2 from non-resonant to quasi-resonant excitation.

Figures 7.17(a)-(d) show the fluorescence spectra of emitter C3 under different optical excitation

conditions: non-resonant excitation, resonant excitation to the BS-X state, resonant excitation to the

P0 state and true resonant excitation to the P1 state, respectively. The brightest peaks in Figs. 7.17(b)

and 7.17(c) are the scattered excitation laser, which has been subtracted for the spectrum shown in Fig.

7.17(d). The non-resonant excitation spectrum shown in Fig. 7.17(a) was acquired at a power of 200 nW

far below saturation power (see Fig. 7.7). Under these non-resonant conditions, the peak intensity ratio
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between P1 and P2 (IP1/IP2) turns out to be ∼2. However, from Figs. 7.17(b), 7.17(c) and 7.17(d) we

observe that that the emission intensity of P2 under quasi-resonant or true resonant excitation conditions

is suppressed by an order of magnitude. This observation gives hints that a specific valley-index is

optically addressed with quasi- or true resonant excitation.

Figure 7.17: The fluorescence spectra of emitter C3 under non-resonant excitation (a), and under resonant excita-
tion to the BS-X (b), P0 (c) and P1 states (d).

Further evidence of the P2 suppression is provided by Fig. 7.18, which shows that the (IP1/IP2) ratio

increases as we go from near-resonance excitation to true resonance excitation of the P0 state. The red

dashed region in this figure represents the IP1/IP2 ratio with standard deviation measured by non-resonant

PL.
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Figure 7.18: Peak intensity ratio between peaks P1 and P2 (IP1/IP2) under near-resonant excitation to the P0 state
as a function of the detuning. The red dashed region represents the IP1/IP2 ratio with standard deviation obtained
under non-resonant excitation.

Figure 7.19: Time traces of high-resolution µ-PL spectra of emitter C3 under resonant excitation of state P0 at a
power of 4 µW (a) and non-resonant excitation at a power of 11 µW (b). (c), (d), Histograms of the binding energy
extracted from the time traces in (a) and (b).

Finally, the high-resolution PLE technique was used to investigate the effect of quasi-resonant ex-

citation on the binding energy of the two fine-structure split sates P1 and P2 from emitter C3. Figures
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7.19(a) and 7.19(b) show the time traces of P1 and P2 under resonant excitation of peak P0 and non-

resonant excitation, respectively. Figures 7.19(c) and 7.19(d) show distribution histograms of binding

energies (EP2 - EP1) which result from the Lorentzian fitting of the spectra of Figs. 7.19(a) and 7.19(b),

respectively. From these fittings we obtain statistical distributions of the binding energy centered at 280

± 10 µeV for quasi-resonant excitation to the line P0 and at 340 ± 10 µeV for non-resonant excitation,

which yields a 60 µeV binding energy re-normalization. The spectral jitter is similar to each other in all

cases. The binding energy between peaks P0 and P1 was also investigated under an excitation wavelength

of 784.3800 nm, as shown in Fig. 7.6(c). Here we observed a binding energy of ∼600 µeV, which turns

out to be identical for non-resonant excitation. We do not currently understand the details of the binding

energy re-normalization or the origin and nature of the different peaks.

7.6 Summary

In this chapter we have demonstrated that monolayer WSe2 is a benevolent host for single-photon

emitters. The 2D nature of this system provides unique opportunities to engineer the light-matter interac-

tion and integrate it onto quantum photonic chips. In Section 7.4 we have unambiguously demonstrated

RF from a quantum emitter in WSe2 in spite of significant spectral fluctuations and background laser

scattering. Moreover, despite the challenges that the spectral fluctuations present for quantum control

and RF, we have shown its utility for high-resolution PLE spectroscopy. The high-resolution PLE ex-

periments described in Section 7.5 yield the direct observation of a three-dimensionally confined weakly

fluorescent exciton state that is energetically blue shifted by ∼4.8 meV. We have also proved that reso-

nant excitation of this BS-X state provides a single-photon source. The high-resolution characterization

of the bright-exciton fine structure and the experimental observation of the BS-X shown in Section 7.5 are

important results to better understand the specific nature of these localized excitons. The RF and laser

spectroscopy techniques demonstrated in this chapter raise the prospect for indistinguishable single-

photon generation and investigations of the spin and valley coherence of strongly confined excitons in

2D TMDs.
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Chapter 8

Modelling and engineering light emission

in 2D materials

In this chapter, we apply the method of source terms (MST), which was initially proposed by H.

Benisty et al. [218] to modellize the emission of dipoles in modes of arbitrary planar structures, to study

and optimize the light emission in a large variety of 2D systems such as graphene, MoS2, WSe2 and

h-BN. For our study, graphene has been chosen because of its relevance among 2D materials as a semi-

metal. MoS2 has been chosen as a prototypical 2D TMD semiconductor with strong PL emission [11].

WSe2 and h-BN have been chosen because of the experimental observation of bright and stable single-

photon emission from localized excitons in their 2D forms [24–26, 28, 195, 196]. Moreover, following

the work of Aad et al. [219], we have slightly modified the MST to include the effects of the excitation

angle and wavelength, as well as the thickness-related emission intensity variations. The analytical

model used in our simulations is described in Appendix B. The chapter is divided into eight sections.

In the first one, we review very briefly the main approaches that have already been used to enhance

the PL of 2D materials as well as the analytical models commonly used to simulate light emission in

these materials. Section 8.2 presents a comparison between our calculations and the experimental results

available in the literature for the Raman emission of the G and 2D modes of graphene. Section 8.3 shows

a comparison between our calculations and the experimental results available in the literature for the

PL and Raman emission of 2D MoS2. Motivated by the good results obtained in the previous sections,

Section 8.4 presents a numerical study of the conditions that lead to an enhancement of the PL of MoS2.

In Section 8.5 we use the MST to design multilayer structures with optimized light extraction capabilities

independently of the dipole orientation in the 2D materials. In Section 8.6 the MST has been applied
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to determine the conditions for maximizing the extraction efficiency of SPEs in 2D WSe2 and h-BN

deposited on different substrates. In Section 8.7, the MST has been employed to simulate the angle-

resolved PL emission in the strong coupling regime of 2D MoS2 embedded in a planar optical cavity.

Finally, Section 8.8 summarizes the main results of the chapter.

8.1 Introduction

One of the most significant challenges that must be faced to integrate 2D materials into competitive

optoelectronic, photonic and quantum devices goes through the optimization of light absorption due

to their nanoscale thickness. To date, different approaches have been demonstrated to improve light

emission in 2D materials. Among these, the use of localized surface plasmon resonances sustained by

metal nanoparticles or patterned substrates has appeared to be an effective approach to enhance the PL

in 2D semiconductors. Plasmonic gold nanorods [220, 221], silica-gold nanoshells [222], and metal

nanoantenna-patterned substrates [223–225], have already been used to enhance the PL emission of SLs

of 2D TMDs even by several orders of magnitude. Recently, a PL enhancement of 20.000-fold has been

achieved achieved for WSe2 deposited on gold substrates onto which trenches as narrow as sub-20nm

had been patterned [226]. Alternatively, photonic structures have been used to resonantly control and

enhance the interaction of light with 2D materials. In this way, the integration of WSe2 SLs onto a

photonic crystal cavity has yielded a PL enhancement of about 60 times [227]. Finally, another intuitive

approach used to optically tune the incoupling and outcoupling of light in atomically thin 2D materials

has been the modification of the dielectric surroundings. In fact, the Raman signals of graphene [228–

230] and 2D TMDs [231–233], as well as the PL signals of 2D TMDs [232, 233], have revealed a

strong intensity dependence on the thickness of the underlying silicon dioxide (SiO2) layer of Si/SiO2

substrates, due to substrate-related optical interference effects.

The degree of success for these methods to improve light emission of 2D materials relies on the

choice of appropriate device structures with optimized characteristics and, consequently, accurate and

versatile design models of optical devices are required. So far, the enhancement of light extraction as-

sisted by surrounding-induced light interferences in 2D materials has been modelled by employing the

multiple reflection model [231, 232], with a good concordance with experimental results. However, this

model assumes normal incidence of light for both excitation and emission, which limits its applicability

for the design of devices in which the angular light emission pattern or the power distribution into guided
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and leaky modes become relevant parameters. In addition to this, although the normal-emission approxi-

mation seems to reproduce the surroundings-induced changes of light emission intensity of 2D materials

with horizontal emitting dipoles, it would be expected to fail to account for light emission patterns of

potential 2D materials with vertical emitting dipoles (as it would be expected to be the case in others

2D materials as InSe [157, 234]). In order to overcome such issues, it is possible to use matrix-based

analytical models under the assumption of dipolar nature of optical processes taking place in semicon-

ductors. One of these models, named method of source terms (MST), was proposed by Benisty et al.

[218]. This model is based in the combination of a transfer matrix method and a dipole emission source

term (see Appendix B for a detailed description of the model), which allows calculating the emission of

a thin source plane in an arbitrary planar structure in which the source plane is modelled by incoherent

electrical oscillating dipoles. The MST has already been successfully applied to study, design and char-

acterize top-emitting microcavity light-emitting diodes [235], the coupling of light from an organic light

emitting diode (OLED) into a single-mode waveguide [236], the efficient photon extraction from a quan-

tum dot in a broad-band planar cavity antenna [237], and the emission in grating-assisted resonant-cavity

light-emitting diodes [238]. Recently, Janisch et al. have developed a different matrix-based method

to calculate the angular emission patterns of a single MoS2 layer evaporated onto Al2O3/Al substrates

with different thicknesses of Al2O3 [239]. This method relies on the calculation of the Hertz potential

of the nanocavity, from which the electrical field distribution along the cavity can be obtained. However,

although this Hertz potential-based model allows the calculation of the contribution to the total emitted

power by both in-plane and out-of-plane dipoles, information on contributions from TE (s) and TM (p)

polarizations is missed. Moreover, in order to estimate the cavity-modified emission rate, additional cal-

culations have to be performed [239]. Opposite to this, the MST allows to calculate the contributions of

both TE and TM polarizations on the emission patterns, as well as to calculate the modification of the

emission rate in a very straightforward way.

8.2 Modelling Raman emission in Graphene

This section presents the results obtained from the application of the MST to the Raman emission

of graphene. The dipolar nature of the G and 2D Raman modes of graphene allows us to use the MST

for calculating the Raman emission in this material. In Subsection 8.2.1, the calculated angular emission

patterns of the Raman G and 2D modes of graphene are shown and compared with experimental data
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obtained from [240]. Subsection 8.2.2 presents a comparison between experimental and calculated values

of the collected intensity for the Raman G and 2D modes of graphene deposited onto Si/SiO2 substrates

as function of the SiO2 thickness. In the calculations, the wavelength-dependence of the refractive indices

of each material has been taken into account. It is worth to mention that, for all calculations presented

here, no fitting parameter has been used apart from an overall scaling factor used to match the calculated

signal intensities to those experimentally obtained.

8.2.1 Angular pattern of Raman emission of SL graphene

Back focal plane (BFP) imaging has been demonstrated to be an efficient experimental technique for

measuring the emission intensity of active materials as function of the emission angle θ , or equivalently

in-plane photon momentum k‖ = k0 sin(θ) [241]. In Ref. [240], the authors report the experimental

BFP imaging of the G and 2D Raman modes of SL graphene deposited onto a glass substrate for both

polarized and unpolarized detections. With the aim of being able to compare our calculated angular

patterns with experimental results shown in [240], we have applied the MST to calculate the BFP image

of the G and 2D Raman modes of SL graphene deposited onto a glass substrate. In order to analytically

model the intensity of the G and 2D Raman modes for graphene, we have considered the sum of two

incoherent orthogonal in-plane point dipoles with ratios 1:1 for the isotropically polarized G band and

3:1 for the polarized 2D band [240].

Figure 8.1: (a) Calculated BFP image of the Raman G mode of graphene for unpolarized detection. (b) Comparison
between experimental (extracted from Ref. [240]) and calculated BFP cross sections for the Raman G mode of
graphene for unpolarized detection.

Figure 8.1(a) shows the calculated BFP image of the G mode of a SL graphene deposited onto a

glass substrate for unpolarized detection. In this figure, the emission isotropy of the Raman G mode can
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be observed. Figure 8.1(b) shows a comparison between the experimental (dotted line) and calculated

(solid line) BFP profiles of the G mode of a SL graphene deposited onto a glass substrate obtained for

unpolarized detection. Experimental values have been obtained from Ref. [240]. The corresponding

calculated BFP profile has been extracted from Fig. 8.1(a). A very good agreement between experiment

and calculations is observed.

Figure 8.2: (a) Calculated BFP image of the Raman G mode of graphene for polarized detection. Comparison
between experimental (extracted from Ref. [240]) and calculated BFP cross sections for the Raman G mode of
graphene for (b) TE- and (c) TM-polarized detections, respectively.

The MST also allows us to calculate the Raman emission of the G mode in the BFP for polarized

detection. Figure 8.2(a) shows the calculated BFP image of the G mode of graphene for polarized

detection. Figures 8.2(b) and 8.2(c) show experimental TE- and TM-polarized detection BFP profiles

(dotted lines) of the G mode of a SL graphene deposited onto a glass substrate, obtained from Ref. [240].

The corresponding BFP profiles calculated in the frame of the MST (extracted from Fig. 8.2(a)) are also

shown in Fig. 8.2(b) and Fig. 8.2(c) (solid lines). As for the case of unpolarized detection, a very good

agreement between experiment and calculations is observed for both TE- and TM-polarized detections.

In a similar way to that shown for the Raman G mode, the BFP image corresponding to the Raman
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2D mode emission of SL graphene can also be calculated by using the MST. However, as stated above,

in this case we need to consider the sum of two incoherent orthogonal in-plane point dipoles with ratios

3:1 for the emission of the polarized 2D band [240]. Figure 8.3(a) shows the calculated BFP image of

the 2D Raman mode of SL graphene deposited on a glass substrate for unpolarized detection. As it can

be observed in this figure, the 2D band does not show the isotropic emission behaviour observed for the

G band (see Fig. 8.1(a)). Figures 8.3(b) and 8.3(c) show a comparison between the experimental (dotted

lines) and calculated (solid lines) BFP profiles of the 2D band for unpolarized detection.

Figure 8.3: (a) Calculated BFP image of the Raman 2D mode of graphene for unpolarized detection. Comparison
between experimental (extracted from Ref. [240]) and calculated BFP cross sections for the Raman 2D mode of
graphene for unpolarized detection.

Regarding to the polarized detection of the 2D mode, Figs. 8.4(a) and 8.4(b) show the calculated

BFP images for the Raman 2D mode of graphene for TE- and TM-polarized detections, respectively.

Figures 8.4(c) and 8.4(d) show a comparison between experimental (as extracted from Ref. [240]) and

calculated BFP cross sections of the Raman 2D mode of graphene for TE- and TM-polarized detections,

respectively. As for the case of the G Raman mode, a very good agreement between experiment and

calculations is also observed for the 2D Raman mode for both polarized and unpolarized detections.
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Figure 8.4: Calculated BFP images for the Raman 2D mode of graphene for (a) TE- (b) and TM-polarized de-
tections, respectively. Comparison between experimental (extracted from Ref. [240]) and calculated BFP cross
sections for the Raman 2D mode of graphene for (c) TE- and (d) TM-polarized detections, respectively.

8.2.2 Effects of substrate thickness on the Raman intensity of SL graphene

The MST also allows us to calculate the total emitted power in the far-field that can be collected

by the NA of a particular objective, simply by integrating the normalized emitted power density over

the corresponding solid angle. Figure 8.5(a) shows the integrated collected intensity evolution of the

Raman G and 2D modes of SL graphene deposited on SiO2/Si substrates [230] as a function of the

SiO2 thickness, in which the trend calculated in the frame of the MST has been included. In these

calculations, excitation and emission conditions used in the experiments have been considered. As can

be seen in these figures, there is an excellent agreement between calculated and experimental values. A

maximum of Raman intensity for both Raman modes can be observed for SiO2 layers of ∼120 nm thick

in both experimental and calculated values. This particular result can be of interest for graphene-based

research, as the 2D Raman mode in few-layer graphene samples can be used to estimate the number of

layers [242].
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Figure 8.5: (a) Comparison between experimental and calculated values of the collected intensity for the Raman G
and 2D modes of graphene deposited onto SiO2/Si substrates as function of the SiO2 thickness. (b) Comparison of
the experimental and calculated values of the intensity ratio for graphene Raman 2D and G modes. Experimental
values have been obtained from [230].

Figure 8.5(b) shows the experimental [230] and calculated ratios of the 2D and G Raman mode

intensities of SL graphene deposited on SiO2 substrates as a function of the SiO2 thickness. Again, a

good agreement is observed between experimental and calculated results. Two maxima of the I2D/IG

ratio can be observed for SiO2 thicknesses of ∼240 and ∼500 nm. Maximizing the I2D/IG ratio by

choosing an appropriate substrate thickness can also be very useful when working with doped graphene

samples, as it has been demonstrated that the I2D/IG ratio can be used as sensitive parameter to monitor

the doping in graphene samples [243].

8.3 Modelling light emission in 2D MoS2 in the weak coupling regime

This section presents the results obtained from the application of the MST to the PL and Raman

emission of SL MoS2. In Subsection 8.3.1, the calculated PL angular emission patterns of SL MoS2 are

shown and compared with experimental data obtained from [86]. Subsection 8.3.2 presents a comparison

between experimental and calculated values of the collected intensity for the PL and Raman signals of

SL MoS2 as function of the substrate thickness. In the calculations, the wavelength-dependence of the

refractive indices of each material has been taken into account. As for the case of Section 8.2, for all

calculations presented here, no fitting parameter has been used apart from an overall scaling factor used

to match the calculated signal intensities to those experimentally obtained.

It has been demonstrated that the PL from 2D MoS2 originates solely from in-plane excitons [86].
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Therefore, the PL emission of the MoS2 layers can be described by an isotropic distribution of incoher-

ently radiating dipoles lying in planes parallel to the layer interfaces. The thickness-dependent Raman

intensity of MoS2 has been modelled by considering a discrete stacking of dipole sheets, each sheet a SL

thick (nominally, 0.6 nm) [11].

8.3.1 Angular pattern emission of 2D MoS2

Figure 8.6(a) shows the calculated x-polarized antenna-like radiation BFP image of the PL corre-

sponding to the A-exciton of SL MoS2 deposited onto a glass substrate. Figure 8.6(b) shows experimen-

tal momentum-resolved TE- (red dotted lines) and TM- (blue dotted lines) polarized PL corresponding

to the A-exciton of SL MoS2 deposited onto a glass substrate obtained by BFP imaging, as extracted

from [86]. Calculated values for TE- and TM-polarized PL corresponding to this experimental picture

are represented by red and blue solid lines, respectively. A very good agreement between experiment

and calculations is observed for both polarizations.

Figure 8.6: (a) Polarized antenna-like radiation BFP image of the PL of SL MoS2 calculated by using the MST.
(b) Comparison between experimental (extracted from Ref. [86]) and calculated BFP cross sections for the PL
emission of SL MoS2 for (c) TE- (ref solid line) and (d) TM-polarized (blue solid line) detections, respectively.

It is worth mentioning that the BFP patterns for the PL of MoS2 and Raman of graphene can also

be calculated by using different analytical models, as shown in Refs. [86] and [240], respectively. In

Ref. [86], the normalized local density of optical states, the time-averaged populations, and the dipole

moments of in-plane and out-of-plane dipoles of a single emitter were taken into account for the sim-

ulation of the PL patterns in MoS2. In Ref. [240], the BFP intensities were calculated by considering

the TM- and TE- polarized components of the electric fields radiated by a point dipole on the glass-air
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interface, depending on its in-plane orientation, the azimuthal and polar emission angles and the distance

from the emitter center [241]. Although both analytical models offer a very good agreement between

experimental and calculated values for BFP imaging, it is not straightforward to employ such analytical

models to calculate angular emission patterns in multilayered structures in which more than one inter-

face is present. In this sense, the MST offers a clear advantage with respect to these models since every

interface is taken into account by a unique transfer matrix.

8.3.2 Effects of substrate thickness on the photoluminescence and Raman emissions of

SL MoS2

As discussed in Subsection 8.2.2, the MST can be also used to calculate the total emitted power in the

far-field that can be collected by the NA of a particular objective, simply by integrating the normalized

emitted power density over the corresponding solid angle. Figures 8.7(a) and 8.7(b) show the PL intensity

evolution of SL MoS2 deposited onto SiO2/Si [232] and Al2O3/Al [239] substrates as a function of

the SiO2 and Al2O3 thickness, respectively, in which the trend calculated by using the MST has been

included. In these calculations, the excitation and emission conditions used in the experiments have

been considered. Both SiO2/Si and Al2O3/Al substrates appear to be able to tune the PL intensity of

top 2D TMDs. As can be seen in these figures, there is an excellent agreement between calculated and

experimental values. A maximum of PL intensity can be observed for SiO2 layers of ∼330-350 nm

thick in both experimental and calculated values. Compared to the minimum PL intensity at ∼230 nm

of SiO2, there is a ∼30-fold increase in the PL intensity with the optimized thickness. However, our

calculations predict that an even higher enhancement of the PL signal can be obtained for underlying

SiO2 layers of ∼110 nm, where a ∼39-fold increase would be achieved. With regards to MoS2 sheets

on Al2O3/Al substrates (Fig. 8.7(b)), the PL intensity of MoS2 increases as the Al2O3 thickness does,

although calculations show that a maximal enhancement is expected for Al2O3 layers of ∼60-70 nm in

thickness.

Figures 8.7(c) and 8.7(d) show the simulated power radiated per unit solid angle in the far field

obtained for SiO2/Si substrates with different thicknesses of the SiO2 (dSiO2) overlayer (110, 200 and

345 nm) and Al2O3/Al substrates with different thicknesses of the Al2O3 overlayer (10, 30 and 60 nm),

respectively. In these figures, the calculated angular patterns for 200 nm of SiO2 and 10 and 30 nm of

Al2O3 have been multiplied by factors of 20, 50 and 5, respectively, for an easier comparison. As it can
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Figure 8.7: Comparison between experimental and calculated values of the PL intensity of SL MoS2 deposited onto
SiO2/Si (a) and Al2O3/Al (b) substrates as function of the SiO2 and Al2O3 thicknesses, respectively. Experimental
values have been obtained from Ref. [232] and Ref. [239], respectively. Calculated power radiated per unit solid
angle in the far field obtained for underlying SiO2 layers of 110, 200 and 345 nm of thickness (c), and Al2O3
layers of 10, 30 and 60 nm of thickness (d). The colored numbers appearing in Figs. (c) and (d) indicate that the
corresponding patterns have been multiplied by such factors for comparison purposes.

be observed in these figures, both total collected power and angular patterns are affected by the substrate

choice.

Results shown in Fig. 8.7(a) and Fig. 8.7(b) evidence the already reported effects of substrate-related

optical interference in the PL signals of 2D materials. The origin of such interference effects has been

extensively discussed in several 2D systems on the basis of the interference model [231–233]. Within

this model, and assuming that the PL emission intensity is proportional to the excitation (absorption), the

resulting modulation of light emission can be understood as the combination of the optical interference

produced in both excitation and emission processes due to the multiple reflections within underlying

substrates. In this way, if only absorption or emission processes were taken into account rather than a

combination of both, interference effects would give rise to absorption or emission maxima (constructive

interference) for substrate thicknesses of d ∼ (2m+ 1)λ/4n, with m being a positive integer (m = 0, 1,

2...), n being the refractive index of the underlying oxide layer and λ being the excitation or emission

wavelength, respectively. Within this picture, the maxima of PL observed in Fig. 8.7(a) for MoS2
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deposited onto SiO2/Si substrates (with dSiO2 = 112, 340 and 565 nm) can be interpreted as a combination

of absorption (occurring for dSiO2 = 108, 326 and 543 nm) and emission (occurring for dSiO2 = 115, 345

and 575 nm) maxima. It is worth mentioning that the dependence of the PL intensity observed for SL

MoS2 deposited onto SiO2/Si and Al2O3/Al substrates (Figs. 8.7(a) and 8.7(b), respectively) is not a

general result (i.e., the thickness conditons for obtaining maxima intensity signals), since it depends on

the excitation wavelength used in the experiment.

Figure 8.8: Calculated and experimental Raman intensity variation of the A1g (a) and E1
2g (b) modes of SL MoS2

deposited onto SiO2/Si substrates as a function of the SiO2 thickness. Experimental values shown in (a) and (b)
have been obtained from Ref. [232]. (c) Calculated and experimental Raman intensity variation of the E1

2g mode of
MoS2 deposited onto a SiO2(285nm)/Si substrate as a function of the MoS2 thickness. Experimental values shown
in this figure have been taken from Ref. [231].

Similar substrate-induced effects have been also observed in the Raman modes of SL TMDs [231–

233]. Proceeding similarly to that performed for the 2D and G modes of Graphene (see Subsection

8.2.2), we show in Figs. 8.8(a) and 8.8(b) a comparison between the experimental [232] and calculated

intensity of the A1g and E1
2g Raman modes SL MoS2 deposited on SiO2/Si substrates, respectively, as

a function of dSiO2 . Again, the MST accurately accounts for the Raman intensities of the A1g and E1
2g

modes of SL MoS2 as a function of dSiO2 . Figure 8.8(c) shows the Raman intensity of the E1
2g mode
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measured in MoS2 nanosheets of different thicknesses supported on SiO2/Si substrates with dSiO2 = 285

nm, as extracted from Ref. [231]. The good agreement observed between experimental results and the

trend obtained by means of the MST indicates that the model also accurately accounts for the variation

of the Raman intensity signals due to changes in the thickness of the active material.

8.4 Enhancement of MoS2 photoluminescence by substrate optimization

The good agreement between experimental and calculated values obtained for the PL of SL MoS2

(see Section 8.3) indicates that the MST provides for a very versatile and accurate tool for designing

multilayer devices with 2D TMDs as active material with an optimized response. To explore this possi-

bility, we have calculated PL intensities of SL MoS2 deposited on different multilayer structures (these

schematized in Fig. 8.9(a)). In the calculations, excitation and emission wavelengths of 632 and 670

nm have been selected, respectively. A NA of 0.9 for the collection objective has also been considered.

All calculated PL intensities have been normalized to that of a free-standing SL of MoS2. Figure 8.9(b)

shows the calculated PL enhancement obtained for SL MoS2 deposited in the three different multilayer

structures shown in 8.9(a). For the extensively used SiO2/Si substrates, a maximum PL enhancement

of 2.4 is observed when a SiO2 underlayer of ∼110 nm thick is used (as discussed above). Alternative

multilayer structures have been proposed to enhance, even more, the PL signal of MoS2, such as an

alumina spacer sandwiched between SL MoS2 and an aluminium reflector [239]. For these structures,

we find that a maximum PL enhancement of ∼10 is obtained for alumina layers ∼80 nm thick. Addi-

tionally, two less intense peaks with PL enhancements of ∼6.2 and ∼3.4 are observed for 265 and 450

nm of alumina, respectively. The higher PL enhancements obtained for this multilayer structure have

their origin mainly in the higher reflectivity of the Al2O3/Al interface for both excitation and emission

wavelengths in comparison to that of SiO2/Si. The third substrate we consider consists of a multilayer

structure in which the MoS2 sheet is deposited onto a more sophisticated mirror-like dielectric structure

such as a flat distributed Bragg reflector (DBR). Such a DBR structure has been designed to consist of

ten pairs of λ/4 (λ being the light wavelength) SiO2/Si3N4 layers placed above a quartz substrate. The

thickness of the oxide layers has been chosen to achieve maximum reflectivity at both excitation and

emission wavelengths. The PL enhancement expected for SL MoS2 deposited on such a DBR structure

has been calculated as a function of the thickness of the underlying SiO2 layer (red solid line in Fig.

8.9(b). For this DBR structure, three maximum PL enhancements of ∼6, ∼3 and ∼3.4 are predicted for
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SiO2 thicknesses of 102, 330 and 490 nm, respectively.

Figure 8.9: (a) Schematic illustration of the three different multilayer structures designed to enhance the PL re-
sponse of a MoS2 SL. (b) Calculated enhancement of the PL of SL MoS2 deposited on different multilayer struc-
tures. (c) Calculated absorption efficiency of the MoS2 layer at the excitation wavelength corresponding to the
curves shown (b). (d) Calculated variation of the extraction efficiency for the structures shown in (a). (e) Calcu-
lated variation of the collection efficiency for the structures shown in (a).

In general terms, environment-related optical interference effects can be observed in the PL signal of

MoS2 for the three structures considered in the calculations (Fig. 8.9(b)). When considering the dipolar

nature of the optical emission processes, such a modulation of the PL emission can be understood again

as the combination of different factors. Following the discussion adopted in Ref. [239], the measured PL

power can be estimated by

PPL ∝ ηabsηextηcolηqPexc, (8.1)

with PPL and Pexc being the measured and excitation powers, respectively. ηabs, ηext , ηcol , and ηq repre-

sent the absorption, extraction, collection and quantum efficiencies, respectively. First term in Eq. (8.1)

(ηabs) refers again to the interference effect present for the optical absorption in the 2D material due to the

multiple reflections in the multilayer structure, as discussed previously. The second one (ηext) accounts

for the ratio of power emitted to the air with respect to the total radiated power by the dipole. The third
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term (ηcol) accounts for the ratio of collected power in the far-field with respect to the total radiated power

to the air. Regarding to the quantum efficiency ηq, it can be approximated by ηq = γ (γ + γnr)
−1 ≈ γγ−1

nr ,

with γ and γnr being the radiative and non-radiative recombination rates (γ � γnr), respectively [239].

Such an approximation is valid because the exciton decay time of 2D materials at room temperature (RT)

is typically dominated by non-radiative recombination [94]. The measured power can thus be estimated

by

PPL ∝ ηabsηextηcolγγ
−1
nr Pexc. (8.2)

This means that, for a given excitation power and γnr, the optimization of the PL power in the far field

can be achieved by maximizing the product ηabsηextηcolγ , as stated by Eq. (8.2).

Following Eq. (8.2), the calculated variation of the total emitted power as a function of the underlying

layer thickness shown in Fig. 8.9(b) can be decomposed into different contributions. Figure 8.9(c) shows

the absorption efficiency at the excitation wavelength (ηabs) of the SL MoS2 corresponding to the curves

shown in Fig. 8.9(b) as a function of the thickness of the underlying layer. As it can be seen in this figure,

similar maximum absorption efficiencies of ∼12% and ∼13% are obtained for the Al2O3/Al and bottom

DBR structures, which turn out to be more than a factor 2 higher than that obtained for the SiO2/Si

one (6%). Such a difference in ηabs has its origin in the higher reflectivity of the Al2O3/Al and DBR

structures at the excitation wavelength in comparison to that of SiO2/Si. Figures 8.9(d) and 8.9(e) show

a strong dependence of ηext and ηcol with the thickness of the underlying layer for the three multilayer

structures, whose origin lies in their corresponding angular redistribution of photons. From Figs. 8.9(c),

8.9(d) and 8.9(e) it can be noticed that the product of the variations of ηabs, ηext and ηcol does not account

by itself for the calculated variations of the PL for each structure shown in Fig. 8.9(b), indicating that

the spontaneous emission rate γ of the dipole is also being modified by the planar structures. The MST

also allows to estimate the modification of the spontaneous emission rate γ/γ0 by using Eq. (B.8) in

Appendix B. Figure 8.10(a) shows the calculated variation of γ/γ0 in the three structures studied. As

it can be seen in this figure, the maximum estimated values of γ/γ0 are ∼1.6, ∼1.05 and ∼1.05 for the

Al2O3/Al, the DBR and the SiO2/Si structures, respectively. The higher values of γ/γ0 observed for the

Al2O3/Al can be attributed to the higher reflectivity of the Al for a wide angular range in comparison to

the DBR and Si and the higher penetration depth of the mode for the case of the DBR structure.

For completeness, Fig. 8.10(b) shows the calculated power radiated per unit solid angle in the far field
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Figure 8.10: (a) Calculated evolution of the spontaneous emission rate modification for MoS2 deposited on three
different substrates as a function the underlying thickness. (b) Calculated power radiated per unit solid angle in the
far field corresponding to the conditions for which the maximum PL enhancement is achieved for each multilayer
structure in Fig. 8.9(b).

corresponding to the conditions for which the maximum PL enhancement is achieved for each multilayer

structure shown in Fig. 8.9(a). These results show that such structures produce very different angular

patterns. The most directional one is obtained when the MoS2 is placed on the top of a SiO2/Si3N4 DBR.

Such a higher directionality has its origin in the angular dependence of the reflectivity of the DBR. While

DBRs are able to provide high reflectivity at normal incidence, light at larger angles can leak through the

mirror. Obviously, the Al mirror exhibits high reflectivity independently of the incident angle.

Bearing in mind the different factors that contribute to the collected PL in the far field, the MST can

be applied to design and optimize multilayer structures with higher technological projection than those

shown in Fig. 8.9(a). We find a maximum PL enhancement of ∼30 if the SL MoS2 is placed inside a

SiO2 microcavity sandwiched between two mirrors. The top mirror is a DBR that consists of eight pairs

of SiO2/Si3N4, while the bottom mirror is a gold reflector. The number of pairs and the thickness of

the SiO2 and Si3N4 layers in the top mirror have been chosen to achieve a moderate reflectivity for the

excitation wavelength (in order to both allow an efficient excitation and to increase the excitation electric

field at the MoS2 plane) and a high transmission at the emission wavelength. The MoS2 is placed in the

middle of a SiO2 central layer of thickness of λem/(2n), with λem and n being the emission wavelength

of SL MoS2 and the refractive index of the SiO2 layer, respectively. Following Eq.(8.1) we can again

decompose the total collected PL signal intensity into different contributions. Calculations reveal that,

for this particular multilayer structure, the absorption efficiency of the 2D material at the excitation

wavelength can be increased up to a 52%. Regarding to the extraction efficiency, calculations indicate

that it decreases down to a ∼ 30%. The effect of embedding the 2D material in a cavity in addition to

the presence of the top DBR leads to a diminution of the number of photons that are able to escape to
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the air (due to the total internal reflection) in comparison to the structures discussed previously, where

the MoS2 was directly radiating to the air. However, once the photons have been extracted from the

cavity to the air, a ∼ 90% of the emitted power can be collected by an objective lens with a NA=0.9,

and hence showing good emission directionality. Finally, a γ/γ0 of ∼2.5 has been estimated for this

structure, which indicates that the increase of the PL enhancement observed for this multilayer structure

has its origin mainly in a combination of the increase of ηabs and an enhancement of the spontaneous

emission rate by the Purcell effect [244].

8.5 Design of multilayer structures with optimized light extraction capa-

bilities

Apart from being able to provide a versatile tool to design multilayer devices using 2D TMDs with

optimized response, the versatility of the MST in comparison to the multiple reflection models becomes

evident when dealing with 2D materials with eventual out-of-plane dipoles. On the one hand, this issue

is important for 2D semiconductors different from 2D TMDs [86]. In fact, the nature of the orbitals

involved in the optical band gap and the dipolar selection rules for optical transitions of 2D InSe (a semi-

conductor with a highly tunable band gap -see Chapter 5-) suggest that InSe could be an example of a 2D

material with an important out-of-plane dipole contribution. On the other hand, the design of multilayer

structures with optimized light extraction capabilities (independently of their dipole orientation) is also

relevant for 2D TMDs since may allow to relax nearly-flat requisites of devices based on these materials

to provide an optimal response.

In the following, we demonstrate the versatility of the MST in the design of multilayer structures

showing a nearly 100% extracted photon flux (ηextηcol) for 2D semiconductors independently of their

dipole orientation. Figure 8.11(a) shows a sketch of the proposed structure. Similar multilayer structures

were proposed by Chen et al. to enhance the extraction efficiency of the zero-phonon line of the nitrogen-

vacancy color center in diamond [245]. The structure consists of a thick sapphire capping layer on top

of a PMMA layer of thickness t deposited on top of a LiF spacer of thickness s deposited over a gold

reflector. The 2D nanosheet is embedded in the PMMA layer at a distance d from the sapphire/PMMA

interface, and the emitted power can then be collected using an immersion objective with an immersion
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Figure 8.11: (a) Schematic illustration of the multilayer structure proposed to enhance the extracted photon flux for
2D materials. (b) Calculated extracted photon flux efficiency for 2D materials with horizontal (HD, upper panel)
and vertical (VD, lower panel) dipoles emitting at λ = 700 nm. (c) Calculated extracted photon flux efficiency for
2D materials embedded at a distance d = 640 nm in an 800 nm thick PMMA layer as a function of the emission
wavelength.

oil index-matched with the sapphire capping layer. Figure 8.11(b) shows a contour plot where the cal-

culated extracted photon flux in a cone with an angle of 136◦ (NA = 1.65) is plotted as a function of t

and the d/t ratio for 2D materials with horizontal (upper panel) and vertical (lower panel) dipole orien-

tation. Calculations have been done for a selected emission wavelength of ∼700 nm and a LiF spacer

thickness of s = 200 nm which ensures a low coupling to surface plasmon polariton (SPP) modes in the

metal/dielectric interface[245]. It is worth noting that, as in the rest of the work, we have not considered

the possible emission originated by the reabsorption ot the emitted light by the 2D nanosheets. As it can

be observed in this figure, it is possible to collect over 90% of the emitted power almost independently

of the dipole orientation, the PMMA thickness and the vertical position of the 2D material within the

PMMA layer, which indicates that, under real fabrication processes, the PMMA layer thickness value

selected is not a critical parameter. A small decrease of the extraction efficiency can be observed for low

d/t ratios. Such a decrease has its origin in the progressive increase of the coupling of the dipole evanes-

cent field to the higher refractive index layer (sapphire) as d is reduced. This evanescent field becomes

propagative in the high-index medium and it propagates at angles above the critical angle, escaping the

NA of the collection objective.

The light extraction advantages of the multilayer structure proposed above is not only restricted to
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a particular 2D material emitting at ∼700 nm but also to these emitting in the entire emission range

provided, for instance, by 2D TMDs, Phosphorene, and 2D InSe. Figure 8.11(c) shows the calculated

extracted photon flux for 2D materials embedded at a distance d = 640 nm in an 800-nm thick PMMA

layer as a function of the emission wavelength. As it can be observed in this figure, calculations predict

that over 99% of the light emitted by these 2D materials can be collected by a NA = 1.65 indepen-

dently of the emission wavelength and the dipole orientation. These results are relevant for the design

of real devices based on 2D materials with optimal photon flux extraction in which surface roughness or

fabrication processes would introduce a certain dipole misalignment degree.

8.6 Optimizing single-photon extraction in 2D WSe2 and h-BN

So far, we have shown that PL emission from exciton recombination in 2D TMDs can be tuned

by an appropriate choice of the substrate. However, it has been recently reported that crystal structure

imperfections or disorder in some 2D materials such as WSe2 [24–28] and h-BN [195–198] can act as

efficient carrier trapping centers that behave as single-photon emitters (SPEs). In this section, we use

the modified MST for the study of the conditions that maximize the extraction of quantum light in 2D

WSe2 and h-BN deposited on SiO2/Si and Al2O3/Al substrates. The 2D nature of these SPEs confined

to atomically thin materials allows the enhancement of photon-extraction efficiency and facilitates a

controllable external modification because of the proximity of the SPEs to the material surface.

It has been observed that these SPEs usually present a saturation behavior for low excitation powers

[24, 26–28, 195]. The saturation power varies for different emitters, but saturation is always observed for

excitation powers that can be easily achieved experimentally, which reduces the importance of the role

of the absorption efficiency in the single-photon emission process. For this reason, in the calculations

shown in this section we have not considered the contribution of the absorption efficiency to the total

emitted intensity.

8.6.1 Single-photon emission in 2D WSe2

Figure 8.12(a) shows a color map in which the MST has been applied to calculate the collected emis-

sion intensity of a SPE in SL WSe2 deposited on a SiO2/Si substrate. The SPEs have been modelled as

horizontal dipoles. The color map shows the dependence of the collected PL intensity as a function of
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the thickness of the underlying SiO2 and the SPE emission wavelength. The range of emission wave-

length for the SPEs has been considered to be between 720 and 810 nm [28], again considering in the

calculations a NA = 0.9. Two regions of high single-photon emission appear for dSiO2 ∼150 and ∼440

nm, with the 150 nm SiO2 thickness yielding the optimum performance. Figure 8.12(a) also indicates

that dSiO2 values between 240 and 340 nm are not a good choice to enhance single-photon emission.

The single-photon collection efficiency is higher than 80% for both 150 and 440 nm of SiO2 thickness,

practically independent of the emission wavelength, as observed in Fig. 8.12(b). Insets in Fig. 8.12(b)

show the far-field emission patterns of SPEs radiating at 760 nm for both dSiO2 = 150 (left) and dSiO2 =

440 nm (right).

Figure 8.12: (a) Calculated SPE in SL WSe2 deposited on a SiO2/Si substrate as a function of the emission
wavelength and the SiO2 thickness. (b) Calculated single-photon collection efficiency for SiO2 thicknesses of 150
and 440 nm. The insets show the far-field emission patterns of SPEs radiating at 760 nm for both 150 (left) and
440 nm (right) SiO2 thicknesses. (c) Calculated SPE in SL WSe2 deposited on a Al2O3/Al substrate as a function
of the emission wavelength and the Al2O3 thickness. (d) The insets show the far-field emission patterns of SPEs
radiating at 760 nm for both 100 (left) and 340 nm (right) Al2O3 thicknesses.

Figure 8.12(c) shows results for an Al2O3/Al substrate. In this case, the two bands of high single-

photon emission intensity appear for Al2O3 thicknesses of ∼100 and ∼340 nm, with the 100 nm Al2O3

thickness yielding the highest single-photon emission intensity. Results shown in Fig. 8.12(a) and Fig.

8.12(c) indicate that the Al2O3/Al substrate outperforms the SiO2/Si structure in terms of collected in-

tensity by more than a factor of ∼2. The calculated single-photon collection efficiency for 100 nm of

Al2O3 is ∼80% regardless of the emission wavelength, whereas for 340 nm of Al2O3 an increase of the
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collection efficiency from ∼75% up to 93% is observed in Fig. 8.12(d) for increasing emission wave-

length. The far-field emission pattern of a horizontal SPE radiating at 760 nm for 100 nm and 340 nm

Al2O3 thickness are shown in the left and right insets of Fig. 8.12(d), respectively.

8.6.2 Single-photon emission in 2D h-BN

Figure 8.13 shows similar calculations to those shown in the previous subsection in which the MST

has been applied to calculate the emission intensity of a SPE in 2D h-BN deposited on SiO2/Si and

Al2O3/Al substrates. These results indicate that SiO2 thicknesses of 130 and 350 nm and Al2O3 thick-

nesses of 90, 290 and 450 nm are the best thicknesses to optimize the single-photon emission intensity

of 2D h-BN in the whole emission spectral range. Moreover, our results also evidence that the Al2O3/Al

substrate outperforms the SiO2/Si substrate in terms of emission intensity by a factor of ∼2.

Figure 8.13: (a) Calculated SPE in SL h-BN deposited on a SiO2/Si substrate as a function of the emission wave-
length and the SiO2 thickness. (b) Calculated single-photon collection efficiency for SiO2 thicknesses of 130 and
350 nm. The insets show the far-field emission patterns of SPEs radiating at 623 nm for both 130 (left) and 350 nm
(right) SiO2 thicknesses. (c) Calculated SPE in SL h-BN deposited on a Al2O3/Al substrate as a function of the
emission wavelength and the Al2O3 thickness. (d) The insets show the far-field emission patterns of SPEs radiating
at 623 nm for both 90 (left) and 290 nm (right) Al2O3 thicknesses.

Results shown in this section indicate that the single-photon emission in 2D materials can be easily

optimized by modifying the underlying substrate. These properties, together with the full compatibility
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of 2D materials with integrated photonics approaches, position these materials as suitable candidates for

the development of new quantum photonic devices in planar architectures.

8.7 Modelling cavity-polariton formation in 2D MoS2

As already discussed, the interaction of a dipole with light can be tuned by an appropriate choice

of the surrounding dielectric environment. In this way, the spontaneous emission rate and direction of

emission of the dipole can be modified by embedding the dipole in an optical cavity. These effects have

been experimentally demonstrated for 2D MoS2 using photonic crystal cavities [246]. In that work, the

authors reported an experimental Purcell enhancement of the MoS2 spontaneous emission rate exceeding

a factor of 70. However, the interaction rate between the dipole and the cavity photon was slower than

the average dissipation rates and hence is defined to be in the weak coupling regime [247].

When the interaction between the dipole and the cavity photons occurs at a rate that is faster than the

average dissipation rates of the cavity photon and dipole, one enters the strong coupling regime, resulting

in the formation of new eigenstates that are half-light, half-matter bosonic quasiparticles called cavity

polaritons. Recently, Xiaoze Liu et al. [247] have reported the experimental evidence of strong light-

matter coupling and the formation of microcavity polaritons in 2D MoS2 embedded inside a dielectric

microcavity at RT. A Rabi splitting of 46± 3 meV has been observed in angle-resolved reflectivity and

angle-resolved PL spectra due to coupling between the 2D excitons and the cavity photons. It is well

known that the energy dispersion of microcavity polaritons observed via reflectivity measurements can be

simulated in the framework of both a semiclassical and a full quantum theory [248, 249]. In the quantum

mechanical approach, the Rabi splitting and the spontaneous emission rate of the excitons are found

by perturbation theory as a result of interaction between two effective harmonic oscillators representing

an exciton and a confined photon mode [250, 251]. The semiclassical theory is based on a nonlocal

susceptibility treatment of the optical response of the active material [252, 253], with the advantage that

it can be easily combined with a conventional transfer matrix formalism [249, 254]. In this part of the

chapter we show that the MST can be used to simulate the energy dispersion of microcavity polaritons in

2D materials embedded in multilayer planar structures. The transfer matrix nature of the MST, together

with its straightforward numerical implementation, makes this method a very useful tool for the study of

the formation of cavity polaritons in 2D materials embedded in optical planar cavities, which can play

an important role in the design of new polaritonic devices operating at RT.
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Following the experimental work in [247], we have considered the microcavity to consist of a SL

MoS2 placed in the middle of a SiO2 cavity of thickness λcav/(2n), where λcav represents the wavelength

of the cavity mode at normal incidence and n represents the SiO2 refractive index. This structure is

then placed between two SiO2/Si3N4 DBR mirrors, with 7.5 and 8.5 SiO2/Si3N4 periods for the upper

and lower mirrors, respectively. The dielectric constant of the 2D material has been modelled by a two-

Lorentzian oscillator based on experimental data, where the half-width at half-maximum (HWHM) of

the A exciton of the MoS2 turns out to be h̄ΓexA = 30 meV [247, 255]. The emission of the 2D material

has been modelled as a Lorentzian function with a HWHM of 30 meV centered at the energy of the A

exciton [247].

Figure 8.14: (Simulated color map of the angle-resolved PL intensity from the 2D MoS2 for microcavities with
detunings of -40 meV (a) and -10 meV (b) showing exciton-polariton anticrossing at different angles.

Figure 8.14(a) shows a color map of the calculated angle-resolved PL intensity obtained for the

described microcavity with an initial detuning ∆ of -40 meV for the TM polarization. The results for TE

polarization (not shown) are almost identical. The detuning is defined as ∆ = Ecav−EexcA, with Ecav and

EexcA being the cavity mode and exciton energies, respectively. Figure 8.14(a) also shows the energy of

the A exciton (red dashed line) and the calculated dispersion of the cavity mode (black dashed line). As a

result of the strong coupling between the A exciton of MoS2 and the cavity photons, two emission bands

identified as the lower polariton branch (LPB) and the upper polariton branch (UPB) appear centered at

energies different from EexcA and Ecav. For each collection angle, the resulting PL spectrum can be fitted

to two Lorentzian peaks with quite good agreement. The energy positions of the two emission bands

are also shown in Fig. 8.14(a) by black dots. The LPB blueshifts with increasing angle and approaches

EexcA, while the UPB shifts away from EexcA with increasing angle, showing a clear anticrossing behavior

between the A exciton and the cavity modes. Figure 8.14(b) shows a similar calculation for a microcavity

where detuning has been set to ∆ = -10 meV. Rabi splittings of h̄ΩRabi = 46 meV and 48 meV can be



162 Chapter 8. Modelling and engineering light emission in 2D materials

estimated from the energy splitting of the peaks at the anticrossing angles for the cavities with detunings

of -40 and -10 meV, respectively. These estimated values of h̄ΩRabi are in good agreement with the

experimental values observed for 2D MoS2 in similar cavities [247]. These results demonstrate that the

MST model is very useful to study the energy dispersion of microcavity polaritons of 2D MoS2 in optical

vertical cavities in the strong coupling regime and hence a suitable tool to design future photonic devices

based on 2D materials.

8.8 Summary

In this chapter we have applied the transfer matrix-based source term method to study and optimize

light emission processes in different 2D materials such as MoS2, WSe2, h-BN and graphene. The model

has been slightly modified to consider the effects of the excitation process. In the first part of the chapter,

we present a comparison between our calculations and the experimental results available in the literature

for the Raman emission of the G and 2D modes of graphene and the PL and Raman modes of SL MoS2.

Then we have used the MST to calculate the PL intensity of SL MoS2 on different multilayer structures.

Among the multilayer structures tested, an alumina layer with a thickness of∼80 nm deposited on the top

of an aluminum reflector has been demonstrated to be the simplest substrate that can be used to maximize

the PL intensity of SL MoS2 for an excitation wavelength of 632 nm. Further, we have demonstrated

an enhancement of the PL intensity by a factor of ∼ 30 if the SL MoS2 is placed inside a SiO2 cavity

sandwiched between a DBR and a gold reflector which act as the top and bottom mirrors, respectively.

Additionally, we have found that multilayer structures can be designed to enhance the extracted photon

flux for a large variety of 2D materials. Also, we have shown that the single-photon emission in 2D

materials such as WSe2 and h-BN can be enhanced by an appropriate choice of the underlying substrate.

These results, together with the full compatibility of 2D materials with integrated photonics approaches,

position these materials as strong candidates for the development of new quantum photonic devices.

Finally, the model has been used to simulate the energy dispersion of microcavity polariton formation

in 2D MoS2 that nicely fit to experimentally reported data. These results indicate that the source term

method is a highly versatile and accurate analytical tool for modelling and optimizing light emission of

2D systems and related devices in both the weak and the strong coupling regimes. Its transfer matrix

nature, together with its straightforward numerical implementation, makes this method a useful tool for

the study of light emission of 2D materials embedded in optical planar cavities which can play a relevant
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role for the design of new polariton devices operating at RT.
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Chapter 9

Centrosymmetric MoS2 under pressure:

revealing spin-polarized nature of bulk

conduction bands and metallization onset

In this chapter, we approach the question of the hidden spin-polarized nature of the electronic bands

of bulk 2H-MoS2 by optical absorption measurements and DFT calculations performed under high-

pressure conditions. By applying pressure, we experimentally and theoretically show that the pressure

dependence of the excitonic optical transitions (specifically, the exciton binding energy) can be only

understood by considering that the two highest valence bands and the two lowest conduction bands at the

K-point are spin-polarized, with a spin sequence that agrees with that expected by calculations reported

so far on SL MoS2. Moreover, we have also studied the evolution of the indirect band gap of bulk MoS2

under pressure, indicating that a semiconductor-to-metal transition is expected to occur at ∼35 GPa. In

Section 9.1 we review very briefly the state-of-the-art of the spin-polarization of the electronic bands of

TMDs. In Section 9.2, we introduce and discuss the results obtained by DFT calculations. In Section

9.3, we present the pressure dependence of the electronic contribution to the static dielectric constant. In

Section 9.4, we present and discuss the pressure dependence of the absorption coefficient of bulk MoS2

corresponding to the direct optical transition. In Section 9.5 we discuss the abilities of the high-pressure

technique to evidence the spin-polarized nature of the electronic bands in bulk 2H-MoS2. In Section 9.6,

we provide for experimental and theoretical evidences on a pressure-driven metallization occurring in

bulk MoS2 at ∼35 GPa. Finally, in Section 9.7 we summarize the main conclusions of this chapter.

DFT calculations shown in this chapter were provided by Dr. Roberto Robles, Prof. Enric Canadell
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and Prof. Pablo Ordejón. The experimental determination of the optical properties of bulk MoS2 under

pressure has been performed with the collaboration of Prof. Alfredo Segura.

9.1 Hidden spin-polarized bands in centrosymmetric MoS2

It is usually believed that the spin-polarization of the electronic bands of TMDs is exclusive of their

SLs forms (see Subsection 2.1.3). However, a theoretical study [256] claimed that spin-polarization ef-

fects induced by spin-orbit coupling interactions fundamentally originate from specific site asymmetries

rather than from the asymmetry of the crystal space group. This claim conveys that hidden forms of spin-

polarization can exist in centrosymmetric crystals under the condition that each one of the spin-polarized

bands are spatially localized apart from each other. A similar conclusion was obtained by other authors

for the particular case of bulk TMDs [67]. Specifically, these authors pointed out that electronic band

structure of centrosymmetric TMDs remains spin degenerate even in the presence of spin-orbit coupling.

However, since the spin-orbit interaction does not couple orbitals of different layers, each single band

preserves a finite entanglement between spin, valley and the layer index. The above presented panorama

is summarized in Fig. 9.1, which reflects that the spin-degenerate electronic band structure of, for ex-

ample, 2H-MoS2 can be seen as the addition of the spin-polarized bands from the two constituent SLs,

which are degenerate in energy but spatially localized within its respective SL.

Figure 9.1: Scheme of the crystal structure of the bulk 2H-MoS2 (left) showing its unit cell. The right part of the
figures represents that the spin-degenerate electronic band structure of 2H-MoS2 can be seen as the addition of the
spin-polarized bands from the two constituent SLs, which are degenerate in energy but spatially localized within
its respective SL.

This panorama suggests that the hidden spin texture of centrosymmetric TMDs mentioned above

could be proved by photoemission, as a consequence of the localization of two spin-degenerated valence

bands on different layers of the unit cell and of the intrinsically small mean free path of photoelectrons
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(electrons excited by photoemission) probing preferentially the topmost atomic layer. Experimentally,

spin-polarized angle-resolved photoemission measurements provided for a direct evidence of the exis-

tence of spin-polarized bulk valence bands in WSe2 [257] and MoS2 [23]. Also, angle-resolved pho-

toemission measurements performed on bulk MoS2 by using left- and right-handed circularly polarized

light [258] revealed positive or negative out-of-plane spin polarizations of the valence bands depending

on which of the two S-Mo-S layers of the 2H-MoS2 unit cell is proved. These impressive results seem to

give experimental support to the theoretical predictions mentioned above. However, it must be outlined

that the photoemission is a surface-sensitive technique. Consequently, most of the photoemission signal

comes from the outermost layer, in which interlayer effects are partly removed. In fact, it is interesting to

notice that all angle-resolved photoemission results reported so far for bulk TMDs reveal a splitting in en-

ergy between the two highest valence bands at K points that is systematically lower than that predicted by

calculations, i.e., giving values closer to that expected for one-three SLs rather than to that expected for

their respective bulk materials [259]. However, the splitting between these two valence bands measured

in SL MoS2 [260] and MoSe2 [92] by angle-resolved photoemission appears to be nicely reproduced by

theoretical calculations [70, 92].

9.2 High pressure to reveal hidden spin-polarized bulk bands nature in

MoS2

From the above, it seems that the spin-polarized nature of the bands at the K (K′) points, the most

noticeable property of SL TMDs and, in particular, of 2H-MoS2, can be met also in the bulk material. To

unravel the spin-polarization properties of bulk MoS2 bands at the K point (and, collaterally, shed some

light into open questions about the spin-polarization character of the bands of the SL), we propose the use

of optical absorption techniques under high-pressure conditions in contrast to surface sensitive ones, as

we discuss below. Basically, this alternative proposal is based on the effects that the tuning of interlayer

interactions, by applying pressure, produces on the electronic band structure of bulk MoS2. In fact, from

the point of view of the interlayer interactions, high-pressure and exfoliation techniques are two sides

of the same coin. Figure 9.2, left side, shows the electronic band structure of bulk MoS2 calculated

at ambient pressure along the Γ−K and the K−H high-symmetry directions. These high-symmetry

directions correspond to electronic states whose crystal momentum is perpendicular (Γ−K direction)

and parallel (K−H direction) to the normal-to-surface axis. In the calculations, spin-orbit coupling has
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been included. The electronic band structure obtained here agrees very well with these already reported

[74–76]. In the following, we will focus ourselves on the electronic bands located in the vicinity of the

direct gap of 2H-MoS2 (top left and bottom left plots of Fig. 9.2, these corresponding to conduction

and valence bands, respectively). As it can be seen from these plots, two bands with different effective

masses along the Γ−K direction (m∗⊥) determine the minimum of the conduction band at the K point,

with a splitting ∆c = 0 at the K point. Also, these conduction bands show a flat dispersion along the

K−H direction, which is indicative of the strong localization of these bands within the layer plane. With

respect to the split valence bands at the K point, our calculations predict a band splitting of ∆v = 220

meV, as a combination of the splitting produced by both spin-orbit coupling and interlayer interactions.

Besides this, it is worth noting that the curvature of these two valence bands has opposite sign along the

K−H direction.

Figure 9.2: DFT electronic band structure of bulk MoS2 calculated along the Γ−K and the K−H high-symmetry
directions at ambient conditions (left), 4 GPa (center) and 8 GPa (rigth). The top and bottom panels show zooms
of the corresponding electronic bands located in the vicinity of the direct gap of 2H-MoS2.

Electronic band structure calculations under pressure have been performed by assuming that the a

and c lattice parameters of the 2H-MoS2 unit cell evolve under pressure as reported in Ref. [76]. Once

the lattice parameters at a particular pressure have been introduced as input parameters in the program,

the structure has been relaxed before performing the calculations. By increasing pressure until 8 GPa,

our calculations also reveal that (Fig. 9.2, middle and right figures) the consequent enhancement of

interlayer interactions appears not to alter the orbital nature nor the character of states at the bottom

of the conduction band and the top of the two valence bands at the K point. However, some important
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aspects of the electronic band structure appear to strongly depend on interlayer interactions. In particular,

the valence band splitting ∆v and the effective mass of the conduction and valence bands at the K-point.

Although we will discuss the pressure dependence of the band splitting in Section 9.4, it can be

mentioned here (Fig. 9.2) that ∆v increases as pressure does whereas ∆c remains negligible for all the

range of pressure approached in these calculations.

Figure 9.3: Pressure dependence of the effective mass of each one of the two valence and conduction bands, as
obtained by parabolic fitting of their respective band dispersion around the K-point, along the Γ−K (m∗⊥) and
K−H (m∗‖) high-symmetry directions.

Figure 9.3 shows the pressure dependence of the effective mass of each one of the two valence and

conduction bands, as obtained by parabolic fitting of their respective band dispersion around the K-point,

along the Γ−K and K−H high-symmetry directions. For convenience, we have adopted the criterion

of assigning negative effective-mass values to convex bands. With regards to the valence bands, these

results reveal that only their m∗‖ experience a notable dependence with pressure. With regards to the

two degenerate conduction bands, the most remarkable fact is the different trend with pressure obtained

for their respective m∗⊥ at the K point. As we will discuss in Section 9.5, this observation will play

a key role to unravel the spin-polarization properties of bulk MoS2 bands at the K point. The reason

behind the different pressure dependence of the m∗⊥ of these two conduction bands at the K-point can be

readily understood by taking into account that the indirect band gap progressively diminishes as pressure

increases. The possible existence of a pressure-driven metallization of bulk MoS2 occurring at pressures

higher than 8 GPa will be discussed in Section 9.6. However, it is worthy to mention here that the
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band responsible of the above mentioned band-gap closure is precisely one of the bands determining the

conduction band minimum at the K-point. Then, it appears that, as a consequence of the faster downshift

of conduction band states at the midpoint of the Γ−K direction with respect to these at the K point,

the m∗⊥ of this conduction band at the K-point tends to increase (notice the changes in the curvature of

this conduction band that appear as pressure increases -top plots of Fig. 9.2-). This effect is absent for

the other degenerate conduction band at the K-point. However, by increasing pressure, other band-to-

band interactions may enhance and become relevant. In this respect, we would like to call the attention

on the presence of an unoccupied band located 0.8 eV from the bottom of the conduction band at the

K point at ambient conditions (left plots in Fig. 9.2). This band mainly comes from Se and Mo dxz,yz

orbitals [261]. Consequently, it would be expected that it experiences a strong shift under pressure. In

fact, as pressure increases, this band progressively goes closer to the two lower conduction bands. As a

consequence of this, the interaction between these two groups of bands increases, which would influence

the effective mass value at the K-point of the two low-energy conduction bands. In fact, it can be clearly

seen (Fig. 9.2) that this downshifting band mainly interacts (at least for pressures lower than 8 GPa) with

the conduction band with lower m∗⊥. Also, as we will see in Section 9.6, this band will play a key role in

an eventual pressure-driven metallization of bulk MoS2.

9.3 Pressure dependence of the electronic contribution to the static dielec-

tric constant

The dielectric function ε(ω) = Re ε(ω) + i Im ε(ω) has been calculated by DFT theory in the

independent particle approximation. The results of these calculations are shown in Fig. 9.4 for bulk

MoS2 under ambient pressure and under pressures of 4 and 8 GPa. From these calculations, it can be

observed that, by increasing pressure, the low energy side of the Im ε(ω) tends to shift to lower energies,

with a more pronounced effect in the Im ε(ω) evaluated in the direction parallel to the c-axis (Im ε‖(ω)).

This effect is consistent with the progressive band-gap closure predicted by DFT and described in the

previous section and also indicates that the Re ε(ω), especially at low energies, increases as pressure

does. This observation is relevant for an accurate interpretation of the pressure dependence of the exciton

absorption coefficient that will be discussed in Section 9.4. Consequently, an accurate determination of

the electronic contribution to the static dielectric constant (εe(0)) is required.
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Figure 9.4: Calculated real and imaginary parts of ε(ω) in the direction parallel ε‖(ω) (a) and perpendicular ε⊥(ω)
(b) to the c-axis by means of DFT calculations for bulk MoS2 under ambient conditions and under pressures of 4
and 8 GPa.

Figure 9.5 shows the pressure dependence of εe(0) as calculated by DFT. In these calculations, local-

field effects have been included. From these results, it can be observed that both the perpendicular and

parallel (to the c-axis) εe(0) tend to increase as the pressure increases from ambient conditions to 17

GPa.

Figure 9.5: Pressure dependence of εe(0) as calculated by DFT.

In order to give experimental support to these calculations, we have determined the Re ε⊥(ω) of bulk

MoS2 in the mid-infrared (a 3.6-µm thick MoS2 sample was employed) and near-infrared regions (a

1.2-µm thick MoS2 sample was employed), by using the experimental setups described in Subsections

3.7.2 and 3.7.3. Figure 9.6 shows an example of the absorbance spectra acquired, this corresponding to a
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selected pressure of 1.95 GPa. These results evidence a Fabry-Pérot interferometry pattern in which the

appearance of maxima can be described by Eq. (3.7), which allows for the determination of the real part

of the ordinary refractive index (n⊥) as a function of the wavelength, or equivalently the photon energy

(hν), for each pressure reached (Fig. 9.7). Each one of these n⊥(hν) curves shows two asymptotic be-

havior at both sides of the energy range studied. The low-energy asymptotic behavior can be attributable

to a resonance coming from the interaction of light with TO phonons, whereas the high-energy one corre-

sponds to the electronic transitions which can be modelled by using an effective transition-gap called the

Penn gap (EgP) [262]. Focusing ourselves on the electronic contribution to n⊥(E), its energy dependence

can be described by

n2
⊥(hν) = 1+(εe⊥ (0)−1)

(
E2

gP

E2
gP− (hν)2

)
. (9.1)

Therefore, by fitting this relationship to the dispersion n⊥(hν) curves shown in Fig. 9.7, εe⊥(0) can

be estimated. The inset of Fig. 9.7 shows the pressure dependence of εe⊥(0) as obtained by these fitting

procedures. For comparison purposes, we have included the pressure dependence of εe⊥(0) as obtained

by DFT calculations to evidence that these calculations nicely reproduce the pressure dependence of

εe⊥(0) obtained experimentally, with a maximum ∼6% deviation.

Figure 9.6: Example of the absorbance spectra acquired for the experimental determination of n⊥(hν). This
particular spectrum corresponds to a selected pressure of 1.95 GPa.
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Figure 9.7: Energy dependence of the real part of the ordinary refractive index (n⊥(hν)) of bulk MoS2 measured at
different applied pressures. Solid lines are fitting curves to the experimental n⊥(hν) dispersion curves as obtained
by using Eq. (9.1). The inset shows the pressure dependence of εe⊥(0) as obtained by this fitting procedure. The
pressure dependence of the εe⊥(0) obtained by DFT has been also included in the inset, for comparison purposes.

9.4 Pressure dependence of the direct optical absorption edge of 2H-MoS2

The optical properties of 2H-MoS2 at the fundamental absorption edge have been studied as func-

tion of the applied hydrostatic pressure. Figure 9.8 shows the pressure dependence of the fundamental

absorption edge, as obtained by measuring the absorbance spectra (Subsections 3.7.1 and 3.7.2) in a

0.13-µm thick MoS2 sample under different hydrostatic pressure conditions, these increasing from am-

bient pressure up to 13 GPa. The two well-established direct excitonic transitions A and B of MoS2 are

clearly observable at ambient pressure [263, 264], as well as a high-energy tail labeled as C. As pressure

increases, the A and B excitonic peaks blueshift and broaden, being no longer observable at pressures

higher than 10 and 8 GPa, respectively, whereas the C-feature redshifts with no remarkable changes in

shape. Upon decreasing pressure (top spectrum in Fig. 9.8) the excitonic peaks are fully recovered,

indicating that pressure-induced defects are not responsible for the disappearance of the excitonic peaks

observed at high pressure.
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Figure 9.8: Experimental fundamental absorption edge of bulk 2H-MoS2 under different applied hydrostatic pres-
sures. The inset shows an example of the result of fitting Eqs. (9.2)-(9.5) to the absorption coefficient measured at
a selected pressure of 5.07 GPa.

The absorption coefficient spectra showed in Fig. 9.8 have been analyzed in the frame of the Elliott-

Toyozawa model [265, 266] for the direct absorption including electron-hole interaction, and considering

a Gaussian broadening of the direct exciton line shapes due to the strong electron-phonon interaction in

MoS2. In the frame of this model, the absorption coefficient can be expressed as

α(E) =

=
C0AR1/2

A
E


∞

∑
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1
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√

2π
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 ,

(9.2)

where A and B indices refer to the A and B direct excitonic transitions of MoS2, respectively, RA,B

are the exciton Rydberg energies, E0A,B are the direct band-gap transition energies, and ΓcA,B are the

exciton continuum half-widths. The integral terms in Eq. (9.2) represent the contribution of both excitons

continuum to the absorption coefficient. The BEmA,B represents the binding energy of the m-excitonic



9.4. Pressure dependence of the direct optical absorption edge of 2H-MoS2 175

states and ΓmA,B is the half-width of the discrete exciton lines, which can be estimated by the empirical

relationship [267]

ΓmA,B = ΓcA,B− (ΓcA,B−Γ1A,B)/m2. (9.3)

In Eq. (9.2), C0A,B are the absorption-strength parameters of the A and B direct excitonic transitions, as

defined by

C0A,B =
4π2(2µA,B)

3/2e2|MR|2A,B
nch̄2m2

0
. (9.4)

Here, µA,B are the exciton reduced masses, m0 is the free-electron mass, n is the refractive index, and

|MR|A,B is the matrix elements for the electron-photon interaction.

In order to account for the contribution to the absorption coefficient of the high-energy tail (the C

feature identified in Fig. 9.8), an additional term has been considered into Eq. (9.2), which has been

modeled by:

C0C

1+ e(E0C−E)/ΓCC
, (9.5)

where C0C is a proportionality constant, and E0C and ΓCC are the gap energy and the width of the step-like

direct transitions continuum band edge, respectively.

Equations (9.2)-(9.5) have been used to analyze the experimental absorption-coefficient curves shown

in Fig. 9.8. It should be noticed here that discrete excitonic terms appearing in Eq. (9.2) with m > 3

have been neglected. To illustrate further discussion, the inset of Fig. 9.8 shows an example of the result

of fitting Eqs. (9.2)-(9.5) to the absorption coefficient measured at the selected pressure of 5.07 GPa.

The different contributions to the absorption edge are also detailed in this plot. Curves labeled I and II

represent the sum of the discrete and continuous contributions of A and B excitons, respectively. The

curve labeled III represents the contribution to the absorption coefficient of the high-energy C feature.

The evolution with pressure of the E0C, Γ1A,B, C0A,B, BE1A,B, and E0A,B, parameters has been obtained

from these fitting procedures.

Let’s discuss the pressure dependence of these parameters.
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9.4.1 Pressure dependence of E0C

From the results shown in Fig. 9.8, the C-labelled feature appeared to redshift as pressure increases

with no remarkable changes in shape. This feature has been attributed to direct transitions involving

valence band states located at midpoint along the Γ−K direction, where both valence and conduction

bands have a minimum and the parallel shape of the bands causes a maximum in the joint density of

states [85]. This assignment of the C-feature seems to be supported by our results. Figure 9.9 shows

the pressure dependence experimentally obtained for the C-labelled feature. In this figure, the pressure

dependence of the band gap at midpoint along the Γ−K direction has been included, as obtained from

the DFT band-structure calculations shown in Fig. 9.2. Comparing these results, a good agreement can

be obtained between the pressure coefficient of the C-feature (-9.3 ± 0.9 meV/GPa) and that of the band

gap around the center of the Γ−K direction (-13 ± 2 meV/GPa).

Figure 9.9: Pressure dependence experimentally obtained for the C-labelled feature.

9.4.2 Pressure dependence of the exciton broadening

From the results shown in Fig. 9.8, the pressure dependence of the Γ1 parameter (Eq. (9.2)) has been

estimated. Figure 9.10 shows the pressure dependence of the Γ1 obtained for the A1 and B1 excitons. A

progressive and reversible broadening of both exciton linewidths is observed with increasing pressure.

The relatively large error bars in the determination of Γ1 at high pressures is due to the difficulty to distin-

guish the contributions from the A1 and B1 excitons and the high-energy tail of the absorption coefficient.

At ambient pressure, values of 25.0 ± 0.5 and 40 ± 1 meV were found for Γ1A and Γ1B, respectively,

which are in good concordance with reported values of the half-width half maximum for the A1 and B1

exciton linewidths at 300 K [268]. The reversible broadening of the exciton linewidths observed with
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increasing pressure can be interpreted in terms of an increase of phonon-assisted intervalley scattering

of electrons between the conduction-band minima corresponding to direct and indirect transitions. Such

an increase of phonon-assisted intervalley scattering can be attributed, in its turn, to the combination

of two different contributions. These contributions are the diminution of the indirect band-gap and the

increase of the direct band-gap with increasing pressure, which have already been discussed in Section

9.2. Both processes lead to the same effect (Fig. 9.2): an increase of the energy separation between the

local minimum at K in the conduction band (involved in direct transitions) and the bottom of the conduc-

tion band, situated at the halfway between Γ and K (and involved in indirect transitions). So we observe

that excitons, which are already resonant at ambient pressure, become more resonant under pressure.

This pressure-induced broadening of the exciton lines, combined with the red shift of the high-energy

absorption tail coming from direct transition continuum band, make the double excitonic structure to be

no longer observable for pressures above 10 GPa.

Figure 9.10: Pressure dependence of the Γ1 obtained for the A1 and B1 excitons.

9.4.3 Strength of the direct absorption as a function of pressure

In Fig. 9.11 we show the pressure dependence of the C0A,B parameters (Eq. (9.4)) obtained from

the fitting procedure performed above for the fundamental absorption edge measured in 2H-MoS2 as

a function of pressure (Fig. 9.8). As observed, the absorption-strength parameters of both excitonic

transitions increase with increasing hydrostatic pressure. Within k · p theory the reduced effective mass

µ is proportional to the direct band-gap energy E0 [269]. In this way, one may expect that C0 ∼ E3/2
0

(see Eq. (9.4)). The C0A,B values obtained from the absorption spectra, when plotted versus E3/2
0 , can be
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fitted to a straight line (see inset of Fig. 9.11). This implies that the matrix element of the electron-photon

interaction for dipole-allowed transitions remains essentially independent of pressure.

Figure 9.11: Pressure dependence of the C0A,B parameters (Eq. (9.2)) obtained from the fitting procedure performed
above for the fundamental absorption edge measured in 2H-MoS2 as a function of pressure.

9.4.4 Pressure dependence of direct band-gap and exciton energies: Band splitting at the

K-point in bulk MoS2

Figure 9.12(a) shows the pressure dependence of the energies of the so-called A and B direct band-gap

transitions, E0A,B, corresponding to optical transitions occurring at the K point between the two highest

valence bands and the lowest conduction bands of 2H-MoS2 (see subsection 2.1.4). Black and grey

symbols represent values obtained in experiments in which hydrostatic pressure increases and decreases,

respectively. Estimated error intervals are of the same order than the dimensions of markers in the plot.

At ambient pressure, the value found for the E0A energy was 1.904 ± 0.001 eV, which is in very good

agreement with the recently reported value of 1.903 eV [270]. From our results, it appears that both E0A

and E0B increase quasi-linearly in the range of pressures studied here, with pressure coefficients of 15.5±

0.4 and 27.2 ± 0.7 meV/GPa for the A and B transitions, respectively. In Fig. 9.12(a), we have included

the pressure dependence of the E0A and E0B as expected by DFT calculations. The DFT values of E0A,B

shown in this figure have been extracted from the electronic band structures depicted in Fig. 9.2, to which

a constant value of 0.29 eV has been added to take into account the well-known underestimation of the
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band gap by means of DFT calculations. Apart from this well-known band-gap offset, it appears that the

DFT calculations nicely reproduce the pressure dependence of E0A and E0B obtained experimentally.

Figure 9.12: (a) Pressure dependence of the energies of the so-called A and B direct band-gap transitions, E0A,B,
corresponding to optical transitions occurring at the K point between the two highest valence bands and the lowest
conduction bands of 2H-MoS2. (b) Pressure dependence of the difference ∆ = E0B − E0A for bulk MoS2, as
obtained from the experimental results and DFT calculations showed in Fig. 9.12(a).

In Fig. 9.12(a), we have also included the pressure dependence of the first excitonic transitions (A1

and B1), as obtained by the fitting procedure performed above on data shown in Fig. 9.8. As their

corresponding direct band-gap transitions, the energies of the excitonic transitions follow a quasi-linear

evolution with pressure, with pressure coefficients of 19.6 ± 0.5 and 31.2 ± 0.6 meV/GPa for the A1

and B1 excitons, respectively. The values obtained for the excitonic transitions at ambient conditions and

their pressure coefficients are in very good agreement with these reported in the literature (see Table 9.1).

The excellent agreement reached between experiments and DFT calculations and the good concor-

dance obtained by comparing our results to these already reported (Table 9.1) encourage us to go deeper

in the analysis of the results reported here.

In the following, we approach the question of the band-splitting value occurring between the A and

B valence bands (∆v) and between the two lowest conduction bands (∆c) in bulk MoS2. Figure 9.12(b)
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Value at ambient Pressure
pressure coefficient

(eV) (meV/GPa)

E1A experimental 1.855 ± 0.002 ∗ 19.6 ± 0.5 ∗

1.861 ± 0.002 [270]
1.88 [264] 20 ± 1 [271]

1.845 ± 0.008 [268]

E1B experimental 2.043 ± 0.002 ∗ 31.2 ± 0.6 ∗

2.048 ± 0.002 [270]
2.06 [264] 22 ± 1 [271]

2.053 ± 0.010 [268]

∆E (E1B−E1A) 0.188 ± 0.003 ∗

experimental 0.187 ± 0.003 [270]
0.18 [264]

Table 9.1: Reported experimental exciton peak energies of the A1 and B1 excitons of MoS2, and their pressure
dependence. The results obtained in this work have been denoted by ∗.

shows the pressure dependence of the difference ∆ = E0B−E0A for bulk MoS2, as obtained from the

experimental results and DFT calculations showed in Fig. 9.12(a). This ∆ is an estimate of the total

conduction- and valence-band splitting (∆ = ∆c +∆v). From the results showed in Fig. 9.12(b), a value

of ∆ = 236 meV is experimentally obtained for MoS2 at ambient conditions, which appears to be in very

good agreement with the value ∆ = 220 meV expected by DFT calculations. Implicitly, these results also

indicate that the contribution of ∆c to ∆ is negligible. The good concordance found here between theory

and experiment for the determination of ∆ (basically, ∆v) at ambient conditions seems to corroborate our

observation (Section 9.1) pointing out that angle-resolved photoemission systematically underestimates

∆ values of MoS2 (in fact, of TMDs in general) due to the reduction of interlayer interactions at the

topmost S-Mo-S layer of the sample. In this respect, the increasing of ∆ experimentally observed and

corroborated by DFT as pressure increases (Fig. 9.12(b)) is a clear consequence of the enhancement of

interlayer interactions as pressure increases.

We would like to finish this section by comparing the pressure dependence of ∆ with that of the

difference in energy between the B and A first excitonic transitions (B1−A1), which is also included in

Fig. 9.12(b). This difference can be expressed in terms of the binding energy of the first A and B excitons

(BE1,A,B) as

B1−A1 = ∆− (BE1,B−BE1,A). (9.6)
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Consequently, the fact that ∆ and B1−A1 (Fig. 9.12(b)) give different values at each pressure and

that they exhibit a different pressure dependence clearly indicate that both excitons have a different

anisotropic degree and/or different exciton effective mass. This observation will allow us to unravel the

hidden spin-polarization of the electronic bands of bulk MoS2 at the K-point, which will be approached

in the next section.

9.5 Spin-polarized nature of the bulk bands of 2H-MoS2 at the K-point

Results reported in the previous section evidence a different pressure dependence of the BE of A and

B excitons. Figure 9.13 shows the pressure dependence of the BE of excitons, as extracted from the

results shown in Fig. 9.12(a). At ambient pressure, the BE of A and B excitons is found to be 49 ± 1

and 97 ± 1 meV, respectively. Previous works reported BE values at ambient conditions quite close to

the ours: 42 meV [263], 50 meV [50], and 80 meV [18] for the A exciton, and 131 meV [261] and 134

meV [263] for the B exciton (see Table 9.1). However, to our knowledge, this is the first experimental

determination of the BE of A and B excitons as a function of pressure.

Figure 9.13: Pressure dependence of the BE of excitons, as extracted from the results shown in Fig. 9.12(a). The
calculated pressure dependence of the BE of the A and B excitons associated to the four possible optical transitions,
these related to transitions involving each valence band and the two conduction bands, has been included. The
color-code used to plot the results of these calculations is the same as that used in Fig. 9.15.

Taking into account that the band dispersion of valence and conduction bands along the Γ−K and

K −H directions are all highly anisotropic (Fig. 9.2), an anisotropic model of the exciton BE is re-

quired to proceed to analyze its dependence with pressure. In this way, a Gerlach-Pollmann model of an
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anisotropic exciton has been adopted [272]. In this context, the anisotropy parameter (α) is defined as

α = 1− µ⊥ε⊥
µ‖ε‖

, (9.7)

where µ = (1/m∗e−1/m∗h)
−1 is the exciton reduced mass (note that we have adopted a negative criterion

for convex bands, Section 9.2). This parameter is α = 0 in the isotropic case and is α < 0 in bulk layered

semiconductors such as InSe or GaSe.

In the frame of this model, the BE of the first exciton can be written as

BE1 = Ry
µ⊥

ε⊥(0)ε‖(0)
[Z00 (α)]2 , (9.8)

where Ry = 13.5 eV is the free-exciton Rydberg energy and the Z00(α) function is

Z00(α) = 1√
α

arcsin
√

α for α > 0

Z00(α) = 1 for α = 0

Z00(α) = 1√
|α|

arcsinh
√
|α| for α < 0.

(9.9)

Figure 9.14 shows the Z2
00(α) function. Although the case of a 2D exciton is not included in this

model, it would correspond to the case of Z00(2D) = 2.

Figure 9.14: Z2
00(α) function as obtained from Eq. (9.9).

In the following, we apply the Gerlach-Pollmann to the pressure dependence of the BE of the A and
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B excitons of 2H-MoS2. For this, we will use the pressure dependence of the parallel and perpendicular

ε(0) calculated by DFT (Fig. 9.5) and the pressure dependence of the parallel and perpendicular µ of

the A and B excitons calculated by considering two possible transitions from each one of the two valence

bands to each one of the two degenerate conduction bands at the K point. The pressure dependence of

these exciton reduced mass are shown in Fig. 9.15.

Before evaluating the BE of the A and B excitons in the frame of the Gerlach-Pollmann model,

a word should be mentioned about their Z00 function. From our calculations, it appears that the Z00

function varies between 1 and 1.2 for the A exciton in the pressure range comprised in this work, which

indicates a moderately anisotropic behavior for this exciton. However, the Z00 function evaluated for

the B exciton gives imaginary numbers in the whole pressure range explored, which indicates that the B

exciton is better described by an extremely anisotropic exciton, basically 2D (Z00,B = 2). This is due to

the positive effective mass of the B exciton along the K−H direction, which makes that the B exciton

could exist if their wave function is practically confined within the layer.

Figure 9.15: Calculated pressure dependence of the exciton reduced mass for the A- (a) and B-exciton (b).

Then, taking into account, that the B exciton is better described by a 2D one, the pressure dependence
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of the BE of the A and B excitons associated to the four possible optical transitions considered so far (two

for each exciton) has been calculated and included in Fig. 9.13. The color-code used to plot the results of

these calculations in Fig. 9.13 is the same as that used in Fig. 9.15. By comparing these results, we arrive

to the following conclusion. The optically allowed A-exciton transition can be in principle associated to

VA−C1 bands as well as to VA−C2 bands. However, the optically allowed B-exciton transition can

be only associated to V B−C2 bands. Since direct optically allowed transitions are spin-conserving and

occur within each layer [67, 256], the possible options of spin-conserving excitonic transitions for the A

and B mutually exclude each other. These facts draw a panorama of optically allowed transitions of the

A and B excitons that is illustrated in Fig. 9.16: Between the two options drawn in this illustration (these

labelled as ∼WSe2 and ∼MoS2) the ∼MoS2 one is the only one able to explain the results described

above. These results provide for a procedure, alternative to spin-resolved angle-resolved photoemission,

to probe the spin-polarization nature of the bulk bands in centrosymmetric MoS2.

Figure 9.16: Schematic description of the possible options of allowed optical transitions for the A and B excitons
of WSe2-like and MoS2-like semiconductors.

These results are relevant for the study of the bright/dark nature of excitons in 2D materials and

eventually provides for a route for the search of single photon emitters in MoS2, which has been elusive

until now.

9.6 Pressure-driven metallization of bulk MoS2

In order to gain a deeper insight into an eventual pressure-driven metallization of bulk MoS2, we

have extended our DFT calculations for applied pressures up to 26 GPa. Figures 9.17(a), 9.17(b) and

9.17(c) show the electronic band structure of bulk MoS2 along the Γ−K and the K−H high-symmetry

directions for applied pressures of 12, 17 and 24 GPa, respectively. As it can be observed in these figures,
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the uppermost valence band and the lowermost conduction band defining the indirect optical band gap of

bulk MoS2 experience a progressive upshift and downshift, respectively, with increasing pressure. This

evolution of the uppermost valence band and the lowermost conduction band with increasing pressure

results in a progressive closure of the optical band gap of bulk MoS2 (as remarked by the red dashed

lines and the red arrows in Fig. 9.17). In fact, our DFT calculations predict a complete closure of the

band gap of bulk MoS2 occurring for an applied pressure of 24 GPa (Fig. 9.17(c)).

Figure 9.17: Electronic band structure of bulk MoS2 calculated along the Γ−K and the K−H high-symmetry
directions at 12 (a), 17 (b) and 24 GPa (c) obtained by DFT calculations.

Figure 9.18: Square root of the absorption edge measured in bulk MoS2 samples 11-µm thick (bottom spectra)
and 1.2-µm thick (top spectra) for pressures ranging from ambient conditions up to 26.1 GPa.

With the aim to experimentally approach the question regarding to the pressure-driven metallization

of bulk MoS2 predicted by the DFT calculations, we have performed optical transmittance measurements
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in bulk MoS2 samples for pressures ranging from ambient conditions up to 26 GPa. A 11-µm thick

MoS2 sample has been used for the measurements carried out between ambient conditions and 13.8

GPa, whereas for measurements between 15.7 and 26.1 GPa we have employed a 1.2-µm thick MoS2

sample. The optical transmittance measurements have been performed by using the experimental setups

described in Section 3.7. Then, the absorption coefficient of the indirect band gap of bulk MoS2 has been

obtained from these optical transmittance measurements by using Eq. (3.6). Figure 9.18(a) shows an

example of the square root of the absorption edge measured in MoS2 samples at hydrostatic pressures

ranging from ambient pressure up to 26.1 GPa. Notice that the absorption spectra measured in the

pressure range of 15.7-26.1 GPa have been vertically shifted by 85 cm−1/2 in Fig. 9.18(a) for clarity

purposes. As it can be observed in this figure, the indirect absorption edge of bulk MoS2 shows a

clear redshift with increasing pressure. The indirect band gap energy for all studied pressures has been

determined from the linear fits of the square root of the low-energy tail of the absorption edge. Figure

9.18(b) shows the pressure dependence of the indirect optical band gap resulting from these fittings. As

shown in this figure, increasing hydrostatic pressure leads to a decrease of the indirect band gap from

1.26 eV at atmospheric pressure down to 0.33 eV at ∼26 GPa with a pressure coefficient of -34.8 ± 0.1

meV/GPa. In Fig. 9.18(b), the pressure dependence of the indirect band gap of bulk MoS2, as obtained

by DFT calculations, has been included. DFT calculations also reveal that the indirect band gap linearly

diminishes as the pressure increases, with a pressure coefficient of -32.7 meV/GPa, and definitively

closes at 24 GPa. The theoretical and experimental pressure coefficient values are in excellent agreement

to each other. Then, apart from the well-known band-gap underestimation of DFT calculations, these sets

of results indicate that 2H-MoS2 experiences a semiconductor to metal transition around 35 GPa. These

results are in good concordance with recent band structure calculations [74–76] and the semiconducting

behavior of bulk MoS2 experimentally observed by means of resistivity measurements at 28 GPa [78].

However, these results differ from the metallization of bulk MoS2 observed to occur at ∼19 GPa by

means of electrical conductivity and Raman spectroscopy measurements in Ref. [77] and the prediction

of bulk MoS2 metallization at 14 GPa by DFT calculations reported by other authors [273].

Finally, it is worth to mention that the previous experiments were repeated for pressures decreasing

from 26.1 GPa down to atmospheric pressure in order to check the reversibility of the band-gap closure.

Our results confirmed that the pressure-induced band-gap closure of bulk MoS2 is a reversible process in

the range of pressures approached in our experiments.
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9.7 Summary

In this chapter, we have approached the question regarding the hidden spin-polarization nature of the

bulk electronic bands of 2H-MoS2 by optical absorption measurements and DFT calculations performed

under high-pressure conditions. By applying pressure, we experimentally and theoretically show that the

pressure dependence of the excitonic optical transitions (specifically, the exciton binding energy) can be

only understood by considering that the two highest valence bands and the two lowest conduction bands

at the K-point are spin-polarized, with a spin sequence that agrees with that expected by calculations

reported so far on SL MoS2. Moreover, we have also studied the evolution of the indirect band gap of

bulk MoS2 under pressure, indicating that a semiconductor-to-metal transition is expected to occur at

∼35 GPa.

These results provide for a procedure, alternative to spin-resolved angle-resolved photoemission,

to probe the spin-polarization nature of the bulk bands in centrosymmetric MoS2, which can play an

important role in the study of the bright/dark nature of excitons in 2D materials and eventually provides

for a route for the search of single photon emitters in MoS2, which has been elusive until now.
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Chapter 10

Conclusions and perspectives

In this thesis we have carried out an investigation of the optical and electronic properties of the 2D

materials InSe, WSe2 and MoS2. The present chapter summarizes the most relevant results obtained

during this PhD work and the future work and perspectives that arise from these results.

Optical contrast of InSe nanosheets

In Chapter 4 we have used a transfer matrix approach in order to model the optical contrast arising

between InSe nanosheets and different susbtrates. We have demonstrated both numerically and experi-

mentally that the optical contrast method turns out to be a very good technique to easily and fast detect

InSe nanosheets on different substrates and under different illumination conditions. Our numerical and

experimental results have shown that the optical contrast of InSe nanosheets deposited onto different

substrates, such as a the extensively used SiO2(300 nm)/Si and quartz, can be optimized by illumination

through standard wide band-pass filters.

Moreover, we have also demonstrated both experimentally and numerically that the optical contrast

method for InSe can also be generalized to broadband illumination. In this sense, our calculations have

revealed that among the SiO2/Si currently used substrates, those with a coating layer of SiO2 of around

110 nm will favor optical detection of InSe nanosheets as thin as one single layer under white light

illumination.

Finally, we have approached the question of which would be the optimal conditions for a tranparent

bulk material to make 2D InSe visible. Our results suggest that the best optical contrast is achieved for
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available transparent substrates with low real refractive indices. In this respect, transparent materials

such as LiF or the viscoelastic PDMS stamp (n∼1.4) and even quartz (n ∼1.46) are a good choice with

respect to other transparent materials extensively used as substrates such as Si3N4, TiO2 or BK7 optical

glass, which exhibit higher refractive indices. For the particular case of quartz substrates, we have shown

experimentally and numerically that quartz substrates are able to provide optical contrast values high

enough to detect InSe nanosheets as thin as 3 single layers. These results can be very useful for the

continuously growing community working with two-dimensional InSe and its applications.

Quantum confinement effects on InSe nanosheets

In Chapter 5, we have presented the results of the study of the quantum confinement effects on the lat-

tice dynamics, electronic and optical properties of InSe nanosheets prepared by mechanical exfoliation.

The most evident effect of quantum-size confinement has been observed on the electronic properties of

extended states. Density functional theory calculations have predicted a huge increase of the electronic

band gap by more than 1 eV for a single layer of InSe, which has been experimentally demonstrated by

means of room temperature micro-photoluminescence in InSe as its thickness decreases from bulk to the

single layer. Such a wide band-gap tuning has resulted to be one of the largest optical windows observed

so far in the bulk to single-layer transition of a given layered material.

In contrast to other two-dimensional materials, quantum-size confinement effects have small (but non

negligible) effects on vibrational properties of InSe nanosheets. By reducing the interlayer interaction,

intralayer charge reorganizes, which causes that vibration modes involving quasi-in-plane bonds stiffen

whereas those involving bonds perpendicular to the layer soften.

As demonstrated in this thesis, quantum confinement effects have a strong influence on the band

gap of InSe nanosheets. This makes two-dimensional InSe a very promising material for designing

heterojunctions with minimal defect density, these naturally appearing when nanosheets are composed

of terraces of different thickness at the nanometric scale. This possibility has been studied by nano

X-ray photoemission spectroscopy. Our nano X-ray photoemission spectroscopy measurements have

revealed the presence of potential barriers in the boundaries between different terraces of multi-terraced

InSe nanosheets, which originate form the thickness-dependent band gap of InSe demonstrated by our

micro-photoluminescence experiments.
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Manipulating the luminescent response of atomically thin InSe nanosheets

InSe nanosheets are able to provide for a wide band-gap tunability range for optoelectronic applica-

tions. However, the most important handicap of two-dimensional InSe is its relatively low luminescent

response. In this thesis we have shown that this low luminescence response is a direct consequence of the

dipolar selection rules of the optical transitions. This important result has opened the door to enhance the

luminescent response of two-dimensional InSe. Since optical properties of InSe nanosheets have been

revealed to be strongly anisotropic, we have demonstrated that it is possible to enhance light absorp-

tion (and consequently photoluminescence) of InSe nanosheets by simple morphological manipulation

(nanotexturing) addressed to enhance the absorption of the component of the electric field of the light

that is parallel to the c-axis.

Optical spectroscopy of localized excitons in single-layer WSe2

One important potential application of two-dimensional materials is the possibility to provide for

quantum emitters with tunable properties. In Chapter 7, we have presented an optical spectroscopy study

of three-dimensionally confined excitons in single-layer WSe2 by using non-resonant, near-resonant and

resonant laser excitation. In spite of the emitter spectral fluctuation and the background laser scatter-

ing observed in our measurements, we have unambiguously demonstrated resonance fluorescence from

a quantum emitter in SL WSe2. Additionally, despite the spectral fluctuations represent a challenge

for quantum control and resonance fluorescence, we have shown their utility for high-resolution photo-

luminescence excitation spectroscopy. In this sense, the high-resolution photoluminescence excitation

experiments carried out have yielded the direct observation of a three-dimensionally confined weakly

fluorescent exciton state that is energetically blue shifted by ∼4.8 meV. Moreover, we have also proved

that resonant excitation of this blue-shifted exciton state provides a single-photon source.

Finally, we have shown a suppression of the emission from the fine-structure split line of the quantum

emitter under quasi-resonant or true resonant excitation in comparison to the non-resonant excitation

scheme. This observation gives hints that a specific valley-index is optically addressed with quasi- or

true resonant excitation.
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Modelling and engineering light emission in 2D materials

Due to their low-dimensional nature, two-dimensional materials present a natural low light absorp-

tion efficiency. For this reason, the development of versatile and reliable engineering techniques for

modelling and optimizing light emission in two-dimensional materials is essential. In Chapter 8, we

have applied the transfer matrix-based source term method to study and optimize light emission pro-

cesses in a large variety of two-dimensional systems such as graphene, MoS2, WSe2 and h-BN. Our

results have demonstrated that the method of source terms is able to model with very good accuracy the

surroundings-induced changes of the angular pattern and intensity of the Raman and photoluminescence

emission of two-dimensional materials such as MoS2, WSe2 and graphene when they are embedded in

planar structures.

Additionally, we have used the method of source terms to calculate the photoluminescence inten-

sity of single-layer MoS2 on different multilayer structures. Among the multilayer structures tested,

an alumina layer with a thickness of ∼80 nm deposited on the top of an aluminum reflector has been

demonstrated to be the simplest substrate that can be used to maximize the photoluminescence inten-

sity of single-layer MoS2 for an excitation wavelength of 632 nm. Further, we have demonstrated an

enhancement of the photoluminescence intensity by a factor of ∼30 if the single-layer MoS2 is placed

inside a SiO2 cavity sandwiched between a distributed Bragg reflector and a gold reflector which act

as the top and bottom mirrors, respectively. Moreover, we have found that multilayer structures can be

designed to enhance the extracted photon flux for a large variety of two-dimensional materials. In this

sense, we have shown that the single-photon emission in two-dimensional materials such as WSe2 and

h-BN can be enhanced by an appropriate choice of the underlying substrate.

Finally, the model has been used to simulate the energy dispersion of microcavity polariton formation

in two-dimensional MoS2 that nicely fit to experimentally reported data. These results indicate that

the source term method is a highly versatile and accurate analytical tool for modelling and optimizing

light emission of two-dimensional systems and related devices in both the weak and the strong coupling

regimes.
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Centrosymmetric MoS2 under pressure: revealing spin-polarized nature of

bulk conduction bands and metallization onset

In Chapter 9 we have demonstrated that the spin-polarized nature of bands at the K (K′) points, the

most noticeable property of single-layer MoS2, can be met also in the bulk material. To unravel the spin-

polarization properties of bulk MoS2 bands at the K point of the Brillouin zone (and, collaterally, shed

some light into open questions about the spin-polarization character of the bands of the single layer),

we have performed optical absorption measurements and density functional theory calculations in 2H-

MoS2 under high-pressure conditions. By applying pressure, we have experimentally and theoretically

shown that the pressure dependence of the excitonic optical transitions (specifically, the exciton binding

energy) can be only understood by considering that the two highest valence bands and the two lowest

conduction bands at the K point are spin-polarized, with a spin sequence that agrees with that expected

by calculations reported so far on single-layer MoS2. Moreover, we have also approached experimentally

and theoretically the study of the evolution of the indirect band gap of bulk MoS2 under pressure. Our

results indicate that a semiconductor-to-metal transition is expected to occur at ∼35 GPa.

Perspectives and future work

The research and results reported in this PhD thesis naturally suggest several avenues for further

exploration.

The demonstrated band-gap tunability of ∼1 eV in InSe by reducing its thickness naturally suggests

the possibility of using multi-terraced two-dimensional InSe in photonic devices. These multi-terraced

InSe nanosheets, each terrace with a designed band gap, can serve to develop high-quality in-plane het-

erojunctions with minimal junction defect density due to the natural lattice match among terraces of

different thicknesses. Moreover, the evidenced ability of nanotexturing strategies to manipulate the op-

tical response of two-dimensional forms of InSe allows anticipating a robust and flexible property to

be explored. The possibility that nanotexturing could be introduced in a controlled and scalable man-

ner (by using patterned substrates, for instance) is particularly relevant for the potential applications of

two-dimensional InSe in photonics. These results also open the door for the design of high-performance

flexible optoelectronic devices based on a two-dimensional semiconductor which offers a wide optical
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window and can be eventually combined with other two-dimensional semiconductors and graphene to

obtain new semiconductor/semiconductor and metal/semiconductor heterostructures. Surface transfer

doping is also a very promising technique to be implemented to produce new heterostructures with tai-

lored properties.

In addition, the demonstrated utility of nano X-ray photoemission spectroscopy experiments to reveal

the presence of potential barriers in multi-terraced InSe nanosheets, opens the possibility of exploiting

this technique to investigate the formation of in-plane heterojunctions based on two-dimensional mate-

rials with highly tunable band gaps (such as InSe and phosphorene) with a view to integrate them into

new optoelectronic devices based on two-dimensional materials.

On the other hand, the resonance fluorescence and laser spectroscopy techniques demonstrated in

this thesis raise the prospect for indistinguishable single-photon generation and investigations of the spin

and valley coherence of strongly confined excitons in two-dimensional transition-metal dichalcogenides.

The possibility of exploiting the resonance fluorescence technique on new devices with two-dimensional

charge-tunable quantum emitters could lead to a better understanding of the nature of the quantum emitter

(e.g. charge state, magneto-optical properties, and defect type) and also to establish the potential for spin-

photon coherence.

In addition, the demonstrated ability of the implemented analytical method of source terms to model

the light emission of two-dimensional materials, allows to employ it for an accurate design of light-

emitting devices with an optimal operation based on two-dimensional materials.

Finally, the demonstrated spin-polarized nature of bands at the K (K′) points of the Brillouin zone

of bulk 2H-MoS2, could shed some light into the understanding of the spin-polarization character of the

bands of single-layer MoS2, which can play an important role in the design of new valleytronic applica-

tions based in two-dimensional MoS2. Importantly, we have established also new routes to characterize

the optical properties of two-dimensional transition-metal dichalcogenides by studing their bulk coun-

terpart. Therefore, the results obtained are also relevant for the study of the potential abilities of these

materials to act as single-photon sources.
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Appendix A

Fresnel Equations

The Fresnel equations relate the amplitudes of the transmitted and reflected wave for a plane wave

incident on a dielectric interface [139]. They can be expressed by using different derivations. In the

following, we will describe two of the more used derivations: the angular and the k-vector derivations.

A.0.1 Angular derivation

Snell’s Law relates the directions of propagation of electromagnetic waves at both sides of an inter-

face. An electromagnetic wave arriving at an interface between two media with an incidence angle θi is

transmitted after being refracted by the interface (see figure A.1) and it propagates at an angle θt that can

be calculated as

n1 sinθi = n2 sinθt (A.1)

where n1 and Θi are the refractive index and the propagation angle on the incident medium, respectively,

and n2 and Θt are the refractive index and the propagation angle on the transmitted medium.

The reflection coefficient of an interface is the ratio between the reflected and incident electric field

amplitudes, and it can be calculated as

rs =
n1 cosθi−n2 cosθt

n1 cosθi +n2 cosθt
(A.2)
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for s-polarized (TE) waves, and

rp =
n1 cosθt −n2 cosθi

n1 cosθt +n2 cosθi
(A.3)

for p-polarized (TM) ones.

Figure A.1: Direction of the electric and magnetic fields for s- and p-polarizations at both sides of an interface.

In the same way, the transmission coefficient of an interface is the ratio between the transmitted and

incident electric field amplitudes, and it can be calculated as

ts =
2n1 cosθi

n1 cosθi +n2 cosθt
= 1+ rs (A.4)

for s-polarized (TE) waves, and

tp =
2n1 cosθi

n1 cosθt +n2 cosθi
(A.5)

for p-polarized (TM) ones.

Once the reflection coefficient of an interface is known, it is possible to calculate the reflectivity of

the interface, which is the ratio between the reflected and incident intensities. It can be calculated as

follows

Rs,p = |rs,p|2. (A.6)
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In a similar way, the transmissivity of an interface is the ratio between the transmitted and incident

electric field intensities, and it can be calculated as

Ts = Re
(

n2 cosθt

n1 cosθi

)
|ts|2, (A.7)

for s-polarized (TE) waves, and

Tp = Re
(

n∗2 cosθt

n∗1 cosθi

)
|tp|2. (A.8)

for p-polarized (TM) ones.

A.0.2 k-vector derivation

Very often, the Fresnel coefficients are taken as a function of dielectric constants ε and wavectors k

rather than the usual propagation angles. In this derivation, the Fresnel coefficients read

rs =
k1⊥− k2⊥
k1⊥+ k2⊥

(A.9)

rp =
ε2k1⊥− ε1k2⊥
ε2k1⊥+ ε1k2⊥

(A.10)

ts =
2k1⊥

k1⊥+ k2⊥
(A.11)

tp =
2ε2k1⊥

ε2k1⊥+ ε1k2⊥

n1

n2
(A.12)

where

k2
1⊥ = k2

1− k2
‖ (A.13)

and

k1‖ = k2‖ = k‖, (A.14)

with

k‖ = k0n1 sinθi = k0n2 sinθt . (A.15)
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In a similar way that shown before, within this derivation it is possible to calculate the reflectivity

and transmissivity of an interface as

Rs,p = |rs,p|2, (A.16)

Ts = Re
(

k2⊥
k1⊥

)
|ts|2, (A.17)

Tp = Re
(

k∗2⊥
k∗1⊥

)
|tp|2. (A.18)
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Appendix B

Method of source terms

The analytical modelling of light emission by 2D materials has been carried out using a method

proposed by Stanley et al. named method of source terms [218]. This method has the advantage of

being simple and versatile for calculating the emission characteristics of a thin source plane (sheet) in

an arbitrary planar structure. The source plane is modelled by electrical oscillating dipoles distributed

along a sheet which are spatially and temporally incoherent (weak coupling regime). The source is then

included in the calculations through the addition of source terms that account for the electromagnetic

discontinuity in the source plane. The electromagnetic discontinuity terms (A source terms) are sum-

marized in in Table B.1 for different dipole configurations and polarizations. The subscript upward and

downward arrows indicate positive and negative propagation directions of the emission along the z-axis,

respectively. The superscripts (h) and (v) represent the direction of the emitting dipoles (horizontal or

vertical, respectively) with reference to the sheet plane (plane x-y in Fig.B.1), while the s and p super-

script denote TE and TM polarizations, respectively. Finally, θcav represents the emission angle inside

the active layer.

Dipole orientation TE polarization (s) TM polarization (p)

Horizontal A(h),s
↓,↑ =±

√
3

16π
A(h),p
↓,↑ =±

√
3

16π
cosθcav

Vertical 0 A(v),p
↓,↑ =±

√
3

8π
sinθcav

Table B.1: Source terms for horizontal and vertical dipoles.
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Figure B.1: Sketch of the source terms method.

Calculating the external field emitted by a source plane in a multilayered system then comes down

to solving the following system of equations [218]

E↑

E↓


>

−

E↑

E↓


<

=

A↑

A↓

 , (B.1)

a11 a12

a21 a22


 0

E−out

=

E↑

E↓


<

, (B.2)

b11 b12

b21 b22


E+

out

0

=

E↑

E↓


>

, (B.3)

where (a) and (b) are 2 x 2 transfer matrices that account for the propagation of the source from the left

and from the right, respectively, as shown in Fig. B.1. E−out and E+
out indicate the electrical fields emitted

in the superstrate and substrate, respectively, while E↑ and E↓ denote the electrical fields propagating

along and opposite to the z direction. The “<” and “>” symbols indicate whether the field is emitted at

the lower or upper side of the dipole sheet, respectively [218].

Equations (B.1), and (B.2) and (B.3), can therefore be interpreted as the expression of an electrical

field discontinuity at the source plane induced by the existence of electrical dipoles, and the relationship



9.7. Summary 201

linking the externally radiated and internally emitted fields, respectively.

The power density outside the multilayer structure for a given emission angle θout can then be calcu-

lated for both s and p polarizations using

Ps,p
out (θout) = |Es,p

out (θout) |2
n3

out cos2 θout

n3
cav cos2 θcav

, (B.4)

where Eout , nout (ncav) and θout (θcav) represent the emitted electrical field, the refractive index and the

emission angle at the outside (active) medium, respectively. In the following we will omit the “s” and

“p” superscripts for clarity purposes.

The total collected power (Pcollected) in the far-field by a microscope objective of a given numerical

aperture (NA) can thus be calculated by

Pcollected =

2π∫
0

dφ

θNA∫
0

Pout (θout)sinθoutdθout . (B.5)

In a similar way, the extraction efficiency (ηext) can be calculated by dividing the total extracted

power by the total power emitted by the dipole in the cavity

ηext =

2π∫
0

dφ

π∫
0

Pout (θout)sinθoutdθout

2π∫
0

dφ

π∫
0

Pdipole (θout)sinθoutdθout

. (B.6)

Similarly, the collection efficiency (ηcol) can be calculated by dividing the collected power by the

total extracted power

ηcol =

2π∫
0

dφ

θNA∫
0

Pout (θout)sinθoutdθout

2π∫
0

dφ

π∫
0

Pout (θout)sinθoutdθout

. (B.7)
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Finally, we can calculate the radiative lifetime modification (γ/γ0) of the dipole according to

γ/γ0 =

2π∫
0

dφ

π∫
0

Pdipole (θout)sinθoutdθout

2π∫
0

dφ

π∫
0

PMoS2 (θout)sinθoutdθout

, (B.8)

where the numerator and the denominator are the total power emitted by the dipole in the cavity and in

the bulk active material, respectively.

Moreover, following the work of Aad et al. [219], we have slightly modified the source term method

to include the effects of the excitation wavelength and the excitation angle. In this way, a photoexcitation

factor has been included as a weighting coefficient than represents the absorbed (dissipated) power by

the source plane at the excitation wavelength. Taking into account that the energy is conserved and

that the method models the source as an electrical dipole, the emitted light energy can be evaluated

by the absorbed (dissipated) energy by the dipole (assuming a quantum efficiency equal to 1). Such a

photoexcitation factor (Coe f fdisip) is calculated using the expression of the dipolar dissipation [274]

Coe f fdissip =
1
2

ωε0χ
′′|Elocal|2∆z, (B.9)

where ω , ε0, and ∆z are the angular frequency, the vacuum permittivity and the thickness of the source

plane, respectively, while χ ′′ and |Elocal|2 are the imaginary part of the electrical susceptibility and the

amplitude of the excitation electrical field at the source plane, respectively.

Dipole orientation TE polarization (s) TM polarization (p)

Horizontal |E(h),s
SP↑ +E(h),s

SP↓ |
2 |cosθexc

(
E(h),p

SP↑ +E(h),p
SP↓

)
|2

Vertical 0 |sinθexc

(
E(v),p

SP↑ −E(v),p
SP↓

)
|2

Table B.2: Weighting coefficients for horizontal and vertical dipole configurations.

In the calculations, it is assumed that oscillating electrical dipoles with different orientations are

uniquely excited by an electrical field oscillating parallel to its orientation. This implies that different

weighting coefficients have to be considered depending on the dipole configuration. Table B.2 collects

the expressions of |Elocal|2 used in this work for each dipole configuration. ESP↑ and ESP↓ represent the

calculated excitation electric fields at the source plane for positive and negative propagation directions,
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respectively. θexc denotes the propagation angle of the excitation field in the active material.

Finally, the influence of the thickness of the active material (when dealing with thicker active layers)

can also be taken into account by dividing the volume into thin layers (sheets) of dipoles with thickness ∆z

and summing the emitted power from discrete subsources with the corresponding weighting coefficients.
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