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Abstract

Two-dimensional materials are promising building blocks for photonic-based quan-

tum technologies. Single-photon emitters – the required quantum light sources for

such applications – can be induced in some of these layered materials, with the preva-

lent example of tungsten diselenide WSe2 monolayer. They can be incorporated into

electronic and photonic devices, being combined with other atomically thin mate-

rials into tailored heterostructures and transferred onto patterned substrates. Ow-

ing to their intrinsic nature, these novel two-dimensional quantum systems present

a promising potential to overcome challenges such as collection efficiency limita-

tion due to total internal reflection encountered in other solide-state sources like

semiconductor quantum dots or colour centres in diamond. This thesis undertakes

the nanofabrication and optical characterisation of two-dimensional quantum light

sources incorporated into devices.

Four projects were achieved during the PhD. They are described and discussed

in this thesis. A chapter is dedicated to an argon atmosphere glovebox system I

developed for the nanofabrication, monitoring, and characterisation of pristine two-

dimensional samples is described. Second, a dichromatic pulsed laser excitation

regime is employed to coherently drive WSe2 monolayer quantum emitters incorpo-

rated into planar cavities, with a successful observation of π-pulses. Third, these

emitters are excited out-of-resonance with a continuous wave laser, and their coher-

ence time is estimated from a Hong-Ou-Mandel interferometry experiment. A short

time of ∼ 10 ps – as compared to their ∼ ns lifetimes – is obtained; it is due to

the emitters inhomogeneous broadening. Finally, cw resonant excitation of WSe2

monolayer quantum emitters coupled to a Si3N4 waveguide is successfully achieved.





Cette thèse est dédiée à un petit garçon qui, quand on lui demandait “qu’est-ce

que tu veux faire quand tu seras plus grand ?”, répondait “scientifique-écrivain”.
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bienveillance.

J’aimerais remercier ma famille. Papa, maman, merci pour votre amour que

je porte comme une lumière dans mon coeur vers laquelle je peux toujours me
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Chapter 1

Introduction and outline

1.1 Introduction

Two-dimensional materials research is a new, exciting, and promising field of physics.

It appeared in 2004, when A. Geim and K. Novoselov successfully isolated graphene

– an atomically thin sheet of carbon atoms – from graphite [1, 2]. The rapid sheer

interest of the scientific community that followed that discovery can have two rea-

sons. First, the facility and accessibility of the exfoliation technique, a method

relying on simple adhesive tape to obtain single atomic nanosheets from a layered

bulk crystal. Second, the exotic properties of graphene, a gapless material where

carriers behave as massless Dirac fermions, with exceptionally high charges mobil-

ity [3]. However, the absence of band gap in graphene becomes an issue for some

optoelectronics applications. Although an effort has been dedicated to open a band

gap in graphene [4–6], this challenge contributed to shed light on two-dimensional

semiconductors. Among them, the family of transition metal dichalcogenides has

funnelled research attention when Splendiani et al. [7] and Mak et al. [8] indepen-

dently demonstrated that molybdenum disulphide MoS2, an indirect semiconductor

layered material in its bulk form, turned direct when thinned down to a single-

layer. This indirect-to-direct band gap crossover has since been observed in other

members of the family such as molybdenum diselenide MoSe2 or tungsten diselenide

WSe2 [9]. Transition metal dichalcogenides properties have quickly been exploited to

successfully fabricate optoelectronic devices such as photodetectors, field-effect tran-

sistors, or light-emitting diodes [10]. Two-dimensional semiconductors have other
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Chapter 1: Introduction and outline

novel exciting properties. They present strong excitonic effects – still present at

room temperature – due to the electron-hole pairs experiencing a combination of

quantum confinement and reduced dielectric screening [11] when going from a bulk

crystal to the single-layer. Moreover, the transitions follow optical selection rules for

most transition metal dichacogenides, due to a broken inversion symmetry leading

to degeneracy breaking of the spin-states non-equivalent K and K’ valleys. Two-

dimensional materials properties can be tailored and engineered by combining them

into heterostructures [10]. Hexagonal boron nitride h-BN – a large band gap dielec-

tric layered material – is often used for encapsulation, protecting inner flakes from

the environment and allowing the access to enhanced or intrinsic properties such as

an increase in the observed graphene charges mobility at room temperature [12] or a

reduction of MoS2 single-layer photoluminescence inhomogeneous linewidth [13]. It

encourages the nanofabrication of 2D samples into controlled inert atmospheres [14].

Two-dimensional materials made their entry on the photonics scene when, in

2015, four independent research groups [15–18] simultaneously reported the obser-

vation of single-photon emitters hosted by WSe2 single-layers. No consensus has yet

been reached regarding their exact origin – although it probably involves trapping

of excitons by crystal defects – but it has been demonstrated that they can be de-

terministically induced by mechanical strain [19–21]. Some of their properties have

been studied – such as brightness, purity, or response to an applied magnetic field –

but others remain largely unexplored, e.g. their coherence. Furthermore, these 2D

emitters are often characterised in the non-resonant excitation regime. Resonant

excitation is a prerequisite to achieve coherent driving of quantum dots, and access

their properties such as indistinguishability with highly reduced dephasing mech-

anisms; which is key to exploit the emitted single-photons as qubits for quantum

applications. Resonant excitation of these 2D quantum emitters is challenging due

to their large spectral wandering [22] originating from charge noise in the emitter

environment. Therefore, a robust approach to coherently drive them remain elusive.

Moreover, incorporating 2D single-photon emitters into functional devices such as

photonic circuits [23, 24] is another step necessary towards their use for quantum

applications.

The aim of this thesis is to work towards the integration of WSe2 monolayer
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single-photon emitters into functional devices, and contribute to move towards their

use for photonic quantum applications. This thesis was also written to be an easily

accessible and reliable source of information for other members of the Quantum

Photonics Laboratory group.

1.2 Outline of the thesis

The present thesis is organised into two parts. The first part – chapters 2 to 5 –

can be seen as a state-of-the art literature review and theoretical introduction to

two-dimensional materials, single-photon emitters, and nanofabrication. It is also

where technical details concerning the different setups and their working principles

are found. The second part – chapters 6 to 9 – is dedicated to the report of the

work and new findings achieved during this thesis.

Chapter 2 introduces the main optical, electronic, and mechanical properties of

2D materials, with a focus on transition metal dichalcogenides, hexagonal boron

nitride, and graphene. It is followed with an overview on the interest of 2D het-

erostructures and the impact of their design in the sample properties.

Chapter 3 provides a selection of photonics background. It opens on a discussion

about the ideal single-photon source. Using a simple two-level system representation,

the different excitation regimes are discussed. Three photon counting experiments

– Hanbury Brown and Twiss, Hang-Ou-Mandel, time-resolved photoluminescence

– necessary to the characterisation of single-photon emitters, and employed in this

thesis, are described. WSe2 monolayer single-photon emitters are introduced, with

a discussion on their origins, and an overview of their reported properties.

Chapter 4 is dedicated to the experimental methods employed throughout this

thesis. The confocal technique – at the centre of all the optical measurements pre-

sented here – is introduced. The experimental setups for excitation, signal collection,

filtering, and single-photon counting measurements are described – completing their

theoretical introduction from chapter 3.

Chapter 5 explores the process of 2D samples nanofabrication. It goes through a

discussion about 2D materials bulk crystal methods, their differences and interests.

The exfoliation technique is introduced, and the methods later employed for the
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identification of the obtained 2D flakes – optical contrast microscopy, photolumines-

cence microscopy, and imaging ellipsometry – are described. The two deterministic

transfer methods used during this thesis are reported – namely the all-dry viscoelas-

tic stamping, and the hot pick-up transfer technique – and their limitations and

interests are discussed.

Chapter 6 reports the implementation of a fully self-consistent 2D sample nanofab-

rication setup inside a glove box filled with an inert argon atmosphere. The moti-

vations for building the system are discussed. Theory around the imaging ellipsom-

etry technique mentioned in chapter 5 is briefly presented. The glove box and its

two parts – exfoliation and transfer on one side, and imaging ellipsometry on the

other side – are introduced. The way the glove box is employed for exfoliation and

characterisation of transition metal dichalcogenides and hexagonal boron nitride is

explained – completing chapter 5. The full fabrication of a 2D planar cavity sam-

ple is followed as an example. A brief summary of two 2D samples made in inert

atmosphere illustrates the potential of the glove box 2D nanofabrication system.

Chapter 7 introduces dichromatic pulse excitation – a new alternative technique

to achieve resonance of quantum emitters. The method is then applied on WSe2

single-layer single-photon emitters in simple planar cavity samples, where the emitter

is placed a quarter-wavelength away from a gold reflector by a hBN spacer. It leads

to the successful observation of π-pulses. The conditions to achieve coherent driving

of quantum emitters with this dichromatic excitation technique are discussed.

Chapter 8 presents an estimation of the coherence time of WSe2 monolayer single-

photon emitters in planar cavity samples. It is achieved by non-resonant Hong-Ou-

Mandel interferometry with a cw laser hitting local emitters signal enhancement

excitation energies. The ps time-scales obtained are discussed and briefly compared

to similar measurements for other solid-state quantum emitter systems.

Chapter 9 reports a three-week collaboration work conducted at KTH Royal

Institute of Technology in Stockholm, Sweden. WSe2 single-layer single-photon

emitters on a Si3N4 waveguide are resonantly excited through the waveguide, and

their resonance fluorescence signal confocally collected show a clear antibunching.

Finally, as each chapter has its own conclusion section, chapter 10 briefly sum-

marises the findings presented throughout this thesis.
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Chapter 2

Two-dimensional van der Waals

materials: a selective overview

Figure 2.1: From [25]. 2D material families. Diagram showing the different 2D
material groups including TMDs, h-BN, and graphene; which are explored in this
thesis.

Two-dimensional (2D) van der Waals (vdW) materials are a family of materials

where the bulk form consists in a stack of atomically thin layers – as opposed to 3D

materials artificially confined into a 2D structure (e.g. ultrathin layers). 2D material

crystal layers are maintained together by weak vdW forces, whilst the atoms of a

single nanosheet are strongly held together with covalent or ionic bonds. In this

chapter, a summary of the main properties relevant for the present thesis work is
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given for semiconductors transition metal dichalcogenides, hexagonal boron nitride,

and graphene (see figure 2.1). This chapter is divided into two sections. In the first

section (section 2.1), an overview of transition metal dichalcogenides properties is

given. In the second section (section 2.2), 2D heterostructures, their interests and

general properties are discussed.

2.1 Transition metal dichalcogenides

Transition metal dichalcogenides (TMDs) are a family of 2D materials, with proper-

ties going from superconductors to semiconductors. In the scope of this work, only

the 2D semiconducting TMDs sub-family is studied. Hence, they will be referred to

as TMDs for simplicity throughout the thesis, with a focus on tungsten diselenide

WSe2 and molybdenum diselenide MoSe2. An overview of TMDs is given in this

section, with a stress on the electronic, optical, and mechanical properties of WSe2

and MoSe2.

Figure 2.2: From [26]. TMDs in the periodic table. Layered TMDs are made
of transition metal atoms from group 4-7, and chalcogen – i.e. group 16 – atoms.
Group 9-10 transition metal atoms are usually found in non-layered TMDs.

2.1.1 Brief history and introduction to TMDs

Atomically thin TMDs present unique exciting properties with many potential elec-

tronics, optoelectronics, and optics applications (e.g. photodetectors, photo-transistor,

LEDs, photonic circuit and cavities, etc.) [27]. TMDs layered structure has been
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known for over half a century, and studies of bulk and thin TMDs have been con-

ducted in the past [11].

In 1966, Frindt [28] already mentions MoS2 – a TMD – hexagonal structure. A

theoretical single-layer thickness of 6.15 Å is expected, while thin flakes thickness are

measured. The weakness of the layered stack vdW forces is exploited to obtain thin

flakes (< 100 Å) from bulk crystal with a combination of adhesive tape and mica

substrate. In other words, Frindt describes an exfoliation method that he specifies

is ‘well-known’. However, single-layer were not isolated. A more modern version

of this technique is today widely used across the 2D community, and presented

in chapter 5. Moreover, thin MoS2 early mechanical properties such as its high

flexibility are observed, alongside its tendency to bend and form wrinkles. Finally,

thin MoS2 inclination to adsorb atoms is noticed, with a measurement estimating

the adsorbed compounds to be 6 to 9 Å thick.

Single-layer MoSe2 was isolated for the first time in 1986 by Joensen et al. [29]

by mean of a chemical method consisting in the intercalation of lithium atoms in

between atomic sheets. The monolayers were studied with X-ray diffraction.

However it is with the arrival of graphene in 2004 [1, 2] that a new light was

shed on 2D materials. This increased visibility benefited the emerging field, leading

to a broad expansion of fabrication methods, and both theoretical and experimental

study. An interest in TMDs naturally arose to fill in the blank left by graphene

being a gapless 2D material, limiting its application for optoelectronics. The report

of MoS2 monolayers being direct band-gap semiconductors in 2010 [7, 8] triggered

the intense research effort TMDs still funnels to this day.

2.1.2 Crystal structure

Layered TMDs MX2 form a family of materials, made of a transition metal atom

M from group 4 (Titanium Ti, Zirconium Zr, Hafnium Hf), group 5 ( Vanadium

V, Niobium Nb, Tantalum Ta), group 6 (Molybdenum Mo, Tungsten W), or group

7 (Technetium Tc, Rhenium Rh); and two chalcogen (group 16) atoms X such as

Sulfur S, Selenium Se, or Tellurium Te [26] (see figure 2.2).

7
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Figure 2.3: Adapted from [9] and [30]. Bulk TMDs different polytypes. Top-
views (top), side-views (middle) and unit cells (bottom) of polytypes. Side-views:
upper (lower) case for chalcogen (transition metal) atoms respectively. Letters cor-
respond to atom hexagonal sites, with labelling starting from upmost chalcogen
sub-layer. (a) 2H polytype – hexagonal symmetry with monolayer in the trigonal
prismatic coordination. Each layer is rotated by 180◦ as compared to the previous
one, i.e. two layers per repeat unit. Here, transition metal atoms from one layer
are aligned with chalcogen atoms from the next, which is known as 2Hc polytype.
(b) 3R polytype – rhombohedral symmetry with monolayer in the trigonal pris-
matic coordination. Each layer is translated by 1

3
a + 2

3
b in the ab-plane (see (d)) as

compared to the previous one, i.e. three layers per repeat unit. (c) 1T polytype –
tetragonal symmetry with monolayer in the octahedral coordination. No translation
nor rotation in between layers, i.e. one layer per repeat unit. (d) Trigonal prismatic
coordination with definition of the ab-plane.

Bulk crystal structure

In the bulk form, the monolayers can be stacked in different structures. The layers

are weakly maintained together by van der Waals forces, which is exploited by the

8
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exfoliation technique to isolate a single layer, as described in 5. The three most

common bulk polytypes are 2H, 3R, and 1T. The number refers to the number of

layer necessary to make a unit cell of bulk crystal (to be distinguished from the

unit cell within the single layer described later on), whilst the letter stands for the

initial of each symmetry name i.e. hexagonal (H), rhombohedral (R), and tetragonal

(T). The 2H and 3R polytypes are stacks of monolayers in the trigonal prismatic

coordination; and the 1T polytype is built from single layers in the octahedral

geometry. These monolayers structures are described later on. Single layers in the

3R polytype all have the same orientation. Each layer is translated by 1
3
a + 2

3
b (or

2
3
a + 1

3
b, depending on the bulk crystal) in the ab-plane (shown figure 2.3(d)) as

compared to the previous one [31], leading to a 3-layers repeat pattern (figure 2.3(b)).

The 1T polytype – figure 2.3(c) – is a stack of single layers (octahedral coordination),

with no rotation or translation, hence the repeat pattern of one layer.

Each layer is rotated by 180◦ as compared to the previous one in the 2H polytype,

so the pattern is repeated after two layers as shown on figure 2.3(a). The represen-

tation given here features the chalcogen atoms from one layer being aligned with

the transition metal atoms from the next layer, which is also referred to as the 2Hc

polytype in literature; as opposed to the 2Ha polytype where transition metal atoms

of the different layers are on top of each other [32]. Depending on crystal polytype,

the few-layers material electronic and optical properties change. In this thesis, the

work is done with WSe2 and MoSe2 crystals in the 2Hc polytype as it is the most

stable to crystallise under ambient pressure and temperature conditions. Hereafter,

it will be called 2H for simplicity. The distance in between layers (centre to centre)

is 12.9 Å [33] – often leading to the value of ∼ 6.5 Å for the thickness of a mono-

layer on substrate. This bulk crystal polytype is part of the D4
6h point symmetry

group [32] (in Schönflies notation; also known as P63/mmc in Hermann–Mauguin

notation, or group #194). It is characterised by a number of symmetry operations

including an inversion symmetry point.

Few-layers TMDs symmetries

Going down to few-layer TMDs, the symmetry group depends on whether the num-

ber of layer is odd or even. The absence (odd number of layers) or presence (even

9
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Figure 2.4: Adapted from [32]. 2Hc polytype few-layers TMDs space group
symmetries. Transition metal atoms in green-blue, and chalcogen atoms in orange.
(a) Unit cell of few-layers TMD crystals drawn with a black solid line on top-view,
and red dotted line on side-view. (b) Top-view of single-layer TMD crystal structure,

with a1 and a2 the primitive unit vectors. a1 = a(
√

3
2

x+ 1
2
y) and a2 = a(−

√
3

2
x+ 1

2
y)

(c) Symmetry operations of single-layer TMD represented on top-view unit cell.
2 C3 rotations (perpendicular to the plane, black triangle), 3 C’2 rotations (black
lines) included in σh horizontal plane displayed on (d), 3 σv vertical mirror planes
(red lines). The 2 S3 improper rotations and the σh horizontal plane are not shown.
(d) σh horizontal reflection plane, containing the transition metal atoms sub-layer.
(e) Top-view of two-layers TMD crystal structure, with a1 and a2 the primitive
unit vectors (same as for single-layer). (f) Symmetry operations for bilayer TMD
represented on top-view unit cell. 2 C3 rotations (perpendicular to the plane, black
triangle), 3 C’2 rotations (black lines) included in σh horizontal plane displayed on
(g), 3 σd dihedral vertical mirror planes (red lines). The 2 S6 improper rotations
and the inversion point are not shown. (g) σh horizontal plane (not a symmetry
operator, but part of the 2 S6 improper rotations) located at the centre of the gap
in between the two single-layers, and the inversion point i (red dot).

number of layers) of inversion symmetry point i is the critical difference in between

the two, and is discussed later. For an even number of single layers (example with

bilayer on figure 2.4(e)-(g)), the TMD flakes belong to the D3
3d space group (P3̄m1,

#164). There are 12 symmetry operations. The identity E (no change). 2 C3 ro-

tations around the centre of the hexagonal structure represented by a triangle on

figure 2.4(f) (120◦ rotations, one clockwise and the other anticlockwise). 3 C’2 rota-

tions (180◦ rotations) around three axis included in the horizontal plane σh in the

middle of the gap in between two single-layers (represented by a dark circle on fig-

ure 2.4(g)). They go through the centre of the hexagonal lattice, with one collinear
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to a1 (figure 2.4(e)), one to a2, and the last one to y. One inversion symmetry point

i (figure 2.4(g)) located in the middle of the gap between two single layers. 3 σd

dihedral vertical mirror planes (i.e. perpendicular to the crystallographic lattice (or

collinear to z), and included in between two C2), going through the hexagonal lattice

centre and a transition metal or a chalcogen atom, or in the x direction. They are

represented by the red lines on figure 2.4(f). Finally, there are 2 S6 improper rota-

tions around the axis at the centre of the hexagonal lattice (60◦ rotation followed

by the σh plane reflection).

For an odd number of layers (example with monolayer on figure 2.4(b)-(d)),

the few-layers TMD flakes belong to the D1
3h space group (P6̄m2, #187). Again,

the main difference is the absence of inversion symmetry, which leads to proper-

ties detailed in the coming subsection about electronic band structures. There are

11 symmetry operations. The identity E, and the same 2 C3 rotations are there

(figure 2.4(c)). There is a horizontal mirror plan σh – represented by a dark cir-

cle on figure 2.4(d) – formed by the transition metal atoms sub-layer. The 3 C’2

rotations axis are included in the σh plane, and drawn from the hexagonal lattice

centre through the atom positions (red lines on figure 2.4(c)). There are 3 σv ver-

tical mirror planes formed by the combination of the z axis and the C’2 rotations

axis (figure 2.4(c)). Finally, there are 2 S3 improper rotations around the hexagonal

lattice centre (120◦ rotation followed by the σh reflection mentioned earlier).

Single-layer crystal structure

The crystal structure of a monolayer MX2 is a stack of three sub-layers, where three

atoms are evenly arranged in a hexagonal design. A sheet of transition metal atom

M is encapsulated with two layers of chalcogen atoms X, forming a X-M-X atomic

pattern as shown on figure 2.5. Each transition metal atom is covalently bonded to

six chalcogen atoms, leading to two possible coordinations. In the trigonal prismatic

structure – which is the one studied in this thesis – the top and bottom chalcogen

atom sub-layers are aligned, whilst the middle transition metal sub-layer is rotated

by 180◦ (see the inset of figure 2.5(a)). In the octahedral arrangement, the top

chalcogen atom sub-layer is rotated by 180◦ as compared to the bottom one. The

lattice constant a – see figure 2.3 – is 3.3 Å for WSe2 and MoSe2, and the strict

11



Chapter 2: Two-dimensional van der Waals materials: a selective overview

Figure 2.5: Adapted from [26]. TMDs monolayers crystal structure. Top-
view, side-view, and unit cell of a TMD monolayer in the trigonal prismatic coor-
dination (a); and in the octahedral coordination (b). Transition metal atoms are
represented in purple and chalcogen atoms in yellow. Both structures consist in a
layer b of transition metal atoms sandwiched in between two layers of chalcogen
atoms. Each transition metal atom is covalently bonded to the six neighbouring
chalcogen atoms. (a) In the trigonal prismatic coordination, the top and bottom
layers of chalcogen atoms have the same orientation, forming a AbA stack. Inset:
different perspective for clarity. (b) In the octahedral coordination, the top and
bottom layers of chalcogen atoms have a 180◦ rotation difference, forming a AbC
stack. Inset: different perspective for clarity.

thickness of a single-layer – top chalcogen sub-layer to bottom chalcogen sub-layer

– is also 3.3 Å [34].

2.1.3 Electronic band structure

Transition metals d atomic orbitals

The electronic properties of TMDs (trigonal prismatic coordination, 2H polytype)

is a result of the contribution of the d orbitals from the M transition metal atoms,

and the p orbitals from the X chalcogen atoms [26]. Transition metal atoms M d

orbitals are split in three groups. From lower to higher energy, electrons completely

fill dz2 which is separated by a large gap (∼ few eV) from unoccupied dx2−y2 , dxy

and dxz, dyz as shown on figure 2.6.
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Figure 2.6: Adapted from [26]. d-orbitals filling in 2H TMDs at 0K. In 2H
polytype, with the trigonal prismatic coordination of transition metal atoms M,
their d orbitals are split in three groups (ligand field theory). The fully filled dz2
sub-orbital takes part in the valence bands, while the unoccupied dx2−y2 , dxy and dxz,
dyz sub-orbitals contribute to the conduction bands. Bonding σ and anti-bonding
σ∗ bands are shown. The Fermi level (at 0 K) EF is located in the band-gap in
between valence and conduction band (dashed line).

Indirect-to-direct band-gap crossover

TMDs are semiconductors with an indirect gap in their bulk form turning direct

when thinned down to the monolayer limit. The fundamental indirect band-gaps

of bulk WSe2 and MoSe2 are ∼ 1.2 eV and ∼ 1.1 eV respectively [35]. The free

electron-hole pair band-gap (electronic band-gap) is ∼ 2.02 eV for 1L-WSe2 [36]

(flake on SiO2/Si substrate, room temperature) and ∼ 2.18 eV for 1L-MoSe2 [37]

(flake on 2L graphene, 5 K). Obviously, these values cannot be directly compared

due to the change in dielectric environment (SiO2 vs 2L graphene) and temperature

(room temperature vs 5 K). The literature lacks consistent measurements of TMD

monolayers the electronic band-gaps. However, what is interesting here is the dra-

matic change as compared to the bulk indirect band-gap, and the difference from the

optical band-gaps discussed later on in the next subsection about TMDs excitonic

properties. The first Brillouin Zone (BZ) – or reciprocal space – of the 2H TMDs

hexagonal crystal structure is shown on figure 2.7. The reciprocal in-plane lattice

wavevectors b1 and b2 are defined as [32]

b1 =
2π

a

(√
3

3
kx + ky

)
and b2 =

2π

a

(
−
√

3

3
kx + ky

)
(2.1)

13



Chapter 2: Two-dimensional van der Waals materials: a selective overview

Figure 2.7: (a) adapted from [32] and (c)-(d) from [34]. First Brillouin Zone
and atomic orbitals weight to electronic band structure. (a) Real 2D lattice
of single-layer TMDs, with primitive vectors a1 and a2. (b) TMDs reciprocal lattice
projection in a 2D plane, with primitive wave-vectors b1 and b2. High-symmetry
points Γ, K, K’, M (red points); and Q, Q’ points (blue ovals) are shown. (c)
Contribution of transition metal atoms M d orbitals to single-layer TMD electronic
band structure. (d) Contribution of chalcogen atoms X p orbitals to single-layer
TMD electronic band structure. Spin-orbit coupling is not included in the DFT
calculations used for (c)-(d).

The BZ features a number of high-symmetry points: Γ (centre of the BZ, no

momentum), inequivalent K and K’ (at the corners of the BZ), and M. Q and Q’

points are also important and are represented with an oval as – although being about

half-way in between Γ and K – their exact location depends on the TMD and the

number of layers. In bulk TMD crystals, the minimum band-gap is indirect and is

located in between the valence band (VB) maximum at the Γ point to the conduction

band (CB) minimum at the Q point – see figure 2.8. For single-layer TMDs, it turns

into a direct band-gap at the K and K’ valleys. As shown on figure 2.7(c)-(d),

the VB maximum at the K points is almost exclusively due to the dx2−y2 and dxy

sub-orbitals (red circles). Similarly, the dx2−y2 and dz2 sub-orbitals compose the CB
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Figure 2.8: Adapted from [38]. Bulk to single-layer electronic band-gap
crossover in MoSe2 and WSe2. Simulation of TMDs band-gap change from
indirect (green arrow, Γ to Q BZ points) in the bulk (left pannels) to direct (red
arrow, K BZ points) in the monolayer (right pannels) plotted for MoSe2 (a) and
WSe2 (b). The decrease (increase) of the VB maximum (CB minimum) at the Γ
(Q) point are highlighted with purple dashed lines. The figures are obtained with
DFT calculations and include spin-orbit coupling.

minimum at the K points. These d orbitals are very localised around the transition

metal atoms and the corresponding wave functions are mainly in-plane. Being at

the centre of each single-layer, their spatial overlap with neighbouring layers’ atomic

orbitals is extremely limited. As a result, they do not change with the number of

layer. However, the VB maximum at the Γ point results from a mix of chalcogen

atoms pz orbitals and transition metal atoms dz2 orbitals which wave functions out-

of-plane component is important. The CB local minimum at the Q points stems

from contributions of px and py chalcogen atoms sub-orbitals, and transition metal

atoms dx2−y2 and dz2 sub-orbitals. The p orbitals from the chalcogen atoms have a

strong overlap with other layers’ atomic orbitals. This leads to an important change

of the indirect band-gap as the number of layers decreases from the bulk down to

the monolayer crystal (quantum confinement) [11]. This indirect band-gap increases

with decreasing number of layers, and is ultimately greater than the K points direct

band-gap at the single-layer limit as illustrated with purple dashed lines on figure 2.8

for MoSe2 and WSe2.
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The K points in the TMDs BZ are not equivalent. As shown on figure 2.7, they

are split in between K and K’ valleys (also labelled +K and -K, or K+ and K− in

literature), and are linked by time-reversal symmetry [11]:

E(k, ↑) = E(−k, ↓) (2.2)

In the presence of inversion symmetry, one can write:

E(k, ↑) = E(−k, ↑) (2.3)

Therefore, the electronic states at the K and K’ valleys are spin-degenerate for ma-

terials with inversion symmetry (e.g. TMD flakes with even number of layers). As

discussed earlier, the inversion symmetry is broken for monolayers and odd num-

bers of layers. This lack of inversion symmetry leads to the electronic states spin

degeneracy at the K and K’ valleys to be broken, which is referred as spin-valley

coupling. The splitting energy in between the spin states corresponds to the spin-

orbit coupling (SOC), and the strength of this SOC tends to increase with heavier

transition metal atoms [39]. The spin-states degeneracy breaking at the VB (K

points) is ∼ 400 − 500 meV for WSe2 and ∼ 200 meV for MoSe2 [34]. In the CB

the splitting is much smaller, ∼ 37 meV for WSe2 and ∼ −20 meV for MoSe2. The

negative value is arbitrary, and is employed here to point out the inversion of the

spin-up ↑ and spin-down ↓ states order in the CB as compared to the VB as shown

on figure 2.10(a)-(b). These values are summarised in the table 2.1.

Valence Band (meV) Conduction Band (meV)
1L-WSe2 ∼ 400-500 ∼ 37
1L-MoSe2 ∼ 200 ∼ -20

Table 2.1: Spin-states degeneracy breaking due to spin-orbit coupling for 1L-WSe2

and 1L-MoSe2.

All the non-invariant points by time-reversal symmetry in odd-number of layers

TMDs BZ (i.e. every momentum except M and Γ [34]) are also spin degeneracy

broken for the same reason. Time-reversal symmetry leads to the inversion of the

order of the electronic spin-states in between the K and K’ valleys EK+(↑) = EK−(↓)

(see equation 2.2). Therefore, for a charge with a given spin-state to change valley,
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it needs to go through a spin-flip. This can happen by the charge being coupled to

a phonon. Due to the large SOC in the VB, such phonons must have large energies

that are not accessible at room temperature [40]. Hence – in a simplified picture

– a charge with a given spin state stays in the valley where it was generated; this

phenomenon is called spin-valley locking. Experimentally, intervalley scatterings do

occur with scattering times in the ps to ns range, depending on the material and

the temperature.

2.1.4 Optical properties

Figure 2.9: From [41]. Excitons in single-layer TMDs. (a) Representation of
the reduced dielectric screening when going from bulk (3D) crystal to the monolayer
(2D). (b) Schematic representation of the change in excitonic properties in between
3D and 2D materials. The combination of 2D quantum confinement, dielectric
screening, and large effective charge masses lead to a dramatic increase of the binding
energy as represented with the dashed red arrows.

Excitons

The optical properties of TMDs are strongly connected to the excitonic nature of

the excited charges. In a semiconductor, an electron from the VB is promoted

to the CB upon absorption of an incoming photon with energy higher than the

band-gap. This electron with the extra energy acquired from the photon leaves
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a vacant electron state in the VB, known as electron hole, or hole for simplicity.

The hole is not a real particle, it is a quasiparticle. It is a very efficient picture to

describe and explain transport and optical properties in semiconductors. Therefore

the hole is a charged quasiparticle – complementary to the promoted electron. The

hole has an electronic charge qh and a momentum kh opposed to the electron. The

hole (positively charged) and its corresponding excited electron (negatively charged)

are bonded by Coulomb interactions, forming an electron-hole pair, also known as

exciton. In TMD single-layers these electron-hole pair Coulomb interactions are

strong – making the exciton robust. The strong Coulomb interaction leads to large

binding energies that results from a combination of reduced dielectric screening, 2D

quantum confinement, and heavy effective masses of the charges in transition metal

atoms d orbitals.

The description given here is (overly) simplified, it is an easily accessible general

idea of the way excitons behave in a 2D system. For a more accurate description, I

would strongly suggest to go to literature, starting with Chernikov et al. [41], where

the deviation from excitonic Rydberg series is studied and discussed. As a first

approximation, the exciton can be described by a simple hydrogenic model. The

exciton binding energy in a 2D material E2D
b can then be written as [42]:

E2D
b = 4

µ

m0

(ε0
ε

)2

Ry (2.4)

with m0 the free electron mass, ε the effective permittivity of the dielectric environ-

ment, Ry the Rydberg constant for hydrogen (Ry = 13.6 eV), and µ the reduced

mass:

µ =
m∗em

∗
h

m∗e +m∗h
(2.5)

where m∗e and m∗h are the electron and hole effective masses, respectively. Single-

layer TMDs have a high permittivity, and are often exposed to lower permittivity

such as air, vacuum, or SiO2 (substrate). Hence, the TMDs experience a reduced di-

electric screening – the electric field induced by the electron-hole pair being mainly in

the surrounding environment (figure 2.9(a)). In the 3D TMD bulk, the electron-hole

pair with their wave functions spread over tens of nm [11], forming Wannier-Mott

excitons; while in the 2D single-layer the separation is dramatically reduced to a
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Figure 2.10: Adapted from [11]. Single-layer TMDs direct band-gap optical
selection rule and excitonic transitions and energy levels. (a)-(b) Schematic
of the monolayer direct band-gap at the K+ and K− points for Mo based (a) and
W based (b) TMDs. The order of the spin-states splitting due to SOC in the CB
is reversed for WX2 as compared to MoX2. The transitions are allowed (bright)
for ∆m = ± 1, i.e. with a σ± circularly polarised photon. (c) Representation of a
1L-TMD exciton optical absorption spectrum for one transition (e.g. A transition).
Each absorption peak corresponds to an exciton ground (n = 1) or excited (n =
2, 3, ...) state, with the energies following 2D hydrogenic series. At n = ∞, the
exciton is unbound and turns into a free particle. Inset: Energy levels of an exciton
- similarly to the energy levels in an atom. The exciton binding energy EB is shown
(energy to give to the exciton to turn it into a free-particle FP).

few angstroms (Bohr radius aB ∼ 1 nm), hence they are in the Frenkel exciton

regime. However, it turns out that describing TMDs monolayers electron-hole pairs

as Wannier-Mott excitons leads to good predictions [11]. This 1-dimensional con-

finement (out-of-plane, with the material thickness under a nm) of the charges leads

to a 2D quantum system, hence the factor 4 as compared to a 3D system [43] in

equation 2.4 [42]. The electron and hole effective masses are large (∼ 0.5m0), lead-

ing to a reduced mass µ ∼ 0.25m0 higher than in common semiconductors (e.g.

µ ∼ 0.06m0 for GaAs). Therefore, this combination of effects leads to a 1L-TMD

excitons larger binding energy E2D
b ∼ 0.5 eV as compared to the bulk crystal – as

qualitatively represented on figure 2.9(b). In common semiconductors, the exciton

binding energy is much smaller (e.g. E3D
b = 4.2 meV in GaAs measured at 2 K [44]).
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Figure 2.11: Adapted from [45]. Reflectance of 1L-TMDs. Room tempera-
ture reflectance spectra of 1L-MoSe2 (a) and 1L-WSe2 (b) exfoliated on fused silica
substrate. The ground (1s) exciton states of the A and B transitions are identified.

As temperature increases, the electron-hole pairs lose their excitonic nature in clas-

sic 3D semiconductors (e.g. from ∼ 50 K for GaAs as kBT = 4.3 meV), whilst it

still persists even at room temperature in TMD single-layers.

1L-TMDs feature two bright excitonic transitions due to the valence and con-

duction bands spin-states splitting. Figure 2.10(a)-(b) shows these transitions -

labelled A and B. The A transition corresponds to the lowest energy optically al-

lowed transition, from the upmost valence band to the corresponding electronic spin

state in the conduction band (lowest conduction band for Mo-based TMDs, but not

for W-based ones). In analogy with energy levels in hydrogen atoms, excitons have

a ground state – with a quantum number n = 1, also referred as 1s state – and

excited states at higher energies (n = 2, 3, ...; or 2s, 3s, ...) also known as excitonic

Rydberg series. These s-states are expected to be dipole allowed, unlike p-states and

d-states [41]. An idealised 1L-TMD exciton optical absorption spectrum is plotted

on figure 2.10(c). Each exciton state raises a strong resonance at energies En, which

in an ideal 2D material picture follow 2D hydrogenic series [11]

En = Efree − En
B (2.6)

with Efree the bandgap to the free-particle (unbound electron-hole pair), and En
B

the binding energy defined as [41]

En
B =

µe4

2~2ε2(n− 1
2
)2

(2.7)
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where ε is the effective dieletric constant, e the electron charge, and µ the reduced

electron-hole mass. Ultimately (n =∞), the exciton turns into and free particle (un-

bound electron-hole pair). The 2D free particle still features an enhanced absorption

that decreases slowly [11] (solid red line vs dashed red line on figure 2.10(c)). The

first (ground state 1s, n = 1) exciton states of the A and B transitions for 1L-MoSe2

and 1L-WSe2 are identified in a room temperature reflectance measurement on fig-

ure 2.11. The broad spectral responses at higher energies correspond to higher-lying

interband transitions [45].

Figure 2.12: From [46]. Room-temperature MoSe2 and WSe2 photolumi-
nescence. Room temperature non-resonant photoluminescence spectra of mono-
bi- and trilayer MoSe2 (a) and WSe2. A dramatic increase in the signal intensity
is observed going from multi-layers (indirect band-gap) to the single-layer (direct
band-gap).

The large Coulomb interaction in 2D TMDs also allows the formation of charged

excitons – or trions – and biexcitons. Trions are positively charged (two holes and

one electron) or negatively charged (two electrons and one hole). Their binding

energy is significantly lower than neutral excitons (tens of meV [47, 48]), which

makes them challenging to observe at room temperature.

Optical emission of TMDs

TMDs experience an indirect-to-direct band-gap crossover occuring when going from

the bilayer to the monolayer. Spectrally, this is accompanied by a dramatic enhance-

ment in the photoluminescence (PL) intensity. Room temperature PL spectra for

mono- (green line) bi- (red line) and trilayer (black line) MoSe2 and WSe2 under

cw green laser (532 nm, 2.33 eV) are plotted on figure 2.12. The bulk PL is not
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Figure 2.13: From [49] and [50]. Temperature-dependence of 1L-TMDs PL.
(a) Temperature-dependence PL of 1L-WSe2 from room temperature to 10 K. The
bulk room temperature PL is given for comparison (top). 4 peak positions are moni-
tored. Peak 1 is the neutral exciton X0. Peak 2 is attributed to a trion X+/−, and its
PL intensity dramatically decreases for T >∼ 150 K which can be attributed to the
temperature matching its excitonic binding energy. Peaks 3 and 4 are identified as
features from the defect band, which PL intensity significantly decreases then disap-
pears for T >∼ 50 K. The sample was excited with a pulsed HeNe laser (632.8 nm,
1.96 eV). (b) Temperature-dependence PL of 1L-MoSe2 from room temperature to
15 K. The higher-energy peak is the neutral exciton X0, and the lower-energy peak
is the negatively charged exciton (trion) X−. The trion PL intensity is decreasing
for T >∼ 55 K, due to the loss of its bound (excitonic) state. (c)-(d) Fit with a
modified Varshni’s equation for semiconductor bandgaps of 1L-WSe2 and 1L-MoSe2

peak positions identified on (a) and (b) respectively, showing a good agreement.

represented on the graphs, as it is almost absent. Looking at the bilayer and trilayer

PL, a shift in the peak energy is also observed. It is due to the change of the VB

and CB at the Γ and Q points respectively, as discussed earlier.

The optical selection rule – shown figure 2.10(a)-(b) – states that only transitions

where ∆m = ± 1 are allowed (i.e. bright) [51]. m is the azimuthal quantum number

– or quantum angular momentum – at the K and K’ VB and CB electronic states.

This angular momentum difference ∆m = ± 1 in the allowed optical transition

corresponds to the absorption of right-handed σ+ and left-handed σ− photons.

Figure 2.13 shows the temperature dependence of 1L-WSe2 and 1L-MoSe2 PL

spectra. Three features are identified for 1L-WSe2. The peak 1 is attributed to the

neutral exciton X0 (ground state), and as expected, its large binding energy makes
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it robust throughout the entire temperature range (10 K to room temperature).

The peak 2 is identified as a trion X+/−, its charge not being determined in this

study. A clear PL signature is observed up to 150 K, then it dramatically decreases.

The binding energy of WSe2 trion is estimated to be around the room temperature

thermal energy [49], hence the trion PL peak decreases as it looses its excitonic state.

The lower-energy tail of the neutral exciton X0 for T >∼ 200 K can be a weakened

signature of the trion PL. Peaks 3 and 4 are interpreted as features from the so-called

defect band. Defects in TMD crystals (vacancies, adatoms, line defects, substitional

impurities, ...) can induce intermediate states in the direct band-gap, opening bright

transitions at energies lower than for the direct neutral exciton [52–54]. Literature

lacks of a consistent study for a excitation laser damage threshold of the defect

band. I believe it depends on the material, and on the crystal. My experience is

that a WSe2 single-layer exposed to tens of µW CW excitation power at 4K will

see its defect band PL spectrum change over time (confocal microscopy diffraction-

limited excitation spot). Therefore, I would recommend staying under 10 µW CW

power excitation whenever possible. In particular, defects induced PL is a feature

consistently observed in mono- and bilayer WSe2. The defect band PL disappears for

temperature over ∼ 100 K, as a result from thermalisation of the defect states. Due

to the thermal energy, carriers trapped in these defects are released and recombine as

free excitons and trions [49]. Two peaks are identified in 1L-MoSe2. Similarly to 1L-

WSe2, the higher-energy peak is the neutral exciton X0 (ground state) which remains

up to room temperature, and the lower-energy peak is the negatively charged exciton

X− which PL intensity decreases with temperature as it looses its bound character.

All the observed peaks are monitored and successfully follow a modified version of the

Varshni’s equation of semiconductors band-gap [55], an empirical model describing

the evolution of electronic band-gaps with temperature.

Dark excitons

In the previous paragraphs, the considered transitions are optically bright. To be

more specific, it means they are allowed for an incoming excitation light normal

to the single-layer plane, fulfilling the previously discussed different conservation

principles (spin, electronic charge, carriers momentum) and the restriction on the
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Figure 2.14: Adapted from [11]. Dark excitons in 1L-WX2. (a) Excitons whose
transitions are forbidden are called dark excitons. Dark inter-valley excitons do not
fulfill conservation of carriers momentum, while dark intra-valley excitons do not
respect conservation of spin. (b) 1L-WSe2 measurement, where in-plane excitation
and collection opens up a bright transition of the dark intra-valley excitons due to
their out-of-plane dipole moment. A linear polariser allows the exciting field to be
aligned (red z-axis) with the dark exciton dipole moment, resulting in a bright PL
signal peak XD shown on (c). When the polariser is rotated in-plane (green x-axis),
the dark exciton dipole moment is not excited, and no PL signal is collected from
dark excitons XD – see (c). (c) Neutral bright exciton X0 and trion T PL peaks are
also collected. The 40 meV difference in between X0 and XD corresponds to the K
valley CB splitting due to SOC.

allowed carriers angular momentum m. Dark excitons are excitons whose recombi-

nation is not optically allowed within this specific frame. The A excitons in 1L-WX2

– shown as bright on figure 2.14 – are formed in between the top of the VB and the

highest-energy of the electronic spin states from the bottom of the CB. As can be

observed on the figure, the lowest energy direct band-gap in W-based TMD single-

layers – top of the VB to bottom of the CB – is spin forbidden: it is optically

dark. A dark exciton (e.g. corresponding to that forbidden minimum band-gap

transition) can form through different mechanisms such as scattering events with

other excitons, electrons, or phonons (vibrations of a crystal lattice); and spin flips

due to interaction with defects [11]. Bright excitons can also relax and recombine

through phonons. As described earlier, a dark exciton can exist within the same

valley; hence it is referred to as dark intra-valley exciton. An exciton whose charges

have different momentums – i.e. belong to different valleys – is optically dark due

to non-conservation of the momentum, thus it is called dark inter-valley exciton.

For example, the hole can remain in the top of the CB K+ valley, while the electron

acquires different momentum and ends up in the K− or Q valley.

Dark excitons can be optically addressed – under specific circumstances. For ex-
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ample, dark intra-valley exciton – i.e. spin-forbidden excitons – have an out-of-plane

dipole while bright excitons have an in-plane dipole moment. Therefore, exciting

and collecting with an in-plane incidence – experimentally a very low incidence is

employed – turns the transition bright if the exciting field polarisation is aligned with

the dipole (figure 2.14(b)-(c)). This experiment can be used to probe the electronic

band spin-splitting due to the SOC.

More consequences of the strong excitonic effects

The very strong excitonic character of carriers in 1L-TMDs – 1D (out-of-plane)

quantum confinement, reduced dielectric screening, large effective mass – have ad-

ditional consequences not mentioned hitherto. 1L-TMDs 1s excitons have large

oscillator strengths [11] (i.e. strong light-matter interaction, so large overlap of the

electron and hole wavefunctions), which results in the strong absorption peaks pre-

viously discussed. One of the consequences is the formation of exciton-polaritons at

room temperature, which have been successfully observed in a 1L-MoS2 embedded

in a dielectric microcavity [56]. Such large excitons binding energies result in short

Bohr radius of ∼ 1 nm for the 1s-state – as previously mentioned – which lead to

short radiative lifetime – ∼ few ps. This is about two orders of magnitude shorter

than excitons in GaAs-based quantum wells [11].

2.1.5 Mechanical properties of TMDs

Mechanical properties of 2D TMDs is one of the reasons that makes them attractive

for applications. 1L-TMDs wields a high stretchability, opening the possibility to

deterministically tune their electronic and optical properties with mechanical strain

engineering [57]. 1L-MoS2 has a Young’s modulus EYoung = 270 ± 100 GPa, and

withstands strain up to 11% in an AFM tip indentation experiment [58]. In the case

of uniform stress, it is expected to endure strain up to 14% [59]. MoS2 single-layers

are predicted to experience a semiconductor to metal transition for 2D-isotropic

tensile strain of ∼ 8% or a compressive strain of ∼ 15% [60]. A similar behaviour is

expected for other 1L-TMDs [59]. Small strain (∼ 2%) should also induce a direct-

to-indirect band-gap transition in 1L-MoS2 [60]. Calculations show that tensile

strain should reduce electrons effective mass, hence improving their mobility [61].
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In 2L-WSe2, a ∼ 2% uniaxial tensile strain induces a dramatic increase in the PL

signal – believed to be due to a indirect-to-direct band-gap crossover [62]. Uniaxial

tensile strain of 1L-WSe2 results in a -54 meV/% and -50 meV/% tuning of the A

and B excitons, respectively [63].

This brief overview of the behaviour of TMDs under various mechanical strain

shows the wide potential of 2D materials for optoelectronics and electronics appli-

cations.

2.2 2D heterostructures

2D materials can be assembled in a stack, forming the so-called 2D heterostructures.

The previous section went through some of the TMDs main properties. In this sec-

tion, hexagonal boron nitride (h-BN) and graphene are briefly introduced. Follows

a brief discussion on the properties of 2D heterostructure built from TMDs, h-BN,

and graphene.

Figure 2.15: Adapted from [64]. Graphene. (a) Single-layer graphene crystal
lattice is a hexagonal arrangement of carbon atoms. A and B atoms form the hon-
eycomb structure unit cell. a1 and a2 are the primitive lattice vectors. a0 ∼ 2.46 Å is
the lattice constant. (b) Band structure of graphene calculated with tight binding
theory. The VB and CB are touching at the corners of the First Brillouin Zone
of graphene, making it a semimetal. Around these K points, the electron energy
dispersion is linear giving them a massless character.
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2.2.1 Hexagonal boron nitride and graphene

Graphene

Graphene was the earliest 2D material studied, and has opened the door to the re-

search effort invested in layered materials. It was first isolated in 2004 from graphite

using the exfoliation method by Novoselov et al. [1] – by exploiting the strong cova-

lent bonds within a layer versus the weak van der Waals forces maintaining layers

together. Graphene consists of a ∼ 3 Å [65] single atomic layer of carbon atoms

arranged in a honeycomb structure, with two atoms per unit cell (see figure 2.15(a))

and a lattice constant a0 ∼ 2.46 Å [66]. Graphene is a semimetal as the VB and CB

are in contact at the six corners (K points) of the first BZ – as shown on the band

structure figure 2.15(b) – known as the Dirac points [67]. This absence of bandgap

at K points stems from the crystal symmetry. The linear energy dispersion of the

electrons around the K points gives them a massless particle behaviour. Graphene

strongly absorbs light, with ∼2.3% per layer over the visible spectrum [68].

h-BN

h-BN is a dielectric material with a large indirect optical band-gap of 5.955 eV [69],

hence it is often used and described as an insulator. Similarly to graphene, it has

a hexagonal crystal structure – see figure 2.16(a). The one-atom thin single-layer is

Figure 2.16: Adapted from [64]. Hexagonal boron nitride. (a) Hexagonal
lattice of h-BN single-layer. Boron atoms are in red, nitrogen atoms in blue. A and
B atoms form the honeycomb structure unit cell. a1 and a2 are the primitive lattice
vectors. (b) The close proximity in between carbon, boron, and nitrogen atoms
in the periodic table results in a h-BN lattice constant only 1.8% greater than for
graphene.
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∼ 4.0 Å thick [70] and made of a succession of Boron (B, represented in red on the

figure) and Nitrogen (N, in blue) atoms. The B and N elements are next to carbon in

the periodic table – as shown on figure 2.16(b) – leading to a h-BN lattice constant

a0 ∼ 2.504 Å [71] only 1.8% larger than in graphene [64]. This means the two crystals

are almost commensurate when aligned and stacked, and the graphene layer tends

to stretch locally to match the h-BN layer crystal structure [72]. The B and N atoms

are held together by ionic bonds, whereas they are covalent bonds in graphene. For

these reasons – graphene being a semimetal while h-BN is an insulator, and both

having similar crystal structure – h-BN is also called white graphene in literature.

h-BN is a thermal conductor, so it can dissipates heat (e.g. locally induced by a

current flow, or an absorbed laser spot) making it an ideal platform for electronic

applications [71]. h-BN is also chemically inert in most common acids and solvants,

being soluble only in alkaline molten salts and nitrides [71].

Figure 2.17: Adapted from [73] and [74]. h-BN refractive index. (a) Refrac-
tive index of h-BN for light polarisation parallel to the c-axis direction (in-plane
incidence, extraordinary index) n || and for light polarisation perpendicular to the c-
axis (out-of-plane incidence, ordinary index) n⊥. (b) Representation of single-layer
h-BN, with the out-of-plane c-axis.

h-BN is a highly anisotropic material, with a mid-infrared ordinary (out-of-plane
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incidence) refractive index higher than the extraordinary (in-plane) refractive index

– as shown on figure 2.17. Hence, experiments with 500 - 100 nm light in normal

incidence experience a ∼ 2.2-2.3 refractive index from h-BN.

2.2.2 Engineering the band-gap with the dielectric environ-

ment

The environment of 2D materials has a strong impact on its properties due to the

reduced dielectric screening as discussed previously. This can be exploited in 2D

heterostructures. The dielectric environment of the optically active material – e.g.

1L-TMD – can be engineered to tune the electronic band-gap and binding energy

of excitons [75]. Figure 2.18 demonstrates this potential. Raja et al. [75] have

transferred a bilayer graphene on top of a single layer WS2. By measuring the

reflectance spectra both in the 2L-graphene capped (ε2) and uncapped (ε1) area,

they observe a shift in the position of the first excited state (n = 2) of the exciton

that they correlate to a change in the 1L-WS2 electronic band-gap.

Figure 2.18: From [75]. band-gap tuning in a 1L-WS2 heterostructure. A
bilayer graphene is transferred on top of a monolayer tungsten disulfide WS2. The
change in dielectric environment going from air ε1 to 2L-graphene ε2 results in a
significant decrease of the electronic band-gap.

Selecting the layers surrounding a 1L-TMD can therefore be done to achieve a

control on the excitonic electronic properties – resulting in a modification of the

optical properties.
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Figure 2.19: Adapted from [13]. h-BN capped 1L-TMDs reduced linewidth.
A dramatic decrease of 1L-TMDs PL peaks linewidth is observed when capped -
especially (b) at low temperature (4 K).

2.2.3 Reduction of the optical linewidth

Theoretically, TMDs are free of dangling bonds in their pristine defect-free form [26].

This absence of dangling bonds should make these 2D materials inert to exposure to

environment (dust particles, oxygen, water, ...). However, real TMD crystals have

defects such as vancacies, adatoms, line defects, rotational domains, substitional

impurities, ... Defects break TMDs chemically inert character, locally opening them

to physio- and chemiosorption (oxidation, moisture, ...). As a result, the local

electron cloud is modified, and with it the material electronic and optical properties.

Hence, it can be beneficial to protect a studied 2D material from its environment to

prevent any alteration of its intrinsic properties. This matter is further discussed in

the chapter dedicated to the glovebox nanofabrication facility 6.

Cadiz et al. – figure 2.19 – have shown the difference in 1L-TMDs of the various

off-resonant PL peak linewidths when exposed to atmosphere vs capped with h-BN.

The flakes are in direct contact with the SiO2/Si substrate on the bottom side. A top

layer of h-BN increases the dielectric environment, which lowers the exciton binding

energy, hence should broaden the linewidth. However, a reduction of the linewidth

is already observed at room temperature, and becomes dramatic at low temperature

(4 K). A likely explanation is that the top capping h-BN layer efficiently protects the

1L-TMDs from physio- and chemiosorption, revealing its intrinsic properties. h-BN

can also be used as a bottom layer to provide a smooth and flat surface, and protect
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1L-TMDs from doping due to the SiO2/Si substrate. Cadiz et al. demonstrate

that fully encapsulated monolayer MoS2 (h-BN/1L-MoS2/h-BN) yields a 2 meV

neutral exciton peak linewidth – as compared to tens of meV observed in uncapped

samples [13].

2.2.4 Electronic devices and photon extraction enhancement

2D heterostructures can be combined with patterned substrate to access extra pa-

rameters. Depending on the 2D sample architecture, TMDs can have various opto-

electronics applications such as sensors, transistors, LEDs, or photovoltaic cells [10].

Graphene can be a transparent electronic contact in a 2D sample design (e.g. to

induce tunable doping and/or electric field in a 1L-TMD). The optimisation of 1L-

TMDs properties is important for their efficiency in optoelectronics applications.

2D heterostructures can thus be designed to enhance photons extraction and the

collected signal. This can be achieved with 2D planar cavities for example, where

the 1L-TMD absorption is improved and the PL emission enhanced [76].

Examples of planar cavities are given in chapter 6; and the DBR sample studied

Figure 2.20: Adapted from [77–79]. Types of 2D LED. (a) Types of 2D LED
p-n junctions. (b) Example of a 2D LED vertical homostructure . The p-n junc-
tion is formed within the WSe2 single-layer thickness. (c) Example of a 2D LED
vertical heterostructure. The p-n junction is formed from the intrinsically p-type
1L-WSe2 and intrinsically n-type 1L-MoS2. Inset: Image of the sample and corre-
sponding photocurrent 2D map showing that photocurrent is only observed in the
heterostructure part.
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in chapters 7 and 8 takes advantage of such a design. Hereafter, two types of 2D

electronic devices are briefly described: LEDs and charge-tunable devices.

Figure 2.21: Adapted from [80]. LED in a 1L-WSe2 p-n junction. (a) Diagram
of the LED design on a SiO2/Si substrate. The 1L-WSe2 is separated from two back-
gates Vg1 and Vg2 by a thin h-BN flake. The 1L-WSe2 flake is connected to a source
(S) and a drain (D) contacts. Electrons (blue) and holes (yellow) recombine in the
300 nm gap in between the back-gates. (b) For electroluminescence, the contacts
are used to induce electrons (holes) by applying a positive (negative) voltage bias
in between top and bottom electrodes. (c) I-V curve when sweeping the source-
drain voltage with fixed back-gates voltages. Red curve, Vg1 = Vg2, only electrons
are induced, hence the symmetry. Blue curve, Vg1 = −Vg2, with higher number of
electrons and holes induced, the current is increased. (d) Microscope picture of two
LEDs with the design in (a) made from a WSe2 flake. (e) 2D PL map superimposed
on sample picture in grey scale, showing the localised electroluminescence.

2D light-emitting diodes

Different 2D light-emitting diodes (LEDs) designs have been reported in literature.

A 2D LED p-n junction can be based on a homostructure (i.e within a single 2D ma-

terial) or a heterostructure (i.e over different 2D materials) [77] – see figure 2.20. On

top of that, the 2D device p-n junction can be vertical or horizontal. An example of

2D LED vertical homostructure is shown figure 2.20(b), with the holes and electrons

injected from a top and bottom graphene flakes into a central TMD single-layer; it

was demonstrated by Withers et al. [79, 81]. Figure 2.20(c) is an example of a 2D

LED vertical heterostructure. Naturally doped 2D crystals were chosen, with WSe2

being naturally p-doped, and MoS2 n-doped. Using doped crystals increases the
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observation of trions. The p-n junction exploits these p-type and n-type materials,

and is formed from a 1L-MoS2/1L-WSe2 heterostructure. An example of a lateral

p-n junction design by Ross et al. [80] is shown on figure 2.21. In this LED archi-

tecture, a WSe2 single-layer is transferred on a h-BN flake, on top of two bottom

contacts separated by a narrow 300 nm gap. Top source (S) and drain (D) contacts

are deposited on the WSe2 single-layer, aligned with the bottom contacts. The flake

is electrostatically p-doped on one side by applying a negative bias in between the

bottom and top contact, and electrostatically n-doped on the other side by applying

a positive bias in between the bottom and top contact; forming a p-n junction in

the central 300 nm gap.

Figure 2.22: Adapted from [48]. Charge-tunable 1L-WSe2 device. (a) Diagram
of the charge-tunable device. (b) Voltage sweep of the differential reflectivity first
derivative. The three regimes (n-type, neutral, and p-type) can be observed with
the apparition of the negatively X− and positively X+ charged excitonic transitions.

2D charge-tunable device

2D heterostructures can be designed for charge-tuning of the optically active layer [48,

50, 82]. Figure 2.22 presents an example of a charge-tunable 1L-WSe2 encapsulated

in h-BN. The heterostructure is placed on a SiO2/Si substrate, where Si is p-doped.

A graphite flake directly connects the WSe2 single-layer to a gold contact. The

type and number of charges within the WSe2 monolayer can be tuned by applying

a bias in between the gold electrode and the p-doped Si substrate (back gate). Fig-

ure 2.22(b) shows a bias sweep of the differential reflectivity derivative. The different

excitonic transitions can be identified. The Fermi level reaches the VB, making the
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WSe2 single-layer p-doped at higher voltages (over ∼ 21 V). The positively charged

exciton X+ transition appears, 21 meV below the neutral exciton X0. From ∼ 17 V

to ∼ 21 V, the Fermi level is in the band-gap, hence no charged exciton transition

is observed. The neutral exciton transition X0 and one of its excited state at higher

energy (labelled X0∗ on the figure) can be seen. Finally, below ∼ 17 V, the Fermi

level is in the CB, turning the WSe2 monolayer n-doped. The negatively charged

exciton X− can be observed.

2.2.5 Brief opening on Moiré heterostructures

Figure 2.23: Adapted from [83]. Moiré-trapped interlayer excitons. (a) Repre-
sentation of the Moiré superlattice formed in a 1L-WSe2/1L-MoSe2 heterostructure
with a twist angle θ of 5◦. Scale bar, 2 nm. The red diamond represents a Moiré
supercell. The three highlighted regions (A green, B dark, C red) are Moiré-trapping
sites with different local atomic configurations. (b)-(c) PL spectra showing repre-
sentative interlayer excitons trapped in Moiré potentials (sharp peaks).

One final parameter that can be tuned in 2D heterostructures is the relative

orientation θ in between the different layers. A new superlattice emerges – the

so-called Moiré pattern – upon the rotation of a 2D nanosheet in a stack made

of layers with similar crystallographic structures. With these new superlattices

come exciting properties due to modulation of the electronic band structure. Cao

et al. have reported both superconductivity and insulating properties in twisted

bilayer graphene [84, 85]. In TMDs, Moiré patterns lead to formation of potentials

trapping interlayer excitons – i.e. excitons where charges are located in different

2D nanosheet [83, 86–89]. Figure 2.23 shows examples of Moiré-trapped interlayer

excitons. Moiré patterns are not the scope of this work, but as currently being the
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most promising and exciting recent development in the 2D community, they had to

be briefly mentioned here in this 2D materials overview.
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Chapter 3

Introduction to quantum optics

and atomically thin WSe2

quantum emitters

In the previous chapter, we have given an overview of the main properties of 2D

materials – and especially TMDs – relevant in the scope of this work. This chapter

presents a selective quantum optics theory background. It is divided in two sections.

Section 3.1 describes single-photons as emitted from a simple two-level system, in

both resonant and non-resonant excitation regimes. The bases of photon counting

experiments – Hanbury Brown and Twiss, Hang-Ou-Mandel, time-resolved photo-

luminescence – employed in this thesis to characterise single-photons properties are

given. Section 3.2 goes through the reported properties of single-photons emitted

from WSe2 single-layers.

3.1 Theory on single-photons

3.1.1 Ideal single-photon source

Photons represent a promising system for quantum information and technologies,

due two main reasons. The first is their properties as a particle of light. They have

extremely high speed travel (299 792 458 m.s−1 in vacuum), do not need a medium

for their propagation, and interact very little with their travel environment (i.e. in
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a non-absorbing medium for the photon energy). Second, and more importantly

here, photons allow to access the quantum properties of a system using classical

measurements (e.g. photodetectors). Photons characteristics are inherited from

their emission source. Hence, to work with ideal photons (defined hereafter), one

needs an ideal single-photon source [90]. Such a perfect source is described by three

main properties: single-photon purity, indistinguishability, and brightness [91].

Single-photon purity

The ideal single-photon source deterministically – or on-demand – emits one single-

photon with 100 % chance of success. There is 0 % chance for more than one

photon to be emitted upon a trigger. Describing light with Fock states (i.e. number

of particles states, here photons) [92, 93], it corresponds to a pure state |n = 1〉,

hence this property is referred to as single-photon purity. The purity of a single-

photon source can be probed by looking at the second-order intensity correlation

function g(2)(τ) with a Hanbury Brown and Twiss experiment as discussed later on.

A perfect source gives an antibunching at zero delay g(2)(0) = 0. Experimentally, a

source is confirmed to be quantum and emits single-photons when g(2)(0) < 0.5 [94].

Indistinguishability

The ability of two photons to interact together depends on how identical they are.

A number of tools for quantum communication (e.g. controlled-NOT gates, NOON

states) requires interaction in between single-photons [91, 95]. Therefore, the ideal

single-photon source emits indistinguishable photons – i.e. photons with identical

energy and polarisation [90]. Although in a first picture two identical photons need

to overlap in time and space (i.e. to arrive exactly at the same time and in the

same spot) to interact, it has been proven and shown that interference can also

occur in different time and space with the Franson experiment [96, 97]. The indis-

tinguishability of a photon emitted from a single-photon source can be measured by

two-photons interferences with a Michelson or a Mach-Zehnder interferometer [90].

The Hong-Ou-Mandel interference experiment studies the overlap in between two

photon wavepackets, and is described more in details in this chapter.
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Brightness

A single-photon source is exploited to its maximum capability when – in pulsed

excitation – each pulse always yields one photon i.e. never results in an absence

of photon emission. Furthermore, the ideal source emits single-photon with a high

repetition rate – opening up the possibility to do demultiplexing (i.e. splitting the

stream of indistinguishable single-photons into multiple channels).

3.1.2 Two-level system model

Description

Single-photon can be emitted from various system such as trapped atoms and

ions [98], spontaneous parametric down-conversion [99, 100] and spontaneous four-

wave mixing [101]. They can also come from solid-state quantum emitters with

semiconductors quantum dots [102–111], and vacancies in diamond [112]. As dis-

cussed in next section, 2D materials – and especially 1L-WSe2 – are a new type of

solid-state single-photon emitters (SPEs). In solid-state quantum emitters, photons

are emitted from localised excitons – they are excitons trapped in a confinement

potential. Only one quasiparticle (e.g. exciton, charged exciton, biexciton) can be

captured at a time, hence the photoluminescence following the exciton recombina-

tion gives these emitters their single-photon nature. The emission of a photon from

such an exciton can be described with a simple two-level system – as shown on

figure 3.1.

Figure 3.1: Two-level system. (a) Ground state, no exciton in the confine-
ment potential. (b) Excited state, a neutral exciton is trapped in the confinement
potential. Upon recombination, a photon of energy ~ω0 is emitted.

The ground state is the absence of localised exciton. The excited state is the
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Figure 3.2: Diagram of SPEs excitation regimes. (a) In the non-resonant (or
off-resonance excitation), delocalised neutral excitons are formed in the material,
then trapped in the confinement potential, before recombining radiatively. (b) For
quasi-resonance, the system is excited with an energy corresponding to a higher
resonance corresponding of a higher state of the confined exciton. Radiative recom-
bination occurs after relaxation to the ground state. (c) At resonant excitation, the
trapped exciton is directly formed by using an excitation energy corresponding to
the transition.

confinement of a neutral exciton. For simplicity, the excited state of the two-level

system will be considered to be the localised exciton 1s state unless explicitly spec-

ified.

Excitation regimes

SPEs can be excited in different regimes – as schematically shown on figure 3.2. The

most accessible is the non-resonant – or off-resonance – regime where the system

is excited above the hosting material optical band-gap for free delocalised neutral

excitons. Excitons in the vicinity of a confinement potential are trapped after quick

non-radiative relaxations via exciton-phonon energy transfer. The confined exci-

ton recombines radiatively, emitting a single-photon. Non-resonant excitation is

therefore limited by the non-radiative decay mechanisms of the delocalised neutral

exciton. This relaxation time-scale is not constant and results in an uncertainty on

the recombination event, referred as a ’jittering’ of the emitted single-photons. The

coherence T2 of a SPE is a combination of the emitter radiative lifetime T1 – the

time it takes for the localised exciton to recombine emitting a photon – and the pure

dephasing T ∗2 . Pure dephasing gathers all the processes due to the emitter environ-

ment leading to a loss of its coherence such as – for a solid-state source – coupling

to phonons and the presence and fluctuations of surrounding charges. These three
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decays are linked through the relation:

1

T2

=
1

2T1

+
1

T ∗2
(3.1)

In the case of an emitter ideally isolated from the environment, the long pure de-

phasing leads to the so-called Fourier-limit :

1

T2

=
1

2T1

(3.2)

The phonons involved in the off-resonance excitation regime make the pure dephas-

ing short, hence a coherence time shorter than the emitter Fourier-limit.

In the quasi-resonant – or near-resonance – regime, one of the excited state of

the confined exciton is addressed. Hence the number of relaxations is reduced as

there is no more non-radiative transitions to go from neutral delocalised exciton

to trapped charges. Only fast carriers relaxations from the confined exciton higher

excited states to the ground states are involved. This results in a reduced jitter,

hence a longer pure dephasing T ∗2 and longer coherence time T2 as compared to

non-resonant excitation.

Figure 3.3: Bloch sphere representation. (a) A two-level system state |ψ〉 can
be pictured on the so-called Bloch sphere. (b) A resonant π-pulse drives the system
to its excited state.

Finally, the most interesting regime for quantum applications is the resonant

excitation. The excitation energy matches the optical transition of the confined

state, hence directly creating a localised exciton in its ground state. This excitation
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Figure 3.4: From [113]. Rabi oscillations. Example of excitation pulse laser
power-dependent Rabi oscillations from a semiconductor GaAs quantum dot neutral
exciton.

process is therefore free of any phonon coupling, limiting the pure dephasing to other

effects (e.g. charge noise) which makes the regime with the longest coherence of all

three regimes. As a result, the coherence time T2 is longer, and ideally can match

the Fourier-limit. At the resonant excitation regime, the electric field is strongly

coupled to the quantum dot. With a cw resonant laser, the two-level system is

continuously driven from its ground state to its excited state and forth.

In the case of a pulse laser, there is a finite interaction in between the quantum

dot and the pulse. By the end of this interaction, the two-level system can be in

any superposition of its ground |g〉 and excited |e〉 states:

|ψ〉 = a|g〉+ b|e〉 (3.3)

The probability amplitudes a and b can be written as:

a = cos

(
θ

2

)

b = eiφsin

(
θ

2

) (3.4)

and therefore the state |ψ〉 of the two-level system can be represented on the Bloch

sphere, with θ the polar angle and φ the azimuthal angle – as shown on figure 3.3.

Depending on its excitation power, a resonant pulse can drive the two-level system

to a state |ψ〉 with any polar angle θ. In particular, the two-level system can end up
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in the excited state |e〉, which corresponds to a polar angle θ = π; or to a perfectly

balanced superposition state |ψ〉 = 1√
2
|g〉 + 1√

2
|e〉, corresponding to a polar angle

θ = π
2
.

For these reasons, such pulses are referred to as a π-pulse and π
2
-pulse, respec-

tively. The first one is ideal to reach on-demand single-photon emission (i.e. ob-

taining a single-photon for every single excitation laser pulse), while the latter is

exploited to initiate a two-level system in a balanced superposition state. There-

fore, by sweeping the resonant excitation pulse laser power, the signal intensity of a

single-photon emitter oscillates – yielding the so-called Rabi oscillations (example

shown figure 3.4), signature of the successful coherent driving of the two-level sys-

tem. The decrease in the Rabi oscillations envelope is due to the pure dephasing,

and therefore follows a decay-time T ∗2 .

3.1.3 Photon-counting measurements

In this section, a brief introduction to photon-counting measurements is given. It

goes through a short explanation of the different experiments mechanics used to

characterise a SPE. Three experimental methods are described: the correlation mea-

surements Hanbury Brown and Twiss for single-photon source purity, and Hong-Ou-

Mandel for coherence; and time-resolved photoluminescence for the radiative lifetime

T1.

Hanbury Brown and Twiss experiment

The Hanbury Brown and Twiss (HBT) experiment is a photon-counting measure-

ment to characterise the purity of a single-photon source. It is an intensity interfer-

ometry measurement, as it probes the intensity correlation in between two channels

which can come from a same source or two different sources [114]. Historically, it was

invented by Robert Hanbury Brown and Richard Q. Twiss to measure the apparent

diameter of stars. A HBT measurement is an observation of the second order of the

electric field autocorrelation function g2(τ), which – in its normalised form – can be

written [115]:

g2(τ) =

〈
E(−)(t)E(−)(t+ τ)E(+)(t+ τ)E(+)(τ)

〉
〈E(−)(t)E(+)(t)〉2

(3.5)
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Figure 3.5: Adapted from [93] and [116]. Intensity second-order autocorre-
lation function for different light sources. (a) Diagram of photons streams;
showing bunched, random, and antibunched emission of photons. (b) Photons detec-
tion statistics plotted as g2(τ) for thermal (blue), coherent (green), and non-classical
(red) lights.

with

E(~r, t) = E(+)(~r, t) + E(−)(~r, t) (3.6)

the electric field linearly polarised decomposed in between its positive and negative

frequencies; and the symbols 〈...〉 meaning the average over a long integration time.

This can be rewritten as the autocorrelation of the intensity

g(2)(τ) =
〈I(t)I(t+ τ〉)

|I|2
(3.7)

It is a statistical measurement of two-photon detection, with τ the delay in be-

tween two consecutive photons – also known as coincidence. Hence zero delay τ = 0

is the simultaneous detection of two photons, meaning that they have been emit-

ted together. From this intensity autocorrelation function, three photon statistics

behaviours can be identified – as shown on figure 3.5:

• Thermal sources emit photons close to each other, which is known as photons

bunching. It results in a peak at zero-delay for the second-order autocorrelation

function g(2)(τ = 0) > 1, meaning that thermal sources tend to emit multiple

photons simultaneously.

• Coherent sources emit photons completely randomly; the emission of one pho-

ton doesn’t have any impact on the following one, which results in a flat line
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Figure 3.6: HBT interferometer. A stream of photons (black circles) is sent
to two different detectors by a beam-splitter (BS). After the BS, a photon is in a
superposition of the two paths (represented as a pair of grey circles), and is projected
on one of them at the detection. The delay in between two detections – one on each
detector – is recorded by a correlator connected to the detectors.

for the photons statistics g(2)(τ) = 1.

• Non-classical sources only emit one photon at a time, hence there is photons an-

tibunching. Therefore, two photons cannot be simultaneously detected, which

is translated as a dip at zero-delay in the second-order autocorrelation func-

tion g(2)(τ = 0) < 1 – ideally the source purity is perfect and g(2)(τ = 0) = 0.

A source is proven to be a single-photon emitter when multiphoton emission

is suppressed with g(2)(τ = 0) < 0.5.

Experimentally, a HBT interferometer consists in turning the stream of photons

(represented as black circles) into a superposition state of two paths with a beam-

splitter (represented as grey circles) – as shown on figure 3.6 – and send each output

to a separate photon detector. The superposition state is projected into one of the

two paths at the detection. One of the detectors is connected to a SYNC channel of

a correlator, starting a timer upon a photon detection. Once a photon is detected

on the other detector – which is connected to another channel of the correlator –

the timer stops, and a coincidence in the second-order autocorrelation function is

recorded with the delay τ in between the two detections. For a single-photon source

excited by a cw laser, the second-order autocorrelation function is given by:

g(2)(τ) = 1− ρ2e
−|τ |
τD (3.8)
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where τD is the decay-time of the emission signal, and ρ leads to the signal-to-

background ratio SBR given by:

SBR =
ρ

1− ρ
(3.9)

The decay-time τD is inversely proportional to the actual spontaneous emission

rate Γ = 1
τ1

of the emitter (with τ1 the radiative lifetime) – which can be directly

measured by time-resolved photoluminescence as explained later on – and the cw

laser pump rate Wp [89, 117]:

τD =
1

1
τ1

+Wp

(3.10)

Experimentally the signal-to-background ratio SBR limits the antibunching at zero-

delay g(2)(τ = 0) = 1 − ρ2, and the theoretical value 0 is approached for large

SBR.

Hong-Ou-Mandel experiment

A Hong-Ou-Mandel (HOM) experiment is a two-photons interferometry measure-

ment. It gives information on the indistinguishability of photons from a source. Two

photons maximum interference occur when they are identical and their interaction

is observed for an integration time shorter than their coherence time τc. Hence, this

interference pattern is challenging to be directly observed for sources with a very

short coherence time. A HOM experiment allows to measure the two-photons cor-

relation function, which is a way to circumvent this difficulty to see interferences. A

HOM two-photon correlation measurement gives the information on the coherence

time τc of the observed single-photons.

Figure 3.7: The HOM effect. Two identical photons impinging a beam splitter
at the same time and in the same place always leave together on the same output.
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When two perfectly identical photons simultaneously reach a beam splitter, they

will always leave it together on the same output – as shown on figure 3.7. This

phenomenon predicted by quantum optics is called coalescence of photons, and is

a signature of their bosonic nature. It was first experimentally demonstrated by

Chung Ki Hong, Zhe Yu Ou and Leonard Mandel in 1987 [118].

This coalescence of identical photons can be explained with the following simple

formalism [119]. Two photons arriving on a beam splitter with reflectivity ρ are in

the beam splitter mode a or b – see figure 3.7. On top of the beam splitter mode,

these photons may have other characteristics – hereafter generically labelled α and

β – such as energy, polarisation, or arrival time. Hence, the overall state of the two

incoming photons on the beam splitter |ψin〉ab is written:

|ψin〉ab = |1, α〉a|1, β〉b

= â†αb̂
†
β|0〉ab

(3.11)

where â†α and b̂†β are photon creation operators for beam splitter modes a and b

respectively:

(
â†
)n |0〉 =

√
n!|n〉 (3.12)

The interaction of a photon state with a beam splitter can be described with a

unitary transformation ÛBS. The photon creation operators are transformed by the

unitary as follows:

â†
ÛBS−−→

√
1− ρâ† +

√
ρb̂†

b̂†
ÛBS−−→ √ρâ† −

√
1− ρb̂†

(3.13)

with (1−ρ) the transmittivity of the beam splitter. Hence, the two-photon state
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of the system after interaction with the beam splitter |ψout〉ab is:

|ψout〉ab = ÛBS|ψin〉ab

= ÛBS

(
â†αb̂

†
β|0〉ab

)
=
(√

1− ρâ†α +
√
ρb̂†α

)(√
ρâ†β −

√
1− ρb̂†β

)
|0〉ab

=
(√

ρ(1− ρ)â†αâ
†
β − (1− ρ)â†αb̂

†
β + ρb̂†αâ

†
β −

√
ρ(1− ρ)b̂†αb̂

†
β

)
|0〉ab

(3.14)

With a 50/50 beam splitter, it becomes:

|ψout〉ab =
1

2

(
â†αâ

†
β − â

†
αb̂
†
β + b̂†αâ

†
β − b̂

†
αb̂
†
β

)
|0〉ab (3.15)

These four terms can be visualised on figure 3.8.

Figure 3.8: Visualisation of the four terms of two-photons interaction with
beam splitter.

At this point, the result depends on how identical the two photons are. In the

case of perfectly indistinguishable photons – i.e. identical photons arriving exactly

at the same time on the beam splitter – the output two-photon state is:

|ψout〉ab =
1

2

(
â†H â

†
H − â

†
H b̂
†
H + b̂†H â

†
H − b̂

†
H b̂
†
H

)
|0〉ab

=
1

2

(
â†H â

†
H − b̂

†
H b̂
†
H

)
|0〉ab

=
1√
2

(|2, H〉a − |2, H〉b)

(3.16)

where the photons horizontal linear polarisation state H is explicitely specified, as

it is experimentally convenient to tune their polarisation to render the two photons

distinguishable or not. Therefore, the situations where both photons are transmitted
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or reflected cancel out, and only both photons being in the a or b beam splitter mode

remain.

In the case of dinstinguishable photons – which can be achieved for example by

cross-polarising the two photons – the output two-photon state is:

|ψout〉ab =
1

2

(
â†H â

†
V − â

†
H b̂
†
V + b̂†H â

†
V − b̂

†
H b̂
†
V

)
|0〉ab

=
1

2
(|1, H〉a|1, V 〉a − |1, H〉a|1, V 〉b + |1, H〉b|1, V 〉a − |1, H〉b|1, V 〉b)

(3.17)

Therefore the probability to have both photons transmitted or reflected comes from

the two middle terms where there is one photon in the a mode of the beam splitter

and the other in the b mode, and is 21
4

= 1
2
.

Figure 3.9: HOM interferometer for a single source of photons. Photons
from the source are split by a first beam splitter, then recombine on a second beam
splitter. Photons from one of the arms are delayed by a time ∆t longer than their
coherence time τc such that they are independent when they meet photons from
the first arm at the second beam splitter. The second arm includes a half-wave
plate to be able to have the two paths co-polarised (indistinguishable) or cross-
polarised (distinguishable). The correlator records the delay in between the arrival
of a photon on the detector connected to the SYNC channel and a photon on the
STOP channel. In theory, SYNC and STOP channels are commutable, however one
should first check that their measurement system can record negative delays.

Figure 3.9 shows a HOM interferometer. Photons from a source are split by a first

48



Chapter 3: Introduction to quantum optics and atomically thin WSe2 quantum emitters

beam splitter, having the possibility to travel through two arms – one including a

delay ∆t as compared to the other – to then recombine on a second beam splitter. In

cw excitation, the delay ∆t must be longer than the coherence time of the photons

τc such that the two electric fields recombining on the second beam splitter are

independent[120]. The second arm also includes a half-wave plate that can be rotated

to cross-polarise or co-polarise the two photons paths. Finally, the two outputs from

the second beam splitter are collected by two detectors connected to a correlator

recording delays τ for coincidences – similarly to a HBT measurement.

The general second-order correlation function g
(2)
HOM(τ) of a HOM interferometry

experiment is [121]:

g
(2)
HOM(τ) =

1

D
[TBRB(T 2

A +R2
A)g(2)(τ)

+ TARAT
2
Bg

(2)(τ −∆t)

+ TARAR
2
Bg

(2)(τ + ∆t)

− 2RATARBTBV0|g(1)(τ)|2]

(3.18)

with TA, RA, TB, RB the transmittivity and reflectivity of the beam splitters

A and B; V0 = cos2(φ) an interference visibility factor where φ is the angle in

between the two arms linear polarisation states; D the normalisation factor defined

as D = RATA(R2
B +T 2

B) +RBTB(R2
A +T 2

A); and g(2)(τ) the second-order correlation

function at the detectors as defined for a HBT measurement earlier.

If the source emits indistinguishable photons and the arms polarisation states

are parallel, the visibility factor is maximum V0 = 1. Assuming both beam splitter

are perfect and balanced TA = RA = TB = RB = 0.5, the parallel case HOM

interferometry second-order correlation function g
(2)
‖ (τ) is:

g
(2)
‖ (τ) =

1

4
g(2)(τ + ∆t) +

(
1

2
g(2)(τ)− 1

2
|g(1)(τ)|2

)
+

1

4
g(2)(τ −∆t) (3.19)

Bringing the HOM interferometer to the distinguishable photons situation by

cross-polarising the arms polarisation states makes the visibility factor is minimum
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V0 = 0. Therefore the perpendicular case HOM interferometry second-order corre-

lation function g
(2)
⊥ (τ) is:

g
(2)
⊥ (τ) =

1

4
g(2)(τ + ∆t) +

1

2
g(2)(τ) +

1

4
g(2)(τ −∆t) (3.20)

Figure 3.10: Adapted from [121]. HOM interferometer second-order corre-
lation measurements. HOM interferometer measurement for cross-polarised ⊥
(perpendicular, red line) and co-polarised ‖ (parallel, blue line) situations.

In the distinguishable case, the three peaks shown on figure 3.10 can be un-

derstood as follows. Two consecutive single-photons can lead to four situations in

the detection times. They can both go through the long arm, or the short arm

– long-long and short-short – in which cases there is no delay ∆t in between the

two detections. Therefore, half the possibilities lead to a simple HBT measurement,

resulting in the factor 1
2

in the term g(2)(τ). Hence for τ = 0 – i.e. looking at

the probability of emitting two photons at once – the single-photons lead to the

antibunching g
(2)
⊥ (0) = 0.5.

Two consecutive single-photons can also go through the short arm first and the

long arm second – short-long – leading to a detection delay τ + ∆t (STOP photon

τ + ∆t after SYNC/START photon). The absence of simultaneous emission leads

to the dip at +∆t, and that case being one out of four gives the factor 1
4

in front of

the g(2)(τ −∆t) term.

Similarly, the first photon taking the long arm and the second the short one

– long-short case – yields to the dip at −∆t, and to the factor 1
4

in front of the
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g(2)(τ + ∆t) term.

In the indistinguishable photons case, the additional −1
2
|g(1)(τ)|2 term leads

to the central dip longer decay time that can be observed on the upper half of

the blue plot figure 3.10. It is a destructive interference in between the two arms

identical photons term, bringing this antibunching central dip to 0. In the excita-

tion regime well below saturation of the single-photon emitter, the indistinguishable

parallel HOM interferometry second-order correlation function g
(2)
‖ (τ) can then be

written [122]:

g
(2)
‖ (τ) =

1

2
g(2)(τ) +

(
1

4
g(2)(τ + ∆t) +

1

4
g(2)(τ −∆t)

)(
1− V e

−2|τ |
τc

)
(3.21)

with V a function of the two arms wavefunctions overlap, and τc the coherence time

of the single-photons. Therefore exploiting the HOM measurement leads to the

coherence time of the emitted single-photons.

A final parameter can be deduced from the distinguishable and indistinguishable

cases. The two-photon interference visibility VHOM(τ) is defined as [122]:

VHOM(τ) =
g

(2)
⊥ (τ)− g(2)

‖ (τ)

g
(2)
⊥ (τ)

(3.22)

While the g
(2)
⊥ (τ) term only yields information on the purity of the source (similarly

to a pure HBT experiment), the g
(2)
‖ (τ) term also includes the antibunching due

to two-photon interferences. Therefore, by dividing with g
(2)
⊥ (τ), one obtains a

normalised parameter VHOM(τ). Reaching the limit VHOM(0) = 1 is signature of the

perfect source – both in purity and indistinguishability.

Time-resolved photoluminescence

An important parameter to characterise from a single-photon source is its radiative

lifetime τ1. It can be measured with time-resolved photoluminescence (TRPL). The

single-photon emitter is excited with a pulse laser, and the time for the system

to go back to its ground state (exciton recombination) is monitored. Each pulse

can yield a photon emission with a delay τ measured with a correlator. Part of
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Figure 3.11: Time-resolved photoluminescence. (a) A single-photon emitter
is excited by a pulse laser. Each pulse can lead to the emission of a single-photon.
The excitation laser path is split such that each pulse triggers a SYNC/START
channel on a correlator, starting a timer. The reception of a single-photon stops the
timer. The TRPL measurement builds a histogram of the single-photons detection
delays after pulse excitation. (b) Example of a TRPL measurement, with a single-
exponential decay giving the radiative lifetime of the emitter. Data reproduced
from [113].

the excitation pulse laser is sent to the SYNC channel of the correlator, starting a

timer. The subsequent single-photon emitted after absorption of a pulse is collected

by a detector connected to the correlator and stops the timer. The jitter of the

pulse laser and the detectors are short enough to consider the laser and signal travel

times constant, hence only the variations in the emission time of a single-photon are

probed. It should be noted that TRPL experiments can also be exploited for other

light sources (not necessarily emitting single-photons) with a lifetime. A histogram

is built from the sum of all the detected photons with their arrival times. Finally

the radiative lifetime τ1 of the single-photon source can be estimated from these

statistics on single-photon detection delays. The repetition rate of the excitation

source must be lower than the decay time to avoid a re-excitation of the system.

3.2 Single-photon emitters in 1L-WSe2

Single-photon sources can be found and engineered in different systems as men-

tioned earlier – trapped atoms and ions, spontaneous parametric down-conversion,

sponatenous four-wave mixing, semiconductors quantum dots, and colour centres.
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In this section, a brief introduction to single-photon emitters hosted by 1L-WSe2

is given. 1L-WSe2 single-photon emitters were first observed and reported in 2015

simultaneously by four independent research groups – Tonndorf et al. [15], Srivas-

tava et al. [16], He et al. [17], and Koperski et al. [18]. An important research effort

has since been employed to both understand and characterise these new solid-state

quantum emitters, and exploit them for photonic circuits and quantum applications.

First, the origins of such emitters is discussed, followed by a review on their main

optical properties: emission energy and linewidth, fine-structure splitting and their

response to magnetic field, polarisation of the emitted photons, and stability (jitter).

Finally, the quantum properties as introduced in the previous section are looked:

emitters brightness, purity, and coherence.

3.2.1 Origins of 1L-WSe2 quantum emitters

1L-WSe2 single-photon emitters can be observed only at low temperature – rapidly

turning dark over 30 K [17, 124] – at very localised positions of a sample. For a

simple, flat monolayer on a plain substrate, these emitters are essentially randomly

found on the flake edges, cracks, and wrinkles. However, it has been reported that

they can be deterministically induced with high local strain, for example by using

a patterned substrate with nanopillars [20, 21] or by creating nanobubbles during

flake transfer [125]. The real microscopic origins of 1L-WSe2 quantum emitters are

still debated, however their correlation with mechanical strain brings some pieces to

the puzzle.

In the previous chapter introducing 2D materials and their properties, a broad

emission-band was pointed out in the 1L-WSe2 PL spectrum. This emission band

– roughly in the 1.61-1.70 eV range (∼730-770 nm) – was associated to defects

within the crystal, and therefore labelled defect band. A first approach – shown

on figure 3.12(a)(b) – to the origins of the single-photon emitters was suggested by

Branny et al. [20]. It considers that they stem from a combination of local strain

and crystal defects. A localised strain in the single-layer changes its band gap, mak-

ing it locally smaller than at the flat stress-free pristine flake areas. Hence there

is a spatial modulation of the energy potential experienced by the free excitons,

with local minima at strain locations. Therefore, free excitons funnel down to these
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smaller energy gaps positions where they recombine. Defects responsible for the

localised excitons are present all over a monolayer. In the stress-free regions, their

emissions energies are close to each other and overlap leading to the broad defect

band emission. However, at strain locations these localised states experience en-

ergy shifts resulting from the potential energy modulation. When a combination of

small enough localised excitons density and sufficiently large strain tuning occurs,

a localised exciton state can become spectrally isolated. This leads to localised and

isolated quantum emitters, with efficient trapping then recombination of the photo-

Figure 3.12: From [20] and [123]. Investigation on the 1L-WSe2 SPEs ori-
gins. (a) Example of localised strain induced by nanopillars, with a spatial profile
representation. Free 2D excitons are formed within the laser excitation spot, then
funnel to the strain location at the top of the pillar. (b) Qualitative diagram of the
corresponding excitonic energies. Defects induce localised states, and strain create
a spatial change in the exciton optical band gap. The combination of both leads to
funneling of excitons down to tuned localised state. Therefore, excitons recombine
one at a time, leading to the single-photon emission. (c) Real space and (d) recipro-
cal space representation of the strain-induced funneling of 2D free bright (solid line)
and dark (dashed line) excitons. Highly-localised defect states lie within the band
gap (blue line). There is hybridisation in between the strain-tuned dark excitons
and the localised states, and these hybrid excitons are optically allowed. (e) Real
space plot showing how localised strain-tuned free excitons and (f) defect excitons
are. (g) Example of the hybridisation of a weakly strain-localised 2D dark exciton
|c, v〉 with two defect states excitons |d1,2, v〉 vs the amount of strain.
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induced free excitons. An increase in temperature results in a stronger coupling

with phonons, eventually overcoming the localised state energies – hence destroying

their single-photon emitter nature.

Theoretical work has since been reported by Linhart et al. [123] to build from

this suggested qualitative explanation. It was recently backed by an experimental

systematic study of 1L-WSe2 single-photon emitters [126] giving similar results to

the observations from Branny et al. [20]. In the previous chapter, it has been stated

that the lowest direct energy transition in 1L-WSe2 is spin-forbidden – leading to the

formation of the so-called dark excitons. Linhart et al. calculations show that 1L-

WSe2 SPEs and their properties can be explained by a hybridisation in between the

2D free dark excitons states and the localised defect states. As described earlier and

shown again on figure 3.12(c), the free excitons (solid line for bright excitons, dashed

line for dark excitons) optical band gap is locally reduced at strain locations in the

monolayer – turning them weakly localised (see figure 3.12(e)). Highly localised

electron defect states |di〉 – shown on figure 3.12(f) – can be found in the monolayer,

and their energies – in blue on figure 3.12(c)-(d) – lies within the band gap. If the

strain-induced electronic bands modulation is large enough, the dark excitons optical

band gap (conduction band states labelled |c〉, and valence band states |v〉) can get

close to a highly localised defect state |d〉, leading to a mixed state. Figure 3.12(g)

illustrates this mixing in between the highly-localised and strain-induced electron

states, and quantifies the amount of strain – from ∼1.5% – required for it to appear

(first part of the excitons ket states is the electron state, and second the hole e.g.

|c, v〉 stands for electron in 2D conduction band and hole in 2D valence band). The

valley-selection rule is broken for these hybridised excitons, hence efficient radiative

recombination is allowed – as shown in the reciprocal space on figure 3.12(d).

Although this model suggested by Linhart et al. is successful in reproducing

1L-WSe2 SPEs reported properties, the origins of these quantum emitters is still

debated within the community.
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3.2.2 Energy, fine-structure splitting, polarisation, linewidth,

g-factor, exciton dipole orientation, and jitter

1L-WSe2 SPEs are identifiable as sharp peaks dominating low-excitation (typically

< 1 µW) power PL spectra. They are usually found in the ∼ 1.59-1.68 eV energy

range (∼ 740-780 nm) [20], and have an average linewidth of ∼ 130 µeV – although

it can go as low as ∼ 60 µeV and as high as ∼ 500 µeV [127]. An example of a

1L-WSe2 SPE is shown on figure 3.13. Similarly to semiconductors quantum dots,

an excitation power Pexc dependence of 1L-WSe2 quantum emitters PL intensity I

follows a two-level system saturation curve:

I(Pexc) = Isat
Pexc

Pexc + P1/2

(3.23)

with Isat the emitter intensity at saturation, and P1/2 the excitation power yielding

half the saturation PL intensity – figure 3.13(e). As the excitation power increases,

emitter experience an inhomogeneous broadening as shown on figure 3.13(f).

Figure 3.13: Adapted from [19] and [20]. 1L-WSe2 strain-induced single-
photon emitters. (a) Optical microscopy picture of a 1L-WSe2 transferred on top
of nanopillars. (b) 2D PL maps of the highlighted area from (a) showing the peak
intensity in the 690-850 nm. Bright localised points correspond to sharp peaks i.e.
quantum emitters. (c) PL spectrum of a 1L-WSe2 SPE at 782.72 nm (1.584 eV). (d)
High-resolution PL spectrum of the emitter (c) unveiling its fine-structure splitting
with a peak separation of ∆E = 726 µeV. The main peak linewidth is 106 µeV.
The inset shows the stability of the emitter with a jitter of ∼200 µeV. (e) A power-
dependence of the PL intensity is successfully fit by a two-level system saturation
curve. (f) Broadening of the emitter linewidth with pump power increase.

These quantum emitters seems to fall into two sub-groups, one where a fine-

structure splitting (fss) can be observed, and the other without fss [20]. In an
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Figure 3.14: From [131] and [19]. 1L-WSe2 SPE linear polarisation and
response to magnetic field. (a) Linear polarisation of a quantum emitter with
fss, showing the two peaks are cross-polarised. (b) Response of an emitter with fss
to magnetic field.

electron-hole pair, each excitonic level is made of a multiplet of states related to

different spin configurations of the charges [128, 129]. The multiplet shows a fine-

structure splitting due to two contributions: the exchange interaction coupling the

spins of electron and hole, and their Zeeman interaction with a magnetic field (in-

ternal or external). How large the splitting of this fine-structure is depends on the

asymmetry of local potential (e.g. anisotropy or crystal lattice). For emitters with

a fss, the high-energy peak is separated from the low-energy peak by an energy

difference ∆E ∼ 0.5-1 meV. These emitters stability can vary a lot from one to

another, with a typical observed spectral jittering of ∼ 2 linewidths. 1L-WSe2 PL

peaks are linearly polarised, with a quasi cross-polarisation in between the two peaks

when there is fss – as shown on figure 3.14. 1L-WSe2 quantum emitter doublet exci-

tons experience strong Zeeman shifts in response to an applied magnetic field – see

figure 3.14(b) – with an average g-factor g ∼ 8:

∆B =
√

∆2
0 + (µBgB)2 (3.24)

with ∆B the peak energy shift from the centre of the doublet, ∆0 the splitting

with no external magnetic field, µB the Bohr magneton, and B the applied external

magnetic field. SPEs without fss do not experience any Zeeman shift [17]. There can

be a difference in the brightness from the doublet and a drift from a proper cross-

polarisation, which are signs of anisotropy in the strain inducing the emitter [19, 130].
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3.2.3 Brightness, lifetime, purity, and coherence

1L-WSe2 SPEs can emit up to hundreds of kcts/s [132] (usually brightness can range

from ∼ 10-100 kcts/s), and have a lifetime of few ns – although lifetimes of hundreds

ns have been reported in 1L-WSe2/h-BN heterostructures SPEs [133]. A radiative

recombination time of few ns means that the homogeneous linewidth of an emitter

should be around a few µeV, one to two orders of magnitude lower than the reported

PL peak linewidth. This observed large inhomogeneous broadening could be due

to charge noise in the emitters environment leading to a large spectral diffusion,

and strong coupling with phonons. Kumar et al. [22] have reported an estimated

10 µeV linewidth of a 1L-WSe2 quantum emitter under cw resonant excitation,

good signature of coherent regime reducing the inhomogeneous linewidth. From

a off-resonance brightness of ∼ 400 kcts/s, it goes up to 1.7 Mcts/s at resonance.

Depending on how well spectrally isolated the SPE is, excellent single-photon purity

as low as few % has been observed – see figure 3.15(b). The coherence time of 1L-

WSe2 quantum emitters is the topic of chapter 8. In the literature, it has been

estimated to be around tens of ps by Luo et al. [134] who both inferred it from the

emitter linewidth and measured it with a Michelson interferometer.

Figure 3.15: Adapted from [22]. Brightness and purity of a 1L-WSe2 SPE.
(a) Bright spectrally isolated SPE with an integrated count rate of 0.4 (1.7) Mcts/s
off-resonance (on-resonance). (b) Off-resonance second-order correlation function of
the emitter (a), giving a single-photon purity g(2)(0) = 0.022 ± 0.004.
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Experimental Methods

This chapter gives an overview of the experimental techniques employed to study

the optical properties of 2D samples during this work. It is organised in three

sections. Section 4.1 describes the confocal technique and setups to perform micro-

photoluminescence measurements. It also includes the filter employed to isolate the

studied emitters signal in chapters 7 and 8, and the laser setup for dichromatic pulse

excitation (see chapter 7). Section 4.2 presents the single-photon measurement de-

tectors, their working principles, and the associated setups for single-photon count-

ing experiments. Section 4.3 provides a brief description of the experimental setup at

KTH Royal Institute of Technology (Stockholm, Sweden) designed by collaborators,

and exploited in chapter 9.

4.1 Micro-photoluminescence spectroscopy

4.1.1 Confocal microscopy

Micro-photoluminescence (µ-PL) spectroscopy measurements are performed in con-

focal microscope geometry. The goal of confocal microscopy is to restrict the ob-

served volume from a sample [135], meaning that the exposed and collected area are

rendered minimal. It can be used to build high-resolution three-dimensional images

(e.g. in biology). In the case of this thesis, confocal microscopy is exploited to excite

a nano-object and collect its emitted signal very locally. Figure 4.1 describes the

concept. A beam-splitter combines excitation and collection. The sample is posi-

tioned at the focal plane of the achromatic objective lens. A pinhole is set after the
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Figure 4.1: Confocal microscopy. Excitation light is focused on the sample and
only signal from this small focused point is collected

excitation source, at the focal of a collimation lens L1. The pinhole acts as a light

point-source, which is collimated, reflected by a beam-splitter, then focused on the

sample by the objective lens. Therefore the volume of the sample excited is limited.

The collection path works in a similar manner. A lens L2 is conjugated with the

objective. A pinhole is positioned at the focal length from L2, blocking any signal

not coming from the objective focal distance. Hence, light coming from the small

focused volume is selectively collected. It is from this geometry – where the objec-

tive focal point on the sample is conjugated to both the source-point in excitation

and the signal selective pinhole in collection – that stems the name confocal.

In the ideal picture, a point of the sample is excited, and imaged in collection.

Experimentally, optics are not perfect and their aberrations determine the size and

quality of the image actually obtained. If these aberrations are negligible, the res-

olution of the image is limited to the diffraction at the aperture of the objective

lens. The image intensity pattern at its focal plane is the point-spread function.

In wide-field microscopy, the pattern yielded from light going through an objective

can be approximated to the Airy pattern, so the image intensity I(r) follows the
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Figure 4.2: Airy pattern. Intensity distribution of light diffracted through a hole.

Fraunhofer diffraction pattern of a circular aperture, as plotted on figure 4.2:

I(r) = I0

(
2J1(2π

λ
NAobj.r)

2π
λ
NAobj.r

)2

(4.1)

with I0 the maximum intensity at the centre of the Airy disk (i.e. the main central

peak, concentrating 83.8% of the total intensity [136]), r the radial distance in the

focal plane from the optical axis, J1 the Bessel function of the first kind of order one,

λ the wavelength of the signal, and NAobj. the numerical aperture of the objective.

The linewidth (or radius at half the peak height) of the main peak (called Airy disk)

Γr,objet is given by:

Γr,objet = 0.52
λ

NAobj.
(4.2)

The Airy disk linewidth on the image plane Γr,im. is magnified by the magnifying

power MP of the objective/lens combination, defined as:

MP =
NAobj.
NAcoll.

(4.3)

Hence it is written:

Γr,im. = 0.52
λ

NAobj.
MP (4.4)
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The intensity distribution within the depth of focus I(z) (depth defining the

focus in gaussian beams optics) follows the formula:

I(z) = I0

(
sin(2π

λ
NA2

obj.
z
4
)

2π
λ
NAobj.

z
4

)2

(4.5)

where z is the distance from the centre of the waist. I(r) and I(z) are plotted

figure 4.3 for comparison. The central depth of focus intensity peak linewidth Γz is:

Γz = 1.77
λ

NA2
obj.

(4.6)

Figure 4.3: Airy patterns. Comparison in between the intensity distribution
alongside the optical axis I(z) and in the focal plane I(r).

In the type of confocal geometry described earlier (through the lens, TTL), both

the excitation and collection go through the objective lens. It results in a reduction

of the linewidth by a factor
√

2:

Γr,obj. = 0.52
λ

NAobj.

1√
2

Γz = 1.77
λ

NA2
obj.

1√
2

(4.7)

In the laboratory, an objective lens with a numerical aperture of 0.82 is used.

The standard excitation source is a green laser at 532 nm, and the signal is centred
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around 780 nm. The gain in spatial resolutions is illustrated with a few values in

table 4.1.

wide-field microscopy confocal microscopy
λ (nm) NA Γr (nm) Γz (nm) Γr (nm) Γz (nm)

532 0.82 337 1400 239 990
780 0.82 495 2053 350 1452

Table 4.1: Comparison in between the diffraction limit in wide-field microscopy
and confocal microscopy. For the latter, the lateral resolution Γr is well below the
wavelength by more than a factor 2 difference.

4.1.2 The laboratory confocal microscope

In the laboratory, a few features are added to the basic confocal geometry. The

confocal microscope is split into two parts. The sample is put on top of a xyz

nanopositioners stack and placed with the objective lens on a microscope stick in-

side a cryogenic system maintening sample at 3.4K (attodry1100, attocube). The

rest of the optics is assembled and placed on the top of the cryostat, hence it is

referred to as confocal head. The cryostat is separated from the atmosphere with

an optical window. A schematic of the generic laboratory confocal system (confocal

head + confocal stick) is shown figure 4.4. Single mode optical fibres are used to

act as pinholes. The part of the excitation laser transmitted by the beam-splitter is

measured by a photo-diode to assess the excitation power sent to the sample. Sam-

ples need to be optically imaged, so a couple of extra beam-splitters are included: a

removable one for a white-light source, and one for a CCD camera.

The optics assembly (fibre on fibre adapter and collimation lens) for excitation

on the side is referred to as excitation arm. Similarly, collection arm refers to the

part on top of the beam-splitter. In its simplest form, it is composed of a lens to

focus the µ-PL signal into a collection fibre on a fibre adapter.

Off-resonance excitation

In non-resonant excitation, a 532 nm green laser is used (cw diode laser, 532 nm,

30 mW, Cobolt 06DPL, HÜBNER Photonics). A dichromatic mirror (DM) at 550

nm reflects the excitation laser down to the sample and transmits the photolu-

minescence signal to the collection fibre. The excitation fibre is not polarisation-
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Figure 4.4: Laboratory confocal microscope. The sample is mounted on a
xyz nano-positioners stack, assembled with objective on a microscope stick inside a
cryostat at 3.4K. The cryostat is insulated from the rest of the optical setup by an
optical window. The microscope head includes the remaining confocal microscopy
optics, a white-light source and CCD camera for sample imaging, and a photo-diode
to measure the laser excitation power sent to the sample. The µ-PL signal is sent
to a detector for spectroscopy or single-photon counting.

maintaining, therefore to ensure always the same polarisation is sent on the DM

and the sample throughout an experiment, a polariser is inserted on the excitation

arm. To tune the fixed excitation polarisaton without loosing excitation laser power,

a half-wave plate retarder is added to the excitation arm. The photoluminescence

signal polarisation – linear for WSe2 single-photon emitters [15] – is resolved by in-

serting a half-wave plate mounted on a rotation mount, and a fixed linear polariser

in the collection arm. Figure 4.5 shows a diagram and a photograph of the µ-PL

confocal microscope head.

Quasi-resonant and resonant excitation

The chapters on dichromatic pulse excitation 7, single-photons coherence 8, and

resonance fluorescence 9 are performed in quasi-resonant or resonant excitation.
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Figure 4.5: Off-resonance µ-P confocal microscope head. (a) diagram; LP
and λ/2 WP in excitation and collection allows control of the excitation linear
polarisation, and study of the photoluminescence polarisation signal. The torch
and CCD camera are included for sample imaging. The PD continuously measures
the excitation laser power. The torch BS can be slid off when the sample isn’t
imaged. (b) photograph of an off-resonance µ-P confocal microscope head from the
laboratory. BS – beam-splitter; DM – dichroic mirror; PD – photodiode; LP – linear
polariser; λ/2 WP – half-wave plate.

Hence, the wavelength of the excitation laser (continuous wave (cw) tunable diode

laser 765 – 805 nm, 100 mW, Toptica DL Pro 780; and cw tunable Ti:Sapphire laser

700 – 1000 nm, 5 W, SolsTiS PSX-XF, M Squared) and the µ-PL signal are too

close to use a dichromatic mirror as beam-splitter to sort them. The dichroic mirror

is replaced by a polarisation beam-splitter. In this case, polarisation is exploited to

separate excitation and collection. Figure 4.6 shows a diagram and a photograph of

a resonance µ-PL confocal microscope head. The linearly polarised excitation laser

reflected by the sample is cross-polarised with the linear polariser in the collection

arm. This is achieved by adding a quarter-wave plate on a motorised rotator in

collection, which aim is to correct any laser polarisation ellipticity due to its reflection

on the sample. Then the reflected laser linear polarisation is rotated by a half-wave

plate to impinge cross-polarised on the linear polariser. It should be noted that the

gratings of the spectrometer are polarisation sensitive. Usually, a half-wave plate

is placed in front of the spectrometer to align the incoming polarisation with the

gratings to optimise the signal collected. The achieved suppression factor in the

projects presented in this thesis is ∼ 103 to ∼ 105.
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Figure 4.6: Resonance µ-PL confocal microscope head. Diagram of the
resonance µ-PL confocal microscope head, similar structure to the off-resonance
head from figure 4.5 but the DM is swapped for a PBS. A λ/4 WP mounted on
motorised rotator is added. The λ/2 WP is also mounted on motorised rotator. The
λ/2 WP| λ/4 WP combination is adjusted to cross-polarise the reflected excitation
laser with the LP. λ/4 WP – quarter-wave plate; PBS – polarisation beam-splitter.

The cryogenic system, nano-positioner stack, and spectrometer

As aforementioned, the sample is maintained at a low temperature of 3.4 K - 4 K in

a He closed-cycle cryostat from attocube (2 different attodry1100 with 0 to 7 or 9 T

magnet respectively). It is placed on top of a nano-positioner stack from attocube

composed of: (i) x3 positioners (x2 ANPx101 and x1 ANPz102) with 5 mm travel

range and typical 10 nm – 0.8 µm min. – max. step size at low temperature;

and (ii) x2 scanners (ANSxy100) with up to 30 µm travel range maintained by a

continuous applied voltage from 0 to 150 V at low temperature. Spectra are recorded

with a 0.5 m focal length spectrometer (SpectraPro500i ACTON Research, from

Princeton Instruments) and Nitrogen-cooled (locked at - 120 ◦C) 1340 x 100 pixels

CCD camera. The spectrometers have 3 diffraction gratings: 300 lines/mm, 1200

lines/mm, and 1800 lines/mm. The highest achievable resolution is ∼ 45 µeV at a

wavelength λ = 750 nm with the 1800 lines/mm grating.

4.1.3 Spectral filtering

Quasi-resonant and dichromatic µ-PL experiments – see chapters 8 and 7 – bring

the excitation laser energy close to the PL signal. As discussed in the previous sub-
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Figure 4.7: Bandpass filter. (a) The PL signal from the collection arm is
diffracted through a diffraction grating, set at an angle to obtain maximum in-
tensity into the 1st diffraction order. Two mirror are tuned to spatially select the
energy range coupled back into a fibre sent to SPDs. (b) and (c) Transmission of
white-light through the bandpass filter (black dots), changing the fibre core diame-
ter. Data fitted by a Gauss peak (red line). Coupling into a 4.4 µm (8.2 µm) fibre
yields a 296 ± 1 µeV (490 ± 1 µeV). SPDs – single-photon detectors.

section, this results in mounting a PBS in place of a DM in the confocal microscope

head and the excitation laser is suppressed with polarisation control. Additionally,

for photon-counting experiments the signal from the collection arm was spectrally

filtered. A diagram of the home-made bandpass filter is shown figure 4.7. The

PL signal is sent on a transmission diffraction grating, allowing its energies to be

spatially selected. The rotation angle of the grating is tuned to maximise the light

intensity into the first diffraction order. A couple of mirror couples back the PL sig-

nal spectral range of interest into a fibre connected to the single-photon detectors.

The bandwidth of the filter depends on the beam travel length from the diffraction

grating to the outcoupling fibre, the coupling lens, and the core diameter of the fibre.

The beam travel length and the coupling lens cannot be easily modified with this

design. Two fibres were used. A fibre single-mode fibre with 4.4 µm core diameter,

and a multi-mode fibre with 8.2 µm. It resulted in bandwidths of 296 ± 1 µeV and
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490 ± 1 µeV, respectively.

4.1.4 Dichromatic pulse excitation laser

RB

L1
L2

L3

GRATING

L5L4 L6 To QD

LASER

BLOCK

BE

BE(a) (b)

Figure 4.8: Pulse-shaper for dichromatic pulse excitation. (a) Optical setup
to generate a dichromatic pulse. L – lens; BE – beamn expander; RB – razor
blade; QD – quantum dot. (b) Top: example spectrum of a dichromatic pulse. The
left (right) pulse is coloured in red (blue) because it is red-shifted (blue-shited),
respectively, as compared to the single-photon emitter peak in the centre (grey).
Bottom: Fourier transform of the dichromatic pulse spectrum, showing its shape in
the temporal domain.

Chapter 7 relies on a specific excitation scheme. The aim is to excite a single-

photon emitter simultaneously with two pulses in phase and of equal intensity. The

pulses are separated in energy by ∆E and are positioned on each side of the dot

by ∆E
2

. This is achieved by removing the central spectral part of a single pulse.

Figure 4.8(a) shows the pulse-shaper optical setup. A pulse (orange beam) is emitted

by a laser (Chameleon Ultra II, 680 – 1080 nm, 80.3 MHz, 140 fs, Coherent) and the

beam size is increased by a telescope (lenses L1 and L2 forming beam expander BE).

The laser is diffracted by a grating, rendering its frequencies spatially accessible. A

lens L3 collimates the spectral beam onto a flat mirror. In front of the mirror,

two automated razor blades (RBs) can be translated to cut the highest and lowest

energies from the laser (pulse slicer to tune the pulse width from 140 fs to 40 ps in the

700 –1050 nm range, A.P.E. customised picosecond PulseSlicer, Photonic Solutions).

A beam block is positioned at an angle in front of the centre of the mirror, removing

the central energies from the pulse. Changing the beam block angle results in cutting

more or less of the pulse centre energies. The reflected shaped pulse is focused back
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onto the grating by the lens L3, reuniting the frequencies in space (purple beam).

The beam width is reduced back by a second telescope (or bean expander) made of

lenses L4 and L5. Finally, it is fibre-coupled by a lens L6. Figure 4.8(b) shows the

spectrum of an example dichromatic pulse (top) and its corresponding shape in the

temporal domain (spectrum Fourier transform, bottom).

4.2 Single-photon experiments

Experiments based on single-photon counting – Hanbury-Brown and Twiss (HBT),

Hong-Ou-Mandel (HOM), time-resolved photoluminescence (TRPL) – were per-

formed to study the properties of the photons emitted from WSe2 monolayers single-

photon emitters. The experiment setups and single-photon detectors are described

in this section.

4.2.1 Single-photon detectors

Single-photon detectors (SPDs) are devices destructively counting photons. The

detected photon is absorbed, resulting in the generation of an electrical pulse signal

above the background noise present in the dark. Therefore, a SPD intrinsic detection

efficiency ηide depends on two parameters: (i) the probability of a photon arriving to

the device to be absorbed ηabs., and (ii) the probability for the detector to generate an

output electrical signal after a photon absorption ηout.. Hence the detector intrinsic

detection efficiency ηide is defined as:

ηide = ηabs.ηout. (4.8)

This device detection efficiency ηide is often called quantum efficiency in the liter-

ature. When the single-photon counting efficiency of a measurement is reported,

it sometimes takes into account the whole experimental system, i.e. what propor-

tion of the single-photons emitted by the sample lead to an SPD output signal. In

that case, more parameters must be included. They can be summarised into one

– the coupling efficiency ηcoup., and the complete system detection efficiency ηsde is
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written:

ηsde = ηideηcoup. (4.9)

The number of false detection events recorded by an SPD gives its dark count rate

(DCR). They are caused by electrical noise and non-perfect light-free environment.

The jitter ∆(t) of an SPD gives the time variation in between the arrival of a photon

and the corresponding electrical output signal. An SPD is also characterised by its

recovery time τ . It is the time necessary for the device to be able to process a new

photon once one has been detected. The saturation count rate of a SPD depends

on how long the recovery time is.

These four SPD parameters – a close to unity intrinsic detection efficiency ηide,

a low DCR, and a short jitter ∆(t) and recovery time τ – account for the high

performance of a photon-counting device.

Single-photon avalanche diode

Figure 4.9: From [137]. Single-photon avalanche diode diagram. A high re-
verse bias is maintained. A photo-induced electron-hole pair acquires kinetic energy
with E-field, triggering a measurable avalanche current.

Single-photon avalanche diodes (SPADs) are solid-state SPDs [137]. A diagram

is shown figure 4.9. They are based on a junction in between a positively (excess of

holes, p-type) and a negatively (excess of electrons, n-type) charged semiconductor.

A p-n junction is the base of a diode, letting current flow only in one direction (n to

p) in normal use (forward bias, positive potential connected on p-type, and negative

on n-type). In a SPAD, The p-n junction is maintained at a high reverse-bias –

beyond the diode breakdown voltage – inducing a high electric field (E-field).

An incoming single-photon is absorbed, creating an electron-hole pair in the

semiconductor. The electron acquires a high kinetic energy due to the E-field, and
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Supply voltage (V) 4.75 to 5.25
Supply current (A) 0.4 to 1.2

Detection efficiency, 780 nm ∼ 0.7
Timing jitter (ps) ∼ 350

Count rate saturation (Mc/s) 12 to 37
Afterpulsing probability (%) 0.5 to 1

Linearity correction factor at 200 Kc/s 1
Linearity correction factor at 1 Mc/s 1.02
Linearity correction factor at 5 Mc/s 1.16
Linearity correction factor at 10 Mc/s 1.40
Linearity correction factor at 20 Mc/s 2.35
Linearity correction factor at 25 Mc/s 3.32

Output pulse width (ns) 10
Output pulse amplitude (V) 2.2

Recovery time (ns) 22
Dark counts rate (cps) ∼ 50

Table 4.2: Excelitas SPCM-AQRH-15-PC single-photon avalanche detectors speci-
fications

Figure 4.10: Single-photon avalanche diode SPCM-AQRH-15-PC from
Excelitas. Fibre-coupled (multimode fibre, flat connector) photoluminescence sig-
nal is connected on the left. The output pulses are sent from the top BNC connector.
It is connected to a time correlator single-photon counting (TCSPC) module. The
bottom BNC connector is a gating function, not used in this thesis.

travels through the n-type semiconductor promoting other electrons to the conduc-

tion band by transferring them energy. The new free electrons in turn set in motion

more charges, and so fourth. This triggered amplification of the number of electron

charges accelerated towards the positive potential is called avalanche. It results in

a current that can be measured in an external circuit. Once the current is detected,

it is stopped by lowering the reverse-bias below the breakdown voltage. Hence, a

current pulse is associated with a single-photon detection. The low voltage is main-

tained for a while (tens of ps to few µs) to allow any residual trapped charges to

be released without triggering a new avalanche leading to a second output pulse

(afterpulse).

In the laboratory, SPADs from Excelitas were used (SPCM-AQRH-15-PC). A
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picture of the device is shown on Figure 4.10. The input is a flat fibre connector

(FC/PC). Table 4.2 summarises the model specifications. One important feature is

the increasing non-linear response of the detector above 1 Mc/s. For this reason,

measurements are performed below this threshold.

Superconducting nanowire single-photon detector

Figure 4.11: Adapted from Single Quantum and [138]. Superconducting
nanowire single-photon detector. (a) artistic representation of a photon ar-
riving on the device superconductive meandering nanowire. (b) Working concept
of an SNSPD. After absorption of a photon, the current flowing in the nanowire
is eventually stopped, momentarily taking another path where it forms an output
electrical pulse. (c) Circuit model of a SNSPD. In absence of photon, the switch is
closed. Opening the switch represents the absorption of a photon. The blue-dashed
line is the nanowire. Z0 is a load resistor where an output electrical pulse is mea-
sured when the kinetic inductance Lk and the hotspot resistance Rn(t) overcome its
resistance.

Superconducting nanowire single-photon detectors (SNSPDs) are SPDs for visi-

ble and infrared wavelengths, with high intrinsic detection efficiency ηide > 0.6, low

DCR < 50, short jitter ∆(t) < 50 ps, and short recovery time of few ns[138]. A

diagram of the device and its working concept are shown figure 4.11. The part of the

device interacting with a photon is made of a superconducting material nanowire.

The wire is typically ∼ 5 nm thick, and ∼ 100 nm wide, and a few hundreds µm

long. It is patterned in a compact meander geometry to create a pixel with a high

nanowire/substrate surface ratio to achieve high detection efficiency, have sufficient

kinetic inductance Lk when not in the superconducting state, and achieve a λ/4

spacing.
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Figure 4.12: Picture of the superconducting nanowire single-photon detec-
tor from Single Quantum in the Quantum Photonics Laboratory. Fibre-
coupled photoluminescence signal is connected on the back of the SNSPDs on the
right. The SNSPDs are maintained at low temperature (4K) by a closed-cycle He
cryogenic system. The controller on the left generates a pulse for each upcoming
photon detected. The SMA output is connected to a time correlated single-photon
counting (TCSPC) module (not on the picture).

The principle of operation of an SNSPD is the following – (i)-(vi) illustrated on

figure 4.11: (i) The superconducting nanowire is maintained below its superconduct-

ing critical temperature T < TC , and a bias Ibias is applied with a current lower than

the critical current Ibias < IC . (ii) The arriving photon is absorbed, locally heating

up the nanowire over its critical temperature Thotspot > TC . This localised non-

superconductive point is called a hotspot. (iii) As the superconductivity is broken,

the hotspot has a resistance, so the current flows around it inducing a local increase

of the current. (iv) This locally increased current is higher than the critical current

Ihotspot > IC . (v) The locally broken superconductivity due to higher current has

a resistance. By flowing, the current Joule effect heats up the nanowire, increasing

the hotspot area. (v) Eventually, the hotspot spreads across the entire nanowire

section forming a resistive barrier that overcomes the 50 Ω resistance of an alter-

native electrical branch. (vi) As the current flows in the separate branch due to its

lower resistance, the nanowire cools down and recovers its superconductivity. The

current flows back in the nanowire. The momentary current flow in the alternative

branch forms an electrical pulse, interpreted as the photon detection.

SNSPDs from Single Quantum are used for single-photon measurements. A

picture of the device installed in the Quantum Photonics Laboratory is shown on
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Figure 4.12. Table 4.3 gives some specifications of the Single Quantum SNSPDs.

The device has six detection channels, four for near-infrared detection, and two for

infrared wavelengths.

Ch.1 Ch.2 Ch.3 Ch.4 Ch.5 Ch.6
System detection efficiency, 780 nm 0.73 0.70 0.81 0.78 N/A N/A
System detection efficiency, 1310 nm N/A N/A N/A N/A 0.70 0.66

Timing jitter (ps) 28 39 27 29 37 40
Critical current (µA) 29.5 17.2 27.2 24.6 17.9 14.6

Operating current (µA) 24.9 16.5 24.5 22.8 16.5 14.1
Output pulse amplitude (mV) 850 610 800 800 650 550

Table 4.3: Single Quantum SNSPDs specifications

4.2.2 Hanbury Brown and Twiss interferometer

Figure 4.13: From ThorLabs. 50/50 2x2 fibre optic coupler.

The theory around the Hanbury Brown and Twiss (HBT) interferometer is dis-

cussed in chapter 3. The photoluminescence signal from the collection fibre is con-

nected to a fibre-based HBT interferometer. It consists in a 50/50 2x2 fibre optic

coupler (TW805R5A2, ThorLabs, see Figure 4.13). The signal is connected to an

input (e.g. white port), and the 50/50 coupler acts as a 50/50 beam-splitter. Each

ouput (e.g. white and red) is send to a SPD (SPAD or one SNSPD channel).

The SPD electric output pulses are connected to a time correlated single-photon

counting (TCSPC) module (PicoHarp 300 or HydraHarp 400 from PicoQuant, see

Figure 4.14). A delay is induced by choosing different BNC cable length. The

combined jitter of the two TCSPC channels is < 12 ps, therefore a second-order

correlation measurement is limited by the combined jitter of the two SPDs used.

The whole system (TCSPC module + SPDs) instrument response function (IRF)

– fitted by a Gaussian – features a full width at half maximum (fwhm) of 59.31± 0.15 ps

(i.e. σ = 25.19 ± 0.06 ps) for the channels 3 and 4 of the Single Quantum SNSPDs,
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Figure 4.14: Time correlator single-photon counting (TCSPC) modules
from PicoQuant. (a) HydraHarp 400. (b) PicoHarp 300.

and 1347 ± 4 ps (i.e. σ = 572 ± 2 ps) for two SPCM-AQRH-15-PC Excelitas

SPADs.

4.2.3 Hong-Ou-Mandel interferometer

spectrally filtered
1L-WSe2 SPE signal

 to SNSPDs 

fiber delay
(Δτ = 25 ns)

C1 C2

P1

P2

Figure 4.15: Hong-Ou-Mandel fibred experimental setup.

Theory on Hong-Ou-Mandel (HOM) interferometry is included in chapter 3. A

HOM experiment is a second-order correlation measurement, hence – similarly to a

HBT experiment – it involves two SPDs, leading to the same measurement system

IRF (numbers given in the previous section). HOM measurements are performed

with a fibred setup shown on the diagram figure 4.15. A first 2×2 fibre optic coupler

C1 splits the stream of photons along two paths. One output of C1 is connected

to a fibred-delay of ∆τ = 25 ns, longer than twice the radiative lifetime of the

emitters 2τr (see chapter 8), ensuring that the two single-photons are independent

when they interact. The delay output and the second output of C1 are connected

to a second 2×2 fiber coupler C2. Each input of C2 is going through a set of

three-paddle polarisation controller (FPC030, ThorLabs) P1 and P2, allowing the

alignment or crossing of the photons polarisation-states before their reunification in

C2. Therefore, the photons are first rendered indistinguishable or distinguishable

respectively, and the corresponding interferences are obtained.
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4.2.4 Time-resolved photoluminescence

The lifetime of an emitter can be obtained with time-resolved photoluminescence

(TRPL) measurements. An excitation pulse laser is sent to the single-photon emit-

ter, and the photoluminescence signal is collected with a SPD. The information on

the lifetime is given by the arrival time of the PL signal photons after an excitation

pulse is sent. The excitation pulse lasers used are:

• 520 nm pulse laser, maximum average power 50 mW, pulse width > 40 ps

(∼ 40 ps just above laser threshold, broadens with increased output power),

repetition rate 2.5 MHz to 40 MHz (LDH-P-C-520, PicoQuant). Laser con-

troled by laser driver (PDL 800-B, PicoQuant).

• Ti:Sapphire tunable pulse laser, 680 – 1080 nm, maximum average power 4.15 W

(at 800 nm), pulse width 140 fs, repetition rate 80.3 MHz (Chameleon Ultra

II, Coherent). The pulse width can be tuned with a pulse slicer from 140 fs to

40 ps in the 700 – 1050 nm range (A.P.E. customised picosecond PulseSlicer,

Photonic Solutions).

The time delay measurement is started by the emission of the pulse. The 520 nm

pulse laser has a synchronisation signal output that is directly connected to a channel

of the TCSPC module. For the Ti:Sapphire tunable pulse laser, the excitation pulse

are split by a 99/1 2x2 fibre optic coupler, and the 1 % output is sent to a SPD

connected a channel of the TCSPC module. The PL signal goes to a second SPD

connected to the TCPSC module, stopping the time delay measurement.

4.3 Experimental setup at KTH Royal Institute

of Technology in Stockholm

Chapter 9 describes experiments and results obtained in collaboration with the

Quantum Nano Photonics group at KTH Royal Institute of Technology, Stockholm.

The methods employed during the work are fundamentally the same, however the

experimental setup (see figure 4.16) is different from the one described earlier. It is

briefly explained in this section. A 1L-WSe2 flake is placed on top of a waveguide (see

chapter 9) in a custom-designed low-vibration closed-cycle cryostat system at 6 K
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Figure 4.16: KTH µ-PL spectroscopy setup. (a) Picture of the custom-designed
attodry 800 cryostat. A lensed fibre is mounted on top of each nanopositioner stack.
The sample is placed on the fixed central pillar. The objective is mounted on a
z-positioner. (b) diagram of the setup. The sample can be excited from top through
the objective or from the substrate by coupling the laser from the lensed fibre to
the sample waveguide using the xyz-nanopositioners. The emission signal can be
coupled into a fibre or sent free-space to the spectrometer by placing two magnetic
mirrors. DUT – device under test; BS – beam splitter; BD – beam dump; LPF –
longpass filter; MM – magnetic mirror, L – lens.

(attodry 800, attocube). A picture of the open cryostat is shown on figure 4.16(a).

The sample substrate is cleaved exposing a cross-section of the waveguide. It can be

excited (HeNe laser) in two different ways. The excitation laser can be focused on

the sample from top by an objective (50x, NA = 0.81) mounted on a z-positioner.

The excitation laser can also be connected to a fibre going inside the cryostat with

a lensed end (OZOptics, 780HP, working distance 13.1 µm) fixed on top of a xyz-

nanopositioners stack (x2 ANPx51, 3 mm range; and x1 ANPz51, 2.5 mm range;

attocube). The excitation laser is then coupled into the exposed waveguide cross-

section by moving the lensed fibre with the xyz-nanopositioners stack. In that case,

a pre-alignment and coupling is done by imaging the sample using a CCD camera

and being guided by the scattered laser. The whole sample ensemble (i.e. sample

on top of fixed pillar, and lensed fibre on xyz-nanopositioners stack) is moved in the

plane under the objective by a xy-positioners stack. The photoluminescence (PL)

signal can be coupled into a fibre or sent in free-space to a spectrometer by placing

two magnetic mirrors (MMs). The PL is isolated using a longpass filter at 700 nm.
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Figure 4.17: KTH µ-PL resonant excitation setup. DUT – device under test;
QWP – quarter-wave plate; HWP – half-wave plate; Pol – linear polariser; TBP –
tunable bandpass filter; BS – 2x2 fibre coupler; BD – beam dump; L – lens; SNSPD
– superconducting nanowire single-photon detector.

Resonant excitation

A resonant laser (cw tunable laser diode laser, 765 – 805 nm, 100 mW, Toptica DL

Pro 780) is sent to the 1L-WSe2 flake through the waveguide as explained before.

The PL signal and some scattered laser is collected by the objective and detected

from top. A combination of quarter-wave plate, half-wave plate, and linear polariser

is adjusted to suppress the excitation laser. The PL signal can be sent to the

spectrometer or to a fibred HBT setup. For the latter, it is filtered by a tunable

bandpass filter made of a combination of angle-dependent longpass and shortpass

filters.
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Nanofabrication of 2D samples

The first step to study 2D materials properties is the nanofabrication of a 2D sample.

The suffix nano- refers to the thickness of layered materials, intrinsically one to a few

atoms. Sources of flakes for 2D samples nanofabrication is essentially split in two: a

bottom-up approach with direct growth of thin materials (usually via chemical vapor

deposition (CVD)), and a top-down strategy by picking flakes from the layered bulk

crystal. Only the latter is reviewed here, the bottom-up approach will not be covered

in this thesis.

This chapter describes techniques of exfoliation (i.e. isolating a varying number

of layers from a bulk crystal), identification, selection, and transfer of 2D materials

for a sample assembly. It is divided in four sections. Section 5.1 gives a brief

description of 2D materials bulk crystal growth methods. Section 5.2 explains the

exfoliation technique. Section 5.3 concerns identification methods for exfoliated

flakes, with optical contrast microscopy, photoluminescence microscopy, and imaging

ellipsometry. Section 5.4 describes two deterministic transfer techniques for 2D

nanofabrication: the all-dry viscoelastic stamping, and the hot pick-up transfer

method.

5.1 Bulk layered crystal growth

2D crystals used for exfoliation are not grown in our laboratory. However, the

method employed for their growth ultimately impacts single-layer properties in a

2D sample, and more specifically, the number and type of defects occurring whilst
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the bulk material synthesis. During this work, two methods were mainly employed:

chemical vapor transport (CVT), and flux growth. A brief description of the meth-

ods is given here.

5.1.1 Chemical Vapor Transport

Figure 5.1: From [139]. Chemical Vapor Transport working diagram. The
crystal to be grown is placed in an impure non-crystallised form (pink powder on
the left) at one end of an ampoule filled with a reactive gas (purple particles). A
temperature gradient (T2 to T1) is maintained along the ampoule, resulting in the
precursor to volatise with the reactive gas (purple + pink particle couples) and
crystallise on the other end of the tube (pink crystals on the right) releasing the gas.

Chemical vapor transport (CVT) is a crystal growth method. Figure 5.1 is a

diagram of the CVT method. A solid material precursor – e.g. the targeted crystal

in a powder form – is enclosed in a reaction tube with a reactive transport gas [139].

A temperature gradient is maintained in between the two ends of the tube. The

system pressure is too low for the solid in its precursor or crystallised form to be

vaporised at the tube temperatures. The precursor is converted by the transport

gas in a reversible reaction. The resulting compound is volatile and travels along

the temperature gradient until the other tube end. The reverse reaction occurs due

to the temperature and the solid crystallises releasing the transport gas. A halogen

gas is usually chosen to grow TMD crystals with the CVT method, the precursor is

placed on the hotter end and the crystallised bulk material is formed on the colder

side. The CVT crystal growth takes a few weeks.

TMD crystals grown by CVT yields higher quality 2D materials once exfoliated

as compared to their CVD flakes counterpart [140]. Defects in a TMD crystal

can be transition metal vacancies, antisites – a subsitution of a chalcogen atom by

a transition metal atom –, and chalcogen vacancies though they are much rarer
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[141]. A defect density of ∼ 1012/cm2–1013/cm2 has been reported in CVT crystals

exfoliated TMD monolayers [142].

5.1.2 Flux Method

In the flux method, precursor materials of the crystal are placed in a container –

usually a quartz ampoule – where they are sealed after removing the atmosphere

(e.g. by vacuum pumping). The container is heated up to higher temperature than

the CVT method, resulting in the compounds to melt. It is then slowly cooled down

at an accurately monitored rate (few 0.1◦C/h) until it reaches a temperature where

the targeted solid starts to crystallise. The temperature is maintained for a long

period (tens of hours to few days). The quartz ampoule is removed from the furnace

and centrifuged for a few minutes. Finally, the materials are placed in a solution to

dissolve remaining melted precursors and isolate formed crystals.

Flux grown TMD crystals are smaller than CVT grown ones. The process is

longer as it can takes up to a few months, and requires higher temperatures. The

TMD monolayers obtained from exfoliation of flux grown crystals have up to two

orders of magnitude lower defect density than CVT exfoliated ones. It is important

to tamper down this discussion saying that the quality of the grown crystals can

vary from one batch to another, and from one growing laboratory to another. The

trend is for flux grown TMD crystals to exhibit lower defect density as compared to

CVT ones. Although a comparison is not straightforward, it has been claimed to

improve the optical quality [141]. A brief comparison was done in our laboratory,

and no dramatic nor clearly noticeable improvement was observed. However – as

discussed in chapter 2 – the interest of the group is in the SPEs hosted by 2D

materials. The nature of SPEs in WSe2 monolayers is still debated. As it could in

part be due to defects in the crystal [123, 143], it is not straightforward to claim

that flux grown TMD crystals should be chosen over CVT ones for the quality of

the emitters. Therefore, both crystals are in use in our laboratory for 2D samples

nanofabrication.
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5.2 2D materials exfoliation

The early success of graphene is partially due to the simplicity and cost-efficient

experimental procedure used to obtain atomically thin flakes [2, 144]. The first step

of 2D sample nanofabrication in the laboratory is exfoliation. Starting from a 2D

material in its bulk form, the goal is to isolate a single-layer. Given the layered

structure of the crystal – which can be observed for WSe2 on Figure 5.3(a) – one

refers to this step as exfoliation because flakes are effectively scaled off the stack. A

description of the so-called mechanical exfoliation, or mechanical cleavage is given

here, using the scotch-tape or sticky-tape method. Four sources of 2D materials are

used in our laboratory:

• h-BN crystals from a research collaboration with Kenji Watanabe and Takashi

Taniguchi (National Institute for Materials Science, Tsukuba, Japan).

• WSe2 (flux grown), MoSe2, MoO3, CrI3 crystals from 2DSemiconductors (3260

N. Hayden Rd, Suite 210-380, Scottsdale, AZ 85251, USA).

• WSe2 (CVT grown) crystals from HQ Graphene (G. Meirstraat 1, 9728 TB

Groningen, Netherlands).

• InSe crystals from a research collaboration with Juan F. Sánchez-Royo (IC-

MUV, Instituto de Ciencia de Materiales, Universidad de Valencia, P.O. Box

22085, 46071, Valencia, Spain). They were grown by A. Chevy (Laboratoire

de Physique des Milieux Condensés, Université Pierre et Marie Curie, France).

Flakes are separated from the layered crystal using adhesive tape. Figure 5.2

(adapted from [145]) shows the procedure with scotch-tape and graphite. This tech-

nique can be used with any layered-type material. In the laboratory, ”blue” Nitto

tape (Nitto Denko Co., SPV-224PR-MJ) is used. It is more commonly employed to

protect surfaces (stainless steel plates, aluminium plates, etc.) during processing.

This choice is motivated by the mild adhesiveness and low glue residue left by the

tape.

A piece of bulk layered material is placed on some tape. By folding the tape

onto itself, the flat crystal is ”sandwiched”. Carefully releasing the bulk results in

splitting it into two parts, each on a distinct section of the tape. Hence, the stack

of layers forming the bulk has been divided, and two thinner crystals are obtained.

By repeating this folding/unfolding step (always targeting a clean tape section, or
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Figure 5.2: Figure adapted from [145]. Mechanical exfoliation. Graphite bulk
is mechanically cleaved using scotch-tape. A piece of bulk is deposited on a band of
tape. The bulk is thinned down by folding and unfolding the tape repeatedly, each
time targeting a clean tape area. A promising section of the graphite covered tape
is then put in contact with a piece of SiO2/Si substrate. After a couple of minutes
the piece of substrate is gently and smoothly picked up, resulting in some material
being transferred on its surface. The substrate is scanned with an optical contrast
microscope, looking for thin flakes. The last two pictures show an example of a
single-layer graphene obtained with this method.

using another piece of clean tape) the resulting crystals are thinned further down.

Eventually, the number of layers on the tape is low enough to transmit white-

light, which can be observed by optical transmission microscopy or simply by eye.

Depending on the type of transfer wanted – as discussed in the transfer section – the

flake on the tape is put in contact either with a piece of substrate (usually SiO2/Si)

or with a piece of viscoelastic polymer (polydimethylsiloxane (PDMS), DGL-25-X4

from Gel-Pak). Details of the procedure can vary depending on the experimentalist.

In this thesis, an advice is to avoid pressing the tape on the chosen surface, and let

its weight form the contact. Contact duration and temperature are two parameters

that can have a significant impact on the number and size of single-layers obtained.

Some indications based on experience (even though no comparative statistical study

is provided) are given here:

• For exfoliation on a PDMS stamp, the tape is left in contact for 30 s at room

temperature. It is then lifted at moderate speed (about one full second to
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unstick the tape from the PDMS). Exfoliation of WSe2 on PDMS yields large

flakes (up to 1000 - 5000 µm2).

• For exfoliation on SiO2/Si substrate, the tape is left in contact for 10 min at

90◦C. The substrate + tape is carefully moved out of the hot plate, and let to

cool down for another 10 min. The tape is removed as slowly as possible, in

one continuous smooth move to have a constant speed (it should take at least

30 s). Exfoliation of 1L-WSe2 on substrate leads to limited size flakes (up to

∼ 300 µm2).

A few examples of exfoliated 2D materials on PDMS are shown figure 5.3.
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Figure 5.3: Optical contrast microscopy pictures of various 2D materials
exfoliated on PDMS stamps. (a) Thick flake of WSe2 with apparent layered
structure. (b) Thin WSe2 flakes with a few monolayers regions (the largest ones are
pointed out); WSe2 is a 2D semiconductor from the TMDs family. (c) MoSe2 flake
with a single-layer region; MoSe2 is a 2D semiconductor from the TMDs family.
(d) h-BN flake exhibiting a thin part (transparent blue) – the different thicknesses
within the flake are easily observed with distinct bright-coloured area due to thin-
film interference of the white-light; h-BN is a dielectric material. (e) InSe flake with
a thinner part (transparent grey-blue, top of the flake); InSe is a semiconductor from
the III-VI chalcogenides. (f) Graphite flakes with thinner area (few-layer graphene);
FLG is a conductor.

5.3 2D materials identification

Exfoliated 2D materials must be characterised prior to their incorporation in a

sample. In this section, three identification methods employed in the laboratory are
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discussed.

5.3.1 Optical contrast microscopy

Figure 5.4: Optical contrast. Representation of a flake on a SiO2/Si substrate.
The incident light is reflected with varying intensities, depending on the location
– 2D material or bare substrate. The interference of the rays coming out of the
2D nanosheet is different to the interference of the light from the bare substrate,
resulting in an optical contrast. When the optical contrast is strong enough, 2D
materials can be observed directly.

An optical microscope can be used to locate the exfoliated flakes on the substrate

or PDMS stamp. It gives an insight on their size and shapes, hence a first pre-

selection of suitable candidates for the sample to be fabricated can be done. Optical

contrast microscopy is also a powerful tool for a first thickness measurement, due

to its potential to scan tens of mm size samples in a few minutes. Optical contrast

microscopy relies on the observation of the light reflected by the sample. There

is a difference in between the intensity of the light reflected from the substrate as

compared to the light reflected from the 2D flake. This intensity difference – or

optical contrast – is due to a change in the interferences of the light reflected from

2D material location as compared to interferences of the light reflected from the

bare substrate. This interference change is due to the light travelling through the

thin 2D material. Part of the incoming light can also absorbed by the 2D layer

– as in the case of TMDs for example. These interferences can be solved using

the Fresnel equations for thin films, including the absorption which is taken into

account by using the complex refractive index of the 2D nanosheet. Hence, for

normal incidence the reflectivity coefficients on top of the stack ron and on the bare

SiO2/Si substrate roff can be written as [146–150]:
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ron =
r2De

i(φ2D+φSiO2 ) + rSiO2e
−i(φ2D−φSiO2 ) + rSie

−i(φ2D+φSiO2 ) + r2DrSiO2rSie
i(φ2D−φSiO2 )

ei(φ2D+φSiO2
) + r2DrSiO2e

−i(φ2D−φSiO2
) + r2DrSie−i(φ2D+φSiO2

) + rSiO2rSiei(φ2D−φSiO2
)

(5.1)

roff =
r′SiO2

eiφSiO2 + rSie
−iφSiO2

eiφSiO2 + r′SiO2
rSie−iφSiO2

(5.2)

where φ2D and φSiO2 are the phase shifts induced by the 2D nanolayer and the

oxide layer of the substrate.

φ2D = 2πd2Dn2D

λ
and φSiO2 =

2πdSiO2
nSiO2

λ
(5.3)

r2D, rSiO2 , rSi, and r′SiO2
are the reflectivity coefficient at the interfaces air/2D,

2D/SiO2, SiO2/Si, and air/SiO2 respectively as shown on figure 5.4. They are

defined as:

r2D =
nair − n2D

nair + n2D

rSiO2 =
n2D − nSiO2

n2D + nSiO2

rSi =
nSiO2 − nSi

nSiO2 + nSi

r′SiO2
=
nair − nSiO2

nair + nSiO2

(5.4)

with nair, n2D, nSiO2 , and nSi the refractive indexes of the different layers. Observing

the sample, the intensity of the light reflected from the 2D flake I2D and the intensity

of the light reflected from the bare substrate Isubstr. are:

I2D =| ron |2 and Isubstr. =| roff |2 (5.5)

Finally, the optical contrast OC can be defined as:

OC =
Isubstr. − I2D

Isubstr.
(5.6)

A few examples of different optical contrasts for various 2D materials and thick-

nesses can be found of figure 5.3. The choice of the substrate can have a dramatic

impact on the optical contrast. In the case of SiO2/Si substrates, tuning the oxide

layer thickness can lead to the absence or enhancement of optical contrast. Phase

shifts and refractive index are wavelength dependent, so optical contrast also changes

with the wavelength. This means that the light source can be chosen to optimise

the optical contrast of a given 2D material on top of a specific substrate. Similarly,
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bandpass filters can placed after a broadband source (e.g. white-light) for better

optical contrast. An example of this change in optical contrast due to oxide thick-

nesses and light-source wavelength is shown on figure 5.5 with graphene. Therefore,

identification of 2D nanosheets with optical contrast microscopy strongly depends

on the underlying material. PDMS stamp and SiO2/Si oxide layer thicknesses are

not perfectly consistent from one polymer sheet or wafer to another. This leads to

variations in the optical contrasts, opening the possibility to interpretation mistakes.

Figure 5.5: Adapted from [147]. Change in graphene optical contrast. Two
graphene samples on separate SiO2/Si substrates with different oxide thicknesses.
Upper pannel is 300 nm thick SiO2, lower pannel is 200 nm SiO2. (a) and (c) 1L to
3L-graphene optical contrast is too low to be observed with white-light on SiO2(200
nm)/Si while it is observable on SiO2(300 nm)/Si. (b) 560 nm light-source yields
the best optical contrast for SiO2(300 nm)/Si. Changing the wavelength can cancel
the optical contrast as seen on the top line with λ = 410 nm, 470 nm, and 710 nm.
Interestingly, λ = 410 nm gives the strongest optical contrast for SiO2(200 nm)/Si as
seen on the bottom left picture. 1L to 3L-graphene disappears for λ = 470 nm, 530
nm, 590 nm, 650 nm, and 710 nm. (b) Changes in number of graphene single-layers
can clearly be seen with steps on the optical contrast trace following the blue-dashed
line for optimised conditions (λ = 560 nm, SiO2(300 nm)/Si).
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5.3.2 Photoluminescence and photoluminescence microscopy

MoSe2 and WSe2 room temperature photoluminescence

Due to their nature, 2D semiconductors such as TMDs (e.g. MoSe2, WSe2) and

III-VI layered materials (e.g. InSe) absorb and emit light back. This photolumi-

nescence can be exploited for their characterisation. As explained in chapter 2, the

light emitted depends on the material band-gap. For the aforementioned 2D semi-

conductors, this band-gap depends on the number of layers [46, 151, 152]. MoSe2

and WSe2 materials have an indirect bandgap that turns direct to the monolayer

limit, resulting in a dramatic increase of the photoluminescence intensity. Figure 5.6

shows the room temperature photoluminescence of 1L to 3L-MoSe2 and 1L to 3L-

WSe2. MoSe2 photoluminescence single-peak shifts from 1.57 eV (792 nm) for the

monolayer to 1.54 eV (807 nm) for the bilayer. This red-shift is accompanied by

over a magnitude drop in intensity. Therefore, the presence of photoluminescence

alongside its peak position can be used to determine if a MoSe2 flake is a monolayer

or not. WSe2 monolayer peak seats around 1.65 eV (751 nm), while the bilayer

main peak shifts to 1.54 eV (806 nm). This red-shifted bilayer double-peak shape as

compared to the monolayer single-peak makes room temperature photoluminescence

a powerful tool to confirm the single-layer nature of a WSe2 flake.

Figure 5.6: From [46]. Room temperature photoluminescence of MoSe2

and WSe2. (a) MoSe2 photoluminescence intensity dramatically decreases with
the number of layers due to direct-to-indirect bandgap transition. The main peak
also red-shifts because of the change in band-gap. (b) WSe2 photoluminescence
intensity decrease is milder, and the energy shift more important from monolayer to
bilayer. Samples exited with 532 nm laser.
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Photoluminescence microscopy

An easy and efficient way to exploit TMDs photoluminescence for their identifica-

tion is to directly observe the emitted light when observing them with an optical

microscope [153]. Imaging the photoluminescence of a TMD monolayer can be done

on a standard bright-field optical microscope by inserting filters in its polariser and

analyser slots. The application for 1L-WSe2 identification is shown figure 5.7. The

nanofabrication setup in the laboratory includes photoluminescence microscopy as

detailed in chapter 6.

Figure 5.7: Adapted from [153]. Photoluminescence microscopy of 1L-WSe2.
(a) Bright-field optical microscope with a 550 nm short-pass filter in the polariser
slot and a 600 nm long-pass filter in the analyser slot. The short-pass filter cuts
the higher-half wavelength from the white-light source so it is not overlapped with
the monolayer photoluminescence after reflection on the sample. The long-pass
filter isolates the photoluminescence emitted by the monolayer, discarding the lower
wavelength excitation source. (b) Optical contrast microscopy picture of a WSe2

flake with mono-, bi-, and tri-layer regions. The filters are out. (d) Same as (b)
with filters in, allowing the imaging of the monolayer photoluminescence which
confirms its thickness. The bilayer photoluminescence intensity is too low to be
observable. 1 s acquisition time, and 9.6x analogue gain on the CCD camera. (c)
Room temperature photoluminescence spectrosopy of the mono-, bi-, and tri-layer
area. The monolayer is brighter due to its direct bandgap.
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5.3.3 Imaging ellipsometry

Ellipsometry measures the change in light polarisation after its travel through thin

materials. It is intrinsically non-destructive and non-invasive, and can be exploited

in two ways. When the refractive indexes of the different materials building a sample

are known, ellipsometry measurement data can be exploited to assess their thick-

nesses. If the refractive index of a material is unknown but its thickness is, ellip-

sometry can be used to fully characterise the dispersion of the material – including

anisotropy and complex refractive index. The theory of ellipsometry is discussed

in more details in chapter 6. Imaging ellipsometry allows a spatial selection of the

measured area within the illumination spot. This is a powerful tool for 2D materi-

als, as the lateral resolution can go down to 1 µm [154–157]. Different area of a 2D

nanosheet can be accurately selected, measured, and analysed. Hence, 2D materials

thicknesses can be assessed as it has been reported for graphene [154], MoS2 [155],

and h-BN [156]. It is extended to WSe2 in chapter 6.

Imaging ellipsometry can be exploited to a higher extend for the fabrication of

planar cavity samples. Accurate measurement of h-BN flakes and substrate oxide

layer thicknesses opens the possibility to vertically position an optically active layer

such that its collected emitted signal is enhanced. This point is discussed in more

depth in chapter 6.

5.4 Deterministic transfer of 2D materials

Once the 2D materials required for a sample fabrication have been exfoliated and

characterised, they need to be transferred on a substrate. The substrate can be

patterned, with gold electrodes for electrical contact (electric field tuning, charge

doping), or nanopillars to induce strain for example. The transfer method must

be deterministic to open the possibility to place flakes to the desired location, and

to build up heterostructure. Reported deterministic 2D materials transfer methods

often require a wet step through the use of water and chemicals (e.g. to dissolve a

sacrifical polymer layer) [14]. In the laboratory, fabrication of pristine samples is of

utmost importance to avoid altering any of the 2D materials properties by any kind

of adsorption. Hence, the use of chemicals is discarded during nanofabrication by
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using dry methods exclusively. In this section, the two transfer methods employed

during this work are detailed: the all-dry viscoelastic stamping [158] and the hot

pick-up technique [159]. The technical details of the setup installed in the laboratory

are not treated in this chapter, they are included in chapter 6.

5.4.1 Deterministic transfer of two-dimensional materials

by all-dry viscoelastic stamping

Viscoelastic polymers adhesiveness to a surface depends on its speed of removal. In

2006, Meitl et al. [160] studied the viscoelasticity of PDMS and its subsequent poten-

tial to pick or release micrometric solid objects. An interface in between two solids

has a surface energy. Therefore, an object trapped in between a substrate (bottom)

and a PDMS stamp (top) has two surfaces energies Gob./substr. and GPDMS/ob.. The

surface energy in between the object and the substrate Gob./substr. is constant – if

conditions (temperature, pressure, etc.) are considered static. On the other hand,

the surface energy in between the PDMS and the object GPDMS/ob. is bound to the

polymer viscoelasticity. There follows two regimes: at low PDMS removal speed

v <vc, the surface energy in between the PDMS and the object is lower than the

surface energy in between the object and the substrate GPDMS/ob. <Gob./substr.: the

object stays on the substrate. As speed of removal v increases, the critical speed

vc at which there is surface energy balance GPDMS/ob. = Gob./substr. is eventually

reached then overcome. Now at higher speeds v >vc, the surface energy in between

the PDMS and the object is the highest GPDMS/ob. >Gob./substr.: the object is picked

up from the substrate by the PDMS. Interestingly, Meitl et al. [160] foresaw how

useful PDMS could be to 2D materials, demonstrating – among other objects – the

successful pick-up of a thin graphite flake (3 nm to 12 nm) from a SiO2/Si substrate.

In 2014, Castellanos-Gomez et al. [158] reported on a technique exploiting the

viscoelasticity of PDMS to exfoliate and deterministically transfer 2D materials,

shown figure 5.8. As described in the previous section, once the right thickness of

2D crystal is reached on the blue Nitto tape, a last exfoliation step is done on a

PDMS stamp. The speed used to remove the blue Nitto tape from the PDMS is

critical as it must fulfil two requirements. (i) It is great enough to overcome the

energy of the van der Waals force bonding the top layer from the rest of the 2D stack
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Figure 5.8: Adapted from [158]. All-dry viscoelastic stamping. A 2D flake is
exfoliated on a PDMS stamp from a layered crystal on blue Nitto tape. It is then
aligned with the desired substrate location and put in contact. The PDMS stamp
is very slowly removed to exploit its viscoelasticity and reach a lower surface energy
in between the PDMS and the flake than in between the flake and the substrate. It
results in the successful transfer of the 2D flake.

GPDMS/top-2D >EvdW, resulting in the top layers on the PDMS. (ii) The removal

speed is low enough to have a larger surface energy in between the material and

the blue Nitto tape than in between the 2D material and the PDMS GNitto/2Dcrystal

>G2Dcrystal/PDMS, preventing the PDMS from picking up the whole 2D crystal from

the blue Nitto tape.

The 2D material on the PDMS stamp is aligned with the transfer location and

brought in contact, leading again to a situation with two surface energies. In this

case, the PDMS is lifted up as slowly as possible such that the surface energy in

between the 2D flake and the PDMS is the lowest GPDMS/2D <G2D/substrate. Here,

the 2D flake is bonding to the substrate due to van der Waals forces. The 2D flake

is successfully transferred on the substrate.

PDMS adhesiveness also depends on its temperature. PDMS stamps can be

heated up to 220 ◦C. When the temperature is increased, PDMS transitions to

behave as a viscous liquid. Hence, when a 2D material doesn’t bond to a targeted

substrate (e.g. due to patterns on the substrate), temperature can be an extra

parameter to lower even further the surface energy in between the PDMS and the

2D flake G2Dcrystal/PDMS. Chances of successful transfer are increased.

The all-dry viscoelastic stamping is an efficient technique to rapidly transfer 2D

materials and fabricate 2D samples without any wet cleaning and a low number

of steps. However, this method is not contamination free. PDMS is a network of

dimethylsiloxane oligomers [161, 162]. These oligomers fail to form a full macro-

molecule – or infinite polymer – throughout the stamp during PDMS fabrication.
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In the PDMS bulk, up to 5 % of oligomers are uncrosslinked. These unbound

oligomers are also observed on the surface of a PDMS stamp. Therefore, during the

transfer of a 2D flake with the all-dry viscoelastic stamping, some oligomers stay

on the nanosheet. Polymer contamination can be reduced by treating the PDMS

stamp prior to exfoliation [161, 162] (e.g. with oxygen plasma), but not thoroughly

avoided.

5.4.2 The hot pick-up technique for van der Waals het-

erostructures assembly

It is often useful for a 2D sample to be made of a stack of 2D layers, known as

a heterostructure. The most basic heterostructure example is the encapsulation of a

layer with h-BN. To ensure that the properties of a 2D layer of interest aren’t altered

over time due to exposure to ambient conditions, a simple but efficient solution is to

encapsulate the layer with 2D insulators. The most commonly used insulator is h-

BN [10]. Therefore, a number of heterostructures topmost 2D layer is a h-BN flake.

In these situation, the hot pick-up technique can be used for fabrication. The main

argument for the use of an alternative transfer method is to have clean interfaces in

the 2D stack. The all-dry viscoelastic stamping relies on a polymer – PDMS – as

an intermediate to isolate 2D layers and transfer them. That exposes each 2D flake

to polymer contamination [14, 161], therefore trapping residues at each interface of

a heterostructure. This contamination issue is solved by the hot pick-up technique.

This method was firstly reported by Wang et al. [163], then adapted by other

groups [164–166]. Eventually Pizzocchero et al. [159] demonstrated its potential to

fabricate a large number of samples simultaneously. Instead of building up a stack

by transferring one after another each 2D layer from PDMS stamps, a h-BN flake

is used to pick up 2D materials and create the stack from this top layer. The h-BN

flake is carried by poly-propylene carbonate (PPC). PPC is a polymer that has a

low glass transition temperature around 40 ◦C. It can therefore reversibly behave

as a liquid or a solid by tuning its temperature. The version of the hot pick-up

technique that has been used during this work is described here.
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PDMS/PPC glass slide preparation

First, a polymer stamp consiting of PDMS coated with PPC is fabricated. The

PDMS is the same as the one for exfoliation (DGL-25-X4 from Gel-Pak). PPC is

bought in form of pellets (poly(propylene carbonate), 389021-25G, Sigma Aldrich).

A PPC solution is made by dissolving PPC pellets in anisole with 20%/80% to

30%/70% pellets/anisole ratio. Usually 20%/80% is used, but going for a higher con-

centration of PPC is possible and results in a more viscous solution, so a thicker PPC

film. A fruitful contact with Bjarke S. Jessen (Center for Nanostructured Graphene

(CNG), DTU Nanotech, Technical University of Denmark, DK-2800, Kongens Lyn-

gby, Denmark) [159] was maintained whilst setting up the hot pick-up technique.

From his experience, the thickness of the PPC film is not critical for successful fab-

rication as long as it is over a few microns. For a 20%/80% ratio, 5 g of PPC pellets

and 20 mL of anisole are enough to last a few months. They are mixed in a glass

bottle with the lid on, and left to stir at room temperature for at least 12 h at

200 r/s using a magnetic stirrer. Once the PPC pellets completely dissolved and

the solution homogeneous, it should be kept in the fridge. Anisole is a very volatile

chemical, thus it is essential to make sure the bottle is always closed.

A clean glass slide is treated with oxygen plasma (150 W, 30.0 mTorr) for 2 min.

This step promotes a better adhesion in between the glass slide and PDMS. A piece

of PDMS is cut (15 x 15 mm2) and transferred onto the plasma treated glass slide.

The PDMS glass slide is exposed to oxygen plasma for 2 min (150 W, 30.0 mTorr).

PPC solution (0.5 mL) is spin-coated on the PDMS stamp (4000 rpm, 1000 rpm/s,

45 s). The PPC/PDMS glass slide is annealed for 30 min at 110◦C to release the

solvant (anisole). Using a round surgical blade (e.g. No. 22, Swann-Morton), a ∼

3 x 3 mm2 square of PPC/PDMS is cut from the stamp. The round surgical blade

is pressed down through the polymer stamp to the glass, then rocked frontward

and backward to propagate the cut. By doing so instead of slicing, no wrinkles

are formed on the PPC layer. The small PPC/PDMS piece is transferred on an O2

plasma cured glass slide. It can be challenging to move such a small piece of polymer

without creating dramatic strain and wrinkles. The flat of the surgical blade can be

carefully slid under it, then it can be deposited by being gently pushed with a pair

of tweezers. Once the 3 x 3 mm2 PPC/PDMS square is on the new glass slide, it
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is annealed on a hot plate at 110◦C for 30 min. This annealing helps the PDMS to

stick to the glass slide, and to smooth the PPC layer on the PDMS, releasing any

strain and removing wrinkles as it turns liquid.

Figure 5.9: The hot pick-up transfer technique. (i)–(iii) the first h-BN flake
is picked up from its exfoliation substrate. The PPC acts as a liquid at 110 ◦C,
and fits h-BN edges whilst in contact. Once the sample is cooled down, the glass
slide is lifted up picking the h-BN flake due to the PPC being solid. (iv)–(vi) A 2
material is picked up by the h-BN flake due to the stronger van der Waals forces
as compared to the ones binding it to the substrate. The procedure is the same as
(i)–(iii). (vii)–(ix) The completed 2D heterostructure is transferred on a substrate
by heating it up to 110◦C where PPC – as a liquid – releases it.

Picking up the top h-BN flake

Figure 5.9 shows the steps of the hot pick-up technique. h-BN crystal is exfoliated

onto SiO2/Si substrates as described in the previous section. The substrates are

scanned by optical microscopy until a suitable h-BN flake is found. The choice of

the h-BN flake depends on the design of the heterostructure. Usually, a critical

criteria is its thickness. The glass slide with the 3 x 3 mm2 PPC/PDMS square

is secured in a holder with micrometric XYZ translation stage and tilt tuning (the

setup is detailed in chapter 6). The polymer stack is aligned on top of the selected

h-BN flake. A slight tilt is created such that when lowered down, the surface of

contact is minimal. This minimal contact area is important for two reasons: (i)

if a large contact area is formed, there is a chance for the PPC/PDMS stamp to

be transferred onto the substrate instead of sticking to the glass slide; (ii) every
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single contact induces a deformation of the PPC layer, hence it makes transfer steps

easier if the modified PPC is small. The temperature is risen to 110◦C so the PPC

turns liquid and embed the h-BN flake. Then it is lowered to 30◦C (below the glass

transition temperature). While tuning the temperature, the Z translation must be

adjusted so the contact area doesn’t change significantly. The glass slide is slowly

lifted up, resulting in the h-BN flake being picked up from the substrate. The

exposed side of the h-BN flake is perfectly clean as it hasn’t been in contact with

any polymer or chemical, only with the substrate.

Building up the 2D heterostructure by exploiting van der Waals forces

The 2D stack is built up following the same steps described to pick up the top h-

BN flake. 2D flakes are exfoliated on SiO2/Si substrates as explained earlier. The

h-BN/PPC/PDMS is aligned with the 2D flake with a tilt and minimal contact is

made using Z translation stage. The temperature is risen to 110◦C (turned liquid,

the PPC moulds the 2D flake/h-BN) then lowered to 30◦C, monitoring the contact

area to avoid dramatic change. The glass slide is slowly lifted up. The van der

Waals bonds in between the h-BN and the 2D flake are stronger than those binding

the 2D flake to the substrate due to surface roughness. Therefore, the 2D flake is

picked up by the h-BN obtaining a 2D-layer/h-BN/PPC/PDMS stack on the glass

slide. This step is repeated for each layer of the 2D stack.

Drop-down of the 2D heterostructure

Once the 2D heterostructure is completed on the PPC/PDMS, it has to be trans-

ferred on a substrate. The 2D-heterostructure/PPC/PDMS glass slide is aligned

with the targeted transfer location, and brought in contact with minimal surface

area. The temperature is risen to 110◦C, and the glass slide is lifted up, releasing

the 2D heterostructure on the substrate.

Comments about the 2D hot pick-up technique

The PPC layer can be significantly damaged after one of the fabrication steps. This

can be due to a dramatic tilt of the glass slide supporting the PPC/PDMS stamp as

compared to the transfer substrate surface for example. The tilt should be made as
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Figure 5.10: PPC residues. (a) Optical contrast microscopy picture of the sample
after drop-down of a 2D heterostructure. An outline and a difference in the optical
contrast is observed where the PPC has been in contact with the substrate. (b)
Picture after four wet cleaning procedures: three cleaning in anisole and one cleaning
in chloroform. (c) and (d) Dark-field microscopy of (a) and (b) pictures. (b) and
(d) Some PPC residues are left. All scale bars are 100 µm.

small as possible, still ensuring a good control on the surface of contact. A pick-up

step with a significant tilt builds a lot of strain in the PPC layer. This strain can be

removed to some extend by annealing the flakes/PPC/PDMS glass slide at 110◦C

for 30 min.

Despite the clever use of the glass transition temperature to exploit the PPC

layer both as a solid and a liquid, some PPC polymer residues can be left on the

2D heterostructure as shown figure 5.10. PPC residues can be dissolved in anisole

or chloroform. The 2D sample figure 5.10 went through four chemical cleanings.

Anisole being the PPC solvant, it is first attempted to dissolve the residues in pure

anisole at various temperature. Three consecutive 30 min cleaning were performed

with increasing temperature. The first cleaning was done at 50◦C, the second 70◦C,

and the third 90◦C. A major improvement was observed after the first cleaning,

but subsequent cleaning steps didn’t succeed in getting rid of the remaining PPC

residues. Therefore, a fourth chemical cleaning was done by putting the sample in

chloroform for 15 min at room temperature. Chloroform is known for being efficient

in dissolving propylene carbonate (PC) and PPC. This fourth cleaning process didn’t
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remove the PPC residues.

In the case where the 2D heterostructure doesn’t need to be positioned on a

specific location (e.g. contacts, patterned substrate), the drop-down can be done on

the last 2D flake of the stack. This saves a picking-up step.

The pick-up and drop-down temperatures given are not critical. The core of

the technique relies on tuning the temperature from PPC solid-phase to its liquid-

phase. Therefore, the temperature can be a parameter to adjust when a step is not

successful.
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Chapter 6

Nanofabrication and in-situ

characterisation of pristine

two-dimensional heterostructures

The implementation of a fully self-consistent two-dimensional (2D) sample nanofab-

rication setup inside a glove box filled with an inert Ar atmosphere is presented

in this chapter. The system is composed of an exfoliation and transfer setup of

2D nanosheets, photoluminescence imaging to identify TMDs single-layers, and an

imaging ellipsometer to characterise 2D materials properties such as thickness and

refractive index. This chapter is organised in seven sections as follows. Section 6.1

introduces the motivations for building a nanofabrication system in inert glove box

atmosphere. Section 6.2 is a general introduction to the imaging ellipsometry tech-

nique, later exploited in the chapter for 2D materials characterisation. Section 6.3.1

gives an overview of the glove box, briefly presenting each 2D nanofabrication part:

2D materials exfoliation, photoluminescence microscopy, imaging ellipsometry. Sec-

tion 6.4 is dedicated to the characterisation of hexagonal boron nitride (h-BN) flakes.

Section 6.5 describes the identification and characterisation of thin TMD flakes, and

especially WSe2 single-layers. Section 6.6 provides three examples of devices fab-

ricated in inert atmosphere. Finally, section 6.7 summarises the work presented

in this chapter, and gives perspectives to further improve the 2D nanofabrication

system.
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6.1 2D heterostructures nanofabrication and char-

acterisation: why an inert atmosphere?

Two-dimensional (2D) materials – introduced in further details in chapter 2 – cover

a promising range of properties from metals and semimetals [1, 2] to insulators,

through semiconductors, dieletric [10], superconductors [167], and magnetic nanolay-

ers [168]. Van der Waals (vdW) heterostructures [10] – assemblies of 2D nanosheets

– are prevalent samples in 2D research. They provide control on the environment of

the targeted 2D system, reducing or even cancelling the impact of substrate surface

and atmosphere [169]. 2D heterostructures can be designed to induce new physics

with flakes relative orientation, or to exploit additional deterministic parameters

(e.g. tunable electric-field, charge doping). Ensuring that investigated properties

are the result of a 2D heterostructure architecture requires pristine interfaces – free

from dust particles, water, oxidation, or any adsorption – and accuracy on its con-

stituting nanosheet thicknesses. Clean heterostructures interfaces can be achieved

by working in a controlled environment, with low levels of O2, H2O, and suspended

particles. This can be provided by an overpressurised glove box filled with an inert

gas – commonly N2 or Ar.

Hexagonal boron nitride (h-BN) – see chapter 2 – is a dielectric layered material

widely employed for 2D materials encapsulation [170]. Substrate dangling bonds,

localised impurities or charges, and mechanical stress induced by its inhomogeneous

roughness influence 2D layers properties [169]. A relatively thick (tens of nm) h-BN

nanosheet can be used for substrate passivation, and its stiffness provides an ideal

smooth stress-free surface [169]. Additionally, a h-BN flake can be placed on top of

a 2D material to protect it from the atmosphere (adsorption, oxidation), and pre-

serve its intrinsic properties. As a result, h-BN encapsulated graphene yields a dra-

matic enhancement of its electronic transport properties [12, 164, 169]. Protecting

the 2D semiconductor sub-family of transition metal dichalcogenides (TMDs) [11]

with h-BN results in enhanced optical properties with a reduced photoluminescence

linewidth approaching the homogeneous limit [13]. Some 2D materials – tri-hallides

(e.g. CrI3 [171]), black phosphorus (BP) [172], III-VI chalcogenides (e.g. InSe,

GaSe) [173, 174] – are highly sensitive to air exposure, ensuing a dramatic oxidation
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over the sample fabrication timescale (few hours). Hence, h-BN encapsulation of

these 2D species prior to any exposition to atmosphere is an efficient method to

maintain the flakes pristine quality.

The choice of 2D materials [175], their arrangement, orientation [176], and in-

terlayer spacing are as many parameters leading to a wide range of potential elec-

tronic and optical properties in vdW heterostructures. Stacking different TMDs

(e.g. MoSe2 and WSe2) induces type-II band alignment, where the bound electron

is localised in one layer, and the hole in the other. These interlayer excitons feature

a longer lifetime than their intralayer counterpart [177]. Tuning the relative rotation

in between layers with similar crystallographic structures forms a Moiré superlattice

that results in a spatial modulation of the electronic band structure. The period of

this modulation depends on the twist angle. It leads to novel electronic and opti-

cal properties. Superconductivity and insulator behaviours were observed for two

twisted graphene layers [84, 85]. Moiré patterns were also reported for TMDs het-

erostructure [87]. They create potential traps where excitons are spatially confined.

The exotic physics of Moiré superlattices in vdW heterostructures is a recent and ef-

fervescent topic. The samples nanofabrication in inert, clean, controlled atmosphere

is critical to avoid any degradation from their sought properties.

2D materials can be exploited for optoelectronic devices. An important research

effort is dedicated to graphene-based photodetectors [178]. The limited material

photoresponsivity can be overcome by being combined with plasmonic nanostruc-

tures [179], colloidal quantum dots [180], waveguides [181], or incorporated in mi-

crocavities [182]. Integrated devices exploiting TMDs prove their potential for novel

technologies. MoS2 field-effect transistor (FET) and light-emitting diode (LED)

have been successfully demonstrated [183, 184]. Similarly, other TMDs have been

explored such as WS2 FET [185], or WSe2 LEDs [80, 186] and lasers [187, 188].

Although graphene exhibits high carrier mobility (up to 106 cm2V−1s−1 at 2 K [3],

200000 cm2V−1s−1 at room temperature [189, 190]) and wide working-band oper-

ation, TMDs based optoelectronics are interesting owing to their excellent on/off

ratio (up to 108). Furthermore, TMDs and graphene can be united into vdW het-

erostructures based optoelectronic devices leading to an enhanced quantum yield

[191, 192].
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Finally, 2D materials are promising for photonic integrated circuits (PICs). Ow-

ing to their 2D nature, they are easily included in a wide variety of designs. More

specifically, single-photon emitters hosted by 2D materials (e.g. TMDs[15–18], h-

BN[74]) can be coupled to photonic chips and PICs [23, 24, 193]. Photonics devices

can be engineered to enhance the signal emission [76], and structures such as waveg-

uides can be exploited to resonantly address 2D emitters [194] (see chapter 9), a

critical regime for quantum applications.

In this chapter, a fully self-sufficient glove box system dedicated to 2D samples

nanofabrication is presented.

6.2 Introduction to imaging ellipsometry

In this section, the imaging ellipsometry technique is introduced. The general con-

cept of ellipsometry and the procedure of an ellipsometric measurement are de-

scribed.

6.2.1 Aim of ellipsometry

Figure 6.1: Ellipsometry – change in polarisation state. An incoming incident
light beam polarisation state is changed after reflection on the sample surface –
here illustrated with a change in the elliptic polarisation state. s-polarisation is
perpendicular to the plane of incidence; p-polarisation is parallel to the plane of
incidence and perpendicular to the sample surface.
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Ellipsometry is an optical technique employed to obtain information – i.e. thick-

ness and complex refractive index – about thin materials. Ellipsometry exploits the

change in polarisation state experienced by light resulting from the interferences of

the multiple reflections and transmissions occurring at a material interface. The

evolution of the initial impinging light polarisation state depends on the sample

structure – i.e. number, composition, and thicknesses of layers. Sample properties

– typically layers thicknesses – can therefore be inferred by knowing the initial and

final (after interaction with sample) light polarisation states. The name ellipsom-

etry stems from elliptical polarisation, i.e. the most general polarisation state. In

its simplest form, an ellipsometer is made of a light source, retarder plates to con-

trol polarisation, and a detector. It is described in further details in next section.

Imaging ellipsometry makes the technique more powerful by allowing to define and

work with region of interests (ROIs) within a sample. The potential of imaging

ellipsometry is illustrated later in this chapter.

6.2.2 Fresnel equations

Figure 6.2: Electromagnetic wave at an interface. Orientation of the electric−→
E and magnetic

−→
H fields at an interface for the s-polarised component (a) and

p-polarised component (b).

In order to define the ellipsometric parameters ∆ and Ψ, it is necessary to intro-

duce the so-called Fresnel equations. The Fresnel equations are relations in between

the transmitted and reflected waves at a dielectric interface for a beam.

An electromagnetic wave impinging an interface with an angle θi will have a

transmitted part with an angle θt, and a reflected part with an angle θr = θi. A

103



Chapter 6: Nanofabrication and in-situ characterisation of pristine two-dimensional
heterostructures

diagram is shown on figure 6.2. According to Snell’s Law, the propagation angle θt

is defined as:

n1sin(θi) = n2sin(θt) (6.1)

with n1 the incoming wave medium refractive index, and n2 the transmitted wave

medium refractive index. The reflection coefficient rs,p of the interface is the ratio

in between the reflected Er and incident Ei electric field amplitudes. Hence it is

written:

rs =
Er,s
Ei,s

=
n1cos(θi)− n2cos(θt)

n1cos(θi) + n2cos(θt)
(6.2)

for the s-polarised component, and

rp =
Er,p
Ei,p

=
n1cos(θt)− n2cos(θi)

n1cos(θt) + n2cos(θi)
(6.3)

for the p-polarised component. Similarly, the transmission coefficient ts,p of the

interface is the ratio in between the transmitted Et and incident Ei electric fields

amplitude, and can be written:

ts =
Et,s
Ei,s

=
2n1cos(θi)

n1cos(θi) + n2cos(θt)
(6.4)

for the s-polarisation component, and

tp =
Et,p
Ei,p

=
2n1cos(θi)

n1cos(θt) + n2cos(θi)
(6.5)

for the p-polarisation component. The reflectivity Rs,p of an interface is the ratio

in between the reflected and incident electric field intensities, and can be calculated

from the reflection coefficient rs,p as:

Rs,p = |rs,p|2 (6.6)

Finally, the transmissivity Ts,p of an interface is the ratio in between the transmitted

and incident electric field intensites, and is written:

Ts = Re

(
n2cos(θt)

n1cos(θi)

)
|ts|2 (6.7)
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for the s-polarisation component, and

Tp = Re

(
n∗2cos(θt)

n∗1cos(θi)

)
|tp|2 (6.8)

for the p-polarisation component, with n∗1,2 the complex refractive index.

6.2.3 Ellipsometric angles

Figure 6.3: Adapted from [195]. Visualisation of the ellipsometric angles.
The ellipsometric angles Ψ – from the reflectivity ratio – and ∆ – from the relative
phase shift in between the s-polarisation and p-polarisation components can be
observed. The electric field is elliptically polarised, as seen with its projection in a
plane. The p-polarisation (s-polarisation) component is represented in orange (light
blue) respectively.

The change in polarisation state experienced by the monochromatic incident

light on the sample can be characterised by two parameters ∆ and Ψ, known as

ellipsometric angles. In the simple case described in the previous subsection where

there is an interface in between two semi-infinite medium, the ellipsometric angles

∆ and Ψ are defined from the complex reflection coefficients rs,p ratio:

rp
rs

= tan(ψ)ei∆ =
Rp

Rs

ei(δp−δs) (6.9)

with ∆ = δp − δs the relative phase shift of p and s polarisation components upon
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reflection. A representation of the ellipsometric angles ∆ and Ψ is given on figure 6.3.

During a monochromatic ellipsometer measurement, a photodetector access directly

this reflectivity ratio and relative phase shit. In the case of a multi-layered sample

structure, the same principle is applied. The multiple interfaces reflections and

phase shits are calculated with a transfer matrix.

6.2.4 Description of an ellipsometer

Figure 6.4: From Accurion. Composition of an ellipsometer. A set of polariser
and compensator (quarter-wave plate) in the incident beam path is rotated such that
the beam polarisation state is linear after reflection on the sample. The reflected
beam is then cross-polarised by an analyser.

Initialising a monochromatic incident beam polarisation state and identifying

the reflected beam polarisation state require polarisers and retarder plates. Differ-

ent combinations can be chosen, but the overall principle is the same. An example

of an ellipsometer is shown on figure 6.4. Different ellipsometry methods exist. The

most common is the so-called nulling ellipsometry. During nulling ellipsometry, the

goal is to suppress the reflected beam intensity by rotating retarders. A polariser is

placed in the reflected beam path before the photodetector to analyse its polarisa-

tion state. Therefore, suppressing the reflected beam by rotating this analyser – i.e.

achieving cross-polarisation – requires the reflected beam polarisation state to be

linear. As stated earlier, the sample modifies the incident beam polarisation state.

In nulling ellipsometry, a set of polariser and quarter-wave plate is placed in the

incident beam path to tune its polarisation state such that it ends up linear after

reflection on the sample. The quarter-wave plate is also called compensator, due to
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its ability to achieve any ellipticity. With this combination of polariser and com-

pensator, an initial polarisation state can always be found such that the reflected

beam polarisation state is linear. Hence, in nulling ellipsometry, a minimum light

intensity is sought on the photodetector. Once this minimum is found, the ellipso-

metric angles ∆ and Ψ are inferred from the polariser, compensator, and analyser

angles of rotation.

6.2.5 Optical modelling

An ellipsometry measurement can be repeated for several wavelengths. This is re-

ferred to as spectroscopic ellipsometry. Each wavelength λ will yield its own set

of ellipsometric angles ∆(λ), Ψ(λ). As discussed earlier, this ellipsometric angles

∆(λ) and Ψ(λ) depend on the sample structure, materials (refractive index), and

thicknesses. Therefore, a model is built for the studied sample, and is used to fit

the ellipsometric angles ∆(λ) and Ψ(λ) data. Knowing the sample structure (com-

position of the different layers), and the refractive index of the materials involved,

the fit can give information on the different thicknesses. Similarly, the dielectric

function ε(ω) of a material can be defined from a measurement where the material

thickness is known. Ellipsometer measurements and modelling are included later on

this chapter.

6.2.6 Imaging ellipsometry

Imaging ellipsometry is an upgrade to ellipsometry. The addition of an objective in

the reflected beam path and the use of a CCD camera as a detector allows microscopy

imaging of the sample. Furthermore, the ellipsometer lateral resolution is improved

to ∼ 1 µm due to each CCD camera pixel yielding its own ellipsometric angles ∆ and

Ψ, which correspond to the measurement of a small location within the objective

spot. Data post-selection after a measurement allows to define regions of interests

(ROIs) within the beam spot size, and probe variations at a micrometric scale (e.g.

variations in thickness, or variation in refractive index).
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6.3 Overview of the 2D nanofabrication system

6.3.1 Presentation of the glove box

T V  s c r e e n e x f o l i a t i o n t r a n s f e r
e l l i p s o m e t e r

e l l i p s o m e t e r
c o n t r o l l e r s

l o a d i n g  c h a m b e r s  p u m p

p u r i f i c a t i o n

g l o v e  b o x  c o n t r o l l e r

l o a d i n g  c h a m b e r  1
l o a d i n g  c h a m b e r  2

l o a d i n g  c h a m b e r  3

Figure 6.5: Glove box system. 3D view of the glove box system, filled with
an Ar atmosphere at 100 mbar overpressure. Exfoliation and transfer on left-hand
side, ellipsometry on the right-hand side. Two purification units maintain the O2

and H2O levels below 1 ppm. Two filters trap suspended particles and dust.

The 2D sample nanofabrication facility is fully enclosed in a four-gloves GP

Campus glove box by Jacomex. Figure 6.5 shows a 3D view of the system (gloves

and connectors are not shown for clarity), and a picture is displayed on figure 6.6.

It consists of an exfoliation and transfer set-up accessible with the two gloves on the

left-side, and an EP4 imaging ellipsometer from Accurion for the other two gloves

on the right. The glove box is filled with an argon Ar atmosphere at an overpressure

∆P of 100 mbar as compared to the cleanroom atmosphere. The glove box includes a

blower that makes its atmosphere flow, maintaining it homogeneous and preventing

any polluted local pocket to form. An O2 and a H2O sensors continuously measure

the moisture and oxygen levels. These levels are maintained below 1 ppm by a

purification unit containing two reactors: a Cu based O2 catalyst, and a molecular

mesh to trap H2O. When the reactors become less efficient due to saturation, the

O2 and a H2O levels slowly rise (∼ 10 ppm over couple of weeks). Reactors must

then be cleaned with a regeneration procedure that releases the trapped moisture

108



Chapter 6: Nanofabrication and in-situ characterisation of pristine two-dimensional
heterostructures

and oxygen out of the glove box, in the cleanroom. Two filters capture dust and

solid particles from the glove box atmosphere. They must be changed every other

year. Table A.1 in the appendix summarises all the technical adaptation brought

to the glove box (feedthroughs, available connections). The glove box is controlled

using a touchscreen on its top (see figures 6.5 and 6.6). Equipment and samples are

loaded/unloaded from the glove box through three loading chambers (x2 small ones,

x1 large one) connected to a pump.

Figure 6.6: Photograph of the glove box system. (a) The full glove box.
(b)-(c) Close upon the left side with the exfoliation and transfer microscopes. LC:
loading chamber; GB: glove box.

6.3.2 Exfoliation and transfer station

The exfoliation and transfer set-up is split in between two microscopes – shown on

figure 6.7. Both of them are connected to a TV monitor for imaging (outside the

glove box, on the left, figures 6.5 and 6.6). The first microscope (on the left) is a

home-assembled microscope from ThorLabs, it is used for exfoliation of flakes and

TMDs identification as detailed later. A complete list of the ThorLabs assembled

microscope can be found in annex A.1. The second microscope is a replicate of the

transfer set-up described by Castellanos-Gomez et al. [158]. It has been modified

with an aluminium home-made vacuum sample holder that can be heated up to
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Figure 6.7: Exfoliation and transfer station. (a) Microscope for exfoliation and
microscope for transfer. (b) Close upon transfer, with glass slide holder, vacuum
sample holder, and translation stages. cam.: camera; MS: microscope; SH: sample
holder; TS: translation stage; RS: rotation stage; GS: glass slide.

300◦C. Figure 6.8 shows a 3D view of the sample holder design, and it can be seen

on the pictures figure 6.7. Its material volume has been made small to heat up

rapidly. Small clamps and removable groves can be adapted with screws for sample

alignment. Samples are hold by vacuum suction, hence their back surface are not

polluted with glue from double-sided tape. This sample holder opens the possibility

to tune temperature during all-dry viscoelastic stamping [158], to perform hot pick-

up transfer [159] (see Chapter 5). Although it has not been done in this thesis, the

sample holder heater can be exploited to anneal samples in Ar atmosphere [161]. It

can also be used to heat up substrates so they release any moisture prior to transfer

or exfoliation.

The optically active part of the heterostructures fabricated in this thesis is al-

ways made of TMDs. One can use optical contrast microscopy for identification

of a TMD monolayer, which can be reliable when done by image analysis with a

software. In practice, exfoliated flakes are scanned by eye for time-efficiency. Hence,

this method relies on the experimentalist experience and is open to interpretation

mistake. Furthermore, a variation in the substrate thickness or the polymer struc-
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Figure 6.8: 3D view of the homemade vacuum sample holder. (a) 3D view
of the holder, made of aluminium. (b) Top view. (c) Side view. a output for vacuum
connector; b 3 mm diameter hole for vacuum holder; c 6x6 mm2 groove for small
substrates; d threaded bores for M1.2 screws to place and fix small plates to set a
substrate orientation; e holes for the heaters; f hole for the temperature probe; The
sample holder is made of aluminium, and connected to a PID controller for heating,
and a pump for vacuum suction.

ture can be enough to make the optical contrast profile different to expectation,

and lead to error [150] even when using an image analysis software. At room tem-

perature, both the intensity and the photon energy of the main neutral excitonic

transition depend on the number of layer. Hence, photoluminescence can be used

for identification of TMDs monolayers [46]. The microscope used for exfoliation

(figure 6.7) includes a set of filter, one in the incoming path of the white-light, and

the other before the camera. When looking for a 1L-WSe2 flake, a 550 nm shortpass

filter is slid in excitation and a 600 nm longpass filter in collection. Hence, the flake

is excited above bandgap, and its photoluminescence signal is isolated in collection.

An example is shown in section 6.5.

6.3.3 Imaging ellipsometer

An imaging ellipsometer is on right-side of the glove box (see figures 6.5 and 6.6). It

is a Nanofilm EP4 ellipsometer from Accurion. The imaging ellipsometer is used for

thin layer thickness and dispersion measurements, with a monochromatic light range

from 360 nm to 1000 nm, a lateral resolution down to 1 µm and thickness resolution
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Figure 6.9: Imaging ellipsometer. (a)-(b) 3D view (a) and photograph (b) of the
imaging ellipsometer in the glove box. All parts (ellipsometer arms, sample stage,
objective) are motorised and controlled from a computer. AV stage: anti-vibration
stage.

down to a few Å. Ellipsometry is a non-invasive way to probe a sample, and access

its inner layers. It can be used to measure layer thicknesses, and characterise both

isotropic and anisotropic material refractive indexes. The imaging ellipsometer takes

a central part in the design and characterisation of heterostructures as detailed later

on. Table 6.1 summarises the ellipsometer specifications.

Company Model Options
Accurion Nanofilm EP4 ellipsometer 360 nm to 1000 nm monochromator

10x and 20x objectives
active anti-vibration system

automatic XYZ stage
knife-edge illumination

Table 6.1: Details the imaging ellipsometer model.

6.4 Characterisation of h-BN flakes

The studied optically active part of a 2D heterostructure must be encapsulated

to maintain its initial properties over time, and delay its degradation to ambient

conditions [14] – as discussed in section 6.1. h-BN is an example of a widely used

2D layered material for encapsulation – see chapter 2. With a monolayer thickness

of about 4.0 Å [70, 196], h-BN flake thickness can be finely tuned. Depending on

the number of layers, h-BN can be used for a wide range of applications. It can be
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Figure 6.10: h-BN thickness characterisation. (a) Diagram of the h-BN flake
imaging ellipsometry measurement. (b) Optical contrast microscopy image of h-BN
flakes on SiO2/Si substrate. (d) 2D colour-map of the ellipsometric angle ∆ for
507.9 nm measured by the imaging ellipsometer. The ROI 0 (1) is used to deter-
mine the SiO2 (h-BN) thickness respectively. (c) and (e) Fitting of the measured
ellipsometer angles ∆ and Ψ with a model, giving tSiO2 = 81.40± 0.14 nm (ROI 0),
and th-BN = 8.84± 0.05 nm (ROI 1). Scale bars are 10 µm.

a dieletric substrate [169], an insulating layer [197], tune TMDs excitonic bandgap

and binding energy [198], or be used as a tunnel-barrier [82, 199] for example. To

exploit the full potential of h-BN, one needs to be able to accurately address its

thickness during fabrication with a non-destructive method. Imaging ellipsometry

can be used for this purpose. Figure 6.10 shows the measurement of an h-BN flake

on an SiO2/Si substrate. The incoming light wavelength is swiped through 30 data

points from 360 nm to 750 nm. For each wavelength λ, the ellipsometer proceeds to a

nulling yielding a set of measured ellipsometric angles ∆(λ) and Ψ(λ) in every single

imaged CCD pixel of the exposed area. Two regions of interest (ROIs) are drawn on

the measured image, one on the substrate (ROI 0 on Figure 6.10 (d)), and one on the

h-BN flake of interest (ROI 1 on Figure 6.10 (d)). First, the substrate ellipsometric

angles ∆(λ) and Ψ(λ) data (ROI 0) is fitted, as shown on Figure 6.10 (c), with a

model made of the dispersion of a semi-infinite Si topped with SiO2 which thickness

is an open parameter, giving tSiO2 = 81.40 ± 0.14 nm. Then, the SiO2 thickness
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is fixed to this value, and the data from h-BN (ROI 1) is fitted with the same

model added by an unfixed thickness of h-BN giving th-BN = 8.84 ± 0.05 nm. In

this measurement, we are using the dispersion reported by Segura et al. [73] for

h-BN. All dispersion models and fitting procedures are performed with EP4model,

a modelling software coming with the imaging ellipsometer. The selection of ROIs

from the measurement and extraction of the corresponding set of ellipsometric angles

∆(λ) and Ψ(λ) are done with DataStudio, another software developped by Accurion

and coming with the imaging ellipsometer. Screenshots of the softwares interfaces

are included in annex A.1.

6.5 Identification and characterisation of WSe2 single-

layers

In this section, the techniques to identify and characterise WSe2 thin flakes are

introduced. They can be extended to other TMDs. Figures 6.11 to 6.13 show the

identification of WSe2 monolayers after exfoliation (see chapter 5).

Figure 6.11: 1L-WSe2 identification by PL microscopy. (a) Optical contrast
microscopy image of WSe2 flakes. The regions pointed with arrows are potential
single layers. (b) Photoluminescence microscopy of the WSe2 flakes by inserting a
couple of filters in the microscope. The three indicated regions are confirmed to be
monolayers. Int. time = 0.5 s. Scale bars are 10 µm.
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6.5.1 Photoluminescence microscopy of 1L-WSe2

On figure 6.11(a), a few flakes have been estimated to be potential monolayers. A

550 nm shortpass filter is inserted in excitation and a 600 nm longpass filter in

collection of the exfoliation microscope introduced earlier. Figure 6.11(b) shows the

resulting photoluminescence from the flakes, confirming their single layer nature.

The acquisition time is set to 0.5 s.

6.5.2 Ellipsometry for mono- and bilayer WSe2

Imaging ellipsometry can be used to distinguish a monolayer from a bilayer. The

WSe2 flake figure 6.12(c) presents both monolayers and bilayers parts. The ellip-

sometric angles ∆ and Ψ data from the monolayer (bilayer) is shown in red (blue)

respectively on figures 6.12(a) and (b), with a clear distinction for wavelengths below

700 nm. This demonstrates the potential of the imaging ellipsometer to characterise

and differentiate different TMDs number of layers area within a sample.

Figure 6.12: 1L-WSe2 and 2L-WSe2 distinction by imaging ellipsometry.
(a) and (b) Data for the measured ellipsometric angles ∆ (e) and Ψ (f) for the
monolayer (red) and the bilayer (blue) areas from the WSe2 flake in (c), showing
that imaging ellipsometry can be used to distinguish in between 1L-WSe2 and 2L-
WSe2. (c) Optical contrast microscopy image of a WSe2 flake on SiO2/Si substrate
with a monolayer and a bilayer part. Scale bars are 10 µm.

Finally, the imaging ellipsometer is a powerful tool to determine thin materials

refractive index. Exploiting 1L-WSe2 ellipsometric data, a dispersion model has

been defined with the software, and is plotted on figure 6.13. The 1L-WSe2 dielectric
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function is modelled with a superposition of Lorentzian oscillators [45]:

ε(ω) = 1 +
∑
k

fk
ω2
k − ω2 − iγkω

(6.10)

where fk is the oscillator strength, γk the oscillator linewidth, and ωk the oscillator

resonance frequency. The different peaks in ε2 correspond to the excitonic transitions

– i.e. the Lorentz oscillators – in a WSe2 monolayer.

Figure 6.13: 1L-WSe2 dispersion WSe2 monolayer dispersion model made with
the imaging ellipsometry data.

6.5.3 Homogeneity of single-layer WSe2

Figure 6.14: Characterisation of monolayer WSe2 homogeneity. (a) WSe2

2D colour-map of the ellipsometric angle ∆ at 520 nm illumination measured by the
imaging ellipsometer. The dispersion of ∆ values for the monolayer part is about
20◦. (b) Optical contrast microscopy image of the measured WSe2 flake.

The ellipsometer can also be used to assess the homogeneity of the refractive

index within a flake, as discussed by Funke et al. [155]. Figure 6.14 shows the
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Figure 6.15: Assembly of planar cavity heterostructure device – bottom
h-BN thickness. (a) The substrate SiO2 thickness is measured with the imaging
ellipsometer, giving 91.42 ± 0.14 nm. (b) Transfer matrix method calculations show
that the best bottom h-BN thickness to optimise the signal at 780 nm collected
by the objective is around 80 nm with a 114 % improvement. (c) Including the
accurate SiO2 thickness, the bottom h-BN flake thickness is determined with the
ellipsometer. It is 78.34 ± 0.24 nm, within the simulation optimum thickness peak.

ellipsometric angle ∆ measured for a 1L-WSe2 (optical contrast microscopy picture

shown on figure 6.14(b)) plotted as a 2D colourmap. This set of data is taken for

an incident light at 520 nm, for which the changes are the most dramatic as shown

on figure 6.11(d). The data ranges from 200◦ to 225◦, which is well below the 50◦

change observed in between monolayer and bilayer data figure 6.11(d). The variation

could be due to slight changes in the spacing in between the flake and the substrate,

and PDMS residues on top of the flake as a result of the all-dry viscoelastic transfer

used for this sample. Measuring these variations could be exploited to assess local

changes in the effective refractive index, hence opening a way to best understand

the results obtained from a 2D sample.

6.6 Pristine 2D nanofabrication: devices exam-

ples

In this section, three samples successfully fabricated in a glove box atmosphere are

briefly described. They were made by members of the group, and demonstrate

the potential of the nanofabrication system. I would strongly suggest to read the

corresponding articles for more information and details.
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Figure 6.16: Assembly of planar cavity heterostructure device – bottom
h-BN transfer. (a) and (b) Diagram of the substrate with patterned gold contacts
(a) before, and (b) after transfer of the bottom h-BN layer (green). (c) and (d)
Optical microscopy picture of the h-BN flake (c) on PDMS before transfer, and (d)
on gold contact after transfer. The flake is outlined with a solid green line for clarity.
Scale bars are 20 µm.

6.6.1 Planar cavity heterostructure – step by step nanofab-

rication

Figure 6.15 describes the nanofabrication of a planar cavity heterostructure with

tunable E-field perpendicular to the sample plane. The aim is the study of single-

photon emitters hosted by a WSe2 monolayer, optimising their signal, and measure

their behaviour in response to an E-field. The design consists of a layered stack

on top of a gold electrode acting as a back-reflecting mirror, with a GaP solid-

immersion lens (SIL) on top. A WSe2 monolayer is encapsulated with h-BN. A

few-layers graphene (FLG) flake is deposited on top of the h-BN/1L-WSe2/h-BN

stack, and contacted to a second electrode with a bridging graphene nanosheet.

Therefore, applying a bias in between the gold electrode and the top FLG flake

results in a tunable E-field across the 1L-WSe2 flake.

Finally, the top FLG flake is protected with a last flake of h-BN. Ultimately, a
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GaP SIL is positioned on top of the sample.

Figure 6.17: Assembly of planar cavity heterostructure device – 1L-WSe2

transfer. (b) Diagram of the sample after transfer of WSe2 monolayer (red). (a)
and (c) Optical microscopy picture of the WSe2 flake (a) on PDMS before transfer,
and (c) on bottom h-BN after transfer. The monolayer area is outlined with a solid
red line, and the bottom h-BN with a dashed green line for clarity. Scale bars are
20 µm.

The different layers are isolated at the exfoliation station, and optical con-

trast images are taken. The exfoliated flakes are shown before transfer on top

of figure 6.15(d). Simulations based on the transfer matrix-based source term

method [76, 200] (MST) are run to identify the optimum h-BN flakes thicknesses

to achieve the best enhancement of the 780 nm signal collected by the objective.

For this sample design, the first (bottom) h-BN layer must have a thickness of

∼ 80 ± 5 nm (figure 6.15 (a)). After transfer of the first h-BN flake, imaging ellip-

sometry measurements are done. They give an accurate thickness for the substrate

oxide layer with tSiO2 = 91.42 ± 0.14 nm, hence a precise thickness of the h-BN flake

is known with th−BN = 78.34 ± 0.24 nm matching the planar cavity requirement.

Each flake is deposited on the stack using the all-dry viscoelastic stamping [158] (see

chapter 5). The stacking progress is shown on the bottom of figure 6.15. Once the

planar cavity device completed, it is taken out of the glove box system and wiring

contacts is done.
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Figure 6.18: Assembly of planar cavity heterostructure device – middle
h-BN transfer. (b) Diagram of the sample after transfer of the middle h-BN (dark
green). (a) and (c) Optical microscopy picture of the 10 nm thick middle h-BN flake
(a) on PDMS before transfer, and (c) on top of 1L-WSe2 after transfer. Middle
h-BN outlined with solid dark green line, 1L-WSe2 with dashed red line, bottom
h-BN with dashed green line for clarity. Scale bars are 20 µm.

Figure 6.19: Assembly of planar cavity heterostructure device – FLG
contact transfer. (b) Diagram of the sample after transfer of a FLG flake for
contact (black). (a) and (c) Optical microscopy picture of the FLG flake (a) on
PDMS before transfer, and (c) on top of the middle h-BN flake after transfer. It
is then contacted to the second electrode with a bridging FLG flake (bridging flake
outlined on sample, but not shown before transfer). FLG flake outlined with solid
black line, middle h-BN with dashed dark green line, 1L-WSe2 with dashed red line,
bottom h-BN with dashed green line for clarity. Scale bars are 20 µm.
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Figure 6.20: Assembly of planar cavity heterostructure device – top h-BN
transfer. (b) Diagram of the sample after transfer of a top h-BN (light green).
(a) and (c) Optical microscopy picture of the top h-BN flake (a) on PDMS before
transfer, and (c) on top of the FLG flake after transfer, completing the heterostruc-
ture by encapsulating it. Top h-BN flake outlined with solid light green line, FLG
flake with dashed black line, middle h-BN with dashed dark green line, 1L-WSe2

with dashed red line, bottom h-BN with dashed green line for clarity. Scale bars are
20 µm.

6.6.2 Coulomb blockade in a WSe2 monolayer quantum dot

A second example of a 2D heterostructure fabricated and characterised in a glove

box atmosphere is a h-BN encapsulated WSe2 monolayer, with a contacted top

graphene layer [82]. A diagram and a picture of the sample are shown figure 6.21(a)

and (b). Quantum dots in WSe2 monolayer are induced by strain due to a wrinkle

in the bottom h-BN. The graphene – a Fermi reservoir – is separated from the TMD

layer only by a single layer of h-BN, leading to a strong coupling with the 1L-WSe2

quantum dots. This strong coupling is key in the sample design. Upon application of

a bias, a single charge – either an electron or a hole – tunnel through the atomically

thin h-BN barrier to the quantum dots, as demonstrated with voltage-dependent

PL on figure 6.21(c). On that figure, a continuous smooth transition in energy from

the X1− to the X0 states is observed, instead of a sharp change. It comes from a

hybrid exciton (XH), due to strong mixing in between the wavefunctions of the dis-

crete quantum dot-states and the continuum of states of the Fermi reservoir. This

hybridisation can also be observed for Dot B when loading a hole, going from X0

to X1+. Before reaching the X1+ state, the exciton energy goes through another

transition visible with a dip. The hybridisation of the exciton could be observed

due to the strong coupling achieved by single layer h-BN tunnel barrier. In this
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(a) (b)

(c)

Figure 6.21: Adapted from [82]. Coulomb blockade in 1L-WSe2 quantum
dots (a) Diagram of the sample structure, consisting of a WSe2 monolayer encapsu-
lated with h-BN. The top h-BN is a single layer, allowing deterministic tunnelling of
charges from a top graphene flake. Electrical bias is applied in between the graphene
layer and the back of the SiO2/Si substrate. (b) Optical microscopy picture of the
sample. The different flakes are outlined for clarity: 1L-WSe2 in green, bottom (top)
h-BN in yellow (red), and graphene flake in light brown. (c) Voltage-dependent low-
resolution photoluminescence of three quantum dots within same collection spot
showing neutral (X0), negatively charged (X1−) and positively charged (X1+) exci-
ton species and Coulomb blockade. The unlabelled spectral features with weak peak
intensity originate from distinct quantum dots unrelated to dots A, B and C.

work, an accurate modelling of the results has been rendered possible by accurate

measurements of the substrate SiO2 layer and bottom h-BN with imaging ellipsom-

etry. A combination of ellipsometry measurements and the lever arm of the sample

were employed to confirm the atomically thin nature of the h-BN tunnel barrier.

6.6.3 Moiré trapped interlayer excitons in a planar cavity

Another example of a state-of-the art sample assembled in the glove box nanofab-

rication facility is a planar cavity MoSe2/WSe2 monolayers Moiré heterostructure

[89]. Interlayer excitons (IXs) in Moiré heterostructure can be trapped in Moiré

potentials [83, 201]. They recombine at these trapping sites, featuring spectrally

sharp PL peaks. Owing to the origin of these lines emission, they are expected
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Figure 6.22: Adapted from [89]. Moiré trapped interlayer excitons in a
planar cavity (a) Diagram of the sample structure, consisting of a WSe2/MoSe2

monolayers twisted with an angle heterostructure encapsulated with h-BN. The bot-
tom h-BN thickness is optimised to enhance the PL collection efficiency. (b) Optical
microscopy picture of the sample. The different flakes are outlined using the same
colour as on the diagram for clarity: 1L-WSe2 in red, 1L-MoSe2 in blue, bottom
(top) h-BN in bright (faded) green, and graphene flake in grey. Additionally, the
gold is outlined in orange, and h-BN flakes transferred on top of the full stack are
shown in purple. The scale bar is 20 µm. (c) Calculation showing the evolution
of the collected signal depending on the botton h-BN thickness. (d) Photolumines-
cence spectrum of an interlayer 1L-WSe2/1L-MoSe2 heterostructure exciton trapped
in Moiré potential. (e) Second-order photon correlation statistics from the emitter
in (d). It shows a clear antibunching. The red solid line represents a fit of the
experimental data, revealing a g(2)(0) = 0.28 ± 0.03. The red shadowed area rep-
resents the Poissonian interval error associated to the experimental determination
of g(2)(τ). The black dashed line represents the experimental limitation for g(2)(0)
due to non-filtered emission background. The grey shadowed area shows the error
interval in the determination of the limitation for g(2)(0).

to be single-photon emitters. The interlayer nature of the Moiré-trapped excitons

in MoSe2/WSe2 heterostructures gives rise to a small oscillator strength for these

quantum emitters. Such an intrinsically small oscillator strength results in a low

PL signal intensity, which has hampered the demonstration of the quantum nature

of these excitons to date. With the aim of enhancing the intensity of the PL from

the Moiré trapped excitons and enabling the second-order correlation g(2) measure-

ments shown in figure 6.22(e), a MoSe2/WSe2 heterostructure was fabricated and

deposited on top of an a gold mirror with an optimised bottom h-BN thickness [89].

In the same way than explained for the heterostructure on figure 6.15, the thickness
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of the bottom h-BN was engineered to enhance both the far-field PL intensity and

the PL collection efficiency in our fiber-coupled confocal microscope. The far-field

PL of the Moiré IXs was simulated by employing the analytical model based on the

combination of a transfer-matrix method and a dipole emission source term, which

allows to simulate the PL emission of both single emitters and intralayer excitons

of different 2D materials [76]. The PL emission from the Moiré trapped IXs was

simulated by an in-plane oscillating dipole, in agreement with recent theoretical

calculations [202, 203]. The emitting dipole was placed on top of the h-BN flake

at a distance of 0.7 nm from the h-BN/air interface. The h-BN flake was placed

on top of a semi-infinite planar gold substrate. In the simulations, the refractive

indices of h-BN and Au reported by Lee et al. [204] and Yakubovsky et al. [205]

were employed, respectively. The sample was successfully fabricated with a bottom

h-BN layer of 96 nm, measured with the imaging ellipsometer.

6.7 Nanofabrication in inert atmosphere: sum-

mary and perspectives

In this chapter, a completely self-consistent over-pressurised Ar glove box system

for 2D nanofabrication was presented. 2D materials stay in controlled, inert atmo-

sphere, from exfoliation to the last transfer of a sample assembly. Once exfoliated,

flakes thicknesses can be assessed with optical contrast microscopy, and confirmed

using ellipsometry. TMDs monolayers are cross-checked with photoluminescence

microscopy. Imaging ellipsometry is employed to accurately match sample design

and nanofabrication, yielding precise information on substrate and dielectric layer

thicknesses. Furthermore, the imaging ellipsometer micrometric lateral resolution

can characterise thicknesses and refractive index variation within a flake, exploitable

for a deeper understanding of a sample measurements. The strong potential of this

2D nanofabrication facility was demonstrated through the examples of three 2D het-

erostructures samples. Two of them led to the report of important results. The first

was the observation of Coulomb blockade in quantum dots hosted by 1L-WSe2 and

their strong coupling to a Fermi reservoir, achieved by an accurate heterostructure

design, with a single h-BN layer as tunnel barrier. The second was the first reported
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confirmation of the quantum nature of Moiré trapped interlayer exciton in a 2D

Moiré heterostructure, where the collection of the challenging weak PL emission

signal was enhanced with a planar cavity.

The glove box could be further improved with a way to probe flakes crystal

orientation, such as an AFM[206] or a second-harmonic generation set-up[207], to

accurately monitor Moiré heterostructures orientation during fabrication. As this

thesis is being written, the nanofabrication system is being updated with the addi-

tion of an AFM.
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Dichromatic excitation of 1L-WSe2

quantum dots

In this chapter, a new alternative method to resonant excitation is introduced –

the dichromatic pulse excitation. This excitation scheme is employed on WSe2

monolayer single-photon emitters from two separate planar cavity samples. The

chapter is divided in four sections. First, a brief description of the dichromatic

pulse excitation, its motivations, and its limitations is given in section 7.1. The

second section (section 7.2) is dedicated to the dichromatic pulse excitation on the

first sample emitter, with an introduction to the sample structure and its measured

emitter. Similarly, the third section (section 7.3) follows the dichromatic pulse

excitation for the second sample emitter. Finally, section 7.4 summarises the results

of this chapter and gives perspectives to the dichromatic excitation technique for

2D quantum emitters.

7.1 Dichromatic pulse excitation – theory and ex-

pectations

Coherent driving of a quantum dot is key to harvest its optimal properties in term

of stability, purity, and indinstinguishability – as discussed in chapter 3. Resonant

excitation of 1L-WSe2 single-photons emitters is challenging, owing to their large

spectral jitter [22]. It hinders the further characterisation of these 2D quantum dots,

such as the measure of coherence; and therefore hampers their use for integrated
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Figure 7.1: Adapted from [208]. Dichromatic pulse spectral and temporal
shape. (a) Two-level system representation, with transition energy ω0. The red-
detuned and blue-detuned pulses are equally shifted from the transition energy. (b)
Spectral shape (top) and temporal shape (bottom) of the dichromatic pulse.

photonics and quantum applications. Hence, an alternative excitation method to

achieve more robust coherent driving of 1L-WSe2 SPEs would be beneficial. In 2019,

He et al. [208] reported a technique to resonantly excite a quantum dot two-level

system based on a pair of pulses. One is red-shifted −∆ω and the other blue-

shifted +∆ω as compared to the emitter ground state ω0 (see figure 7.1) – hence

the method is referred to as dichromatic pulse excitation (DPE). This new method

seems suitable and promising to routinely achieve the resonant regime of 1L-WSe2

single-photons emitters.

7.1.1 Pulse shape and equation

Both of the pulses have an envelope ε(t), and their combination lead to an electric

field f(t) with a modified envelope ε′(t):

f(t) = ε(t)cos ((ω0 −∆ω)t) + ε(t)cos ((ω0 + ∆ω)t)

= 2ε(t)cos (∆t) cos (ω0t)

= ε′(t)cos (ω0t)

(7.1)

with ε′(t) = 2ε(t)cos (∆t). Figure 7.1 shows this temporal shape of the electric field

f(t), with the slow envelope oscillations ε′(t) in the detuning frequency ∆ω, and the
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faster oscillations matching the two-level system transition frequency ω0. Therefore

analytically, it instinctively leads to believe that this excitation scheme should give

similar results to the use of a resonant pulse. More specifically, two phase-locked

symmetric, equally detuned pulses are equivalent to a single resonant pulse, with a

modulated amplitude ε’(t). In resonance fluorescence, the excitation laser must be

filtered to isolate the emitter signal. The emission of the emitter is usually linearly

or circularly polarised. Hence, the filtering is done with polarisation cancellation –

as detailed in chapter 4 – which discards at best half of the counts from the dot

(except for a quantum emitter embedded in a special microcavity [209]). These loss

comes from finding the ideal orientation of the retarders, where the signal from the

emitter is maximised, and the reflected laser is minimised. In the DPE regime, there

is no need to lose half of the signal as the excitation laser is removed with spectral

filtering.

7.1.2 Further insight on dichromatic pulse excitation

Following the publication of the DPE method by He et al. [208], this new technique

was first tried on 1L-WSe2 emitters within the Quantum Photonics Laboratory

group. Assuming that this simple and instinctive method worked as described in

the paper, it was applied trying to have equal intensity in the two energy-detuned

excitation pulses, and choosing the detuning ±∆ω far away from the emitter energy

ω0. The results – detailed in the next two sections – led to question the reliability of

this excitation regime. Hence, an in-depth experimental and theoretical study of the

DPE scheme on a more robust and known system – semiconductor quantum dots –

was conducted by Koong et al. [210]. Semiconductor quantum dots energy levels are

well understood, with established models showing excellent agreement with what is

experimentally observed.

They show that for an ideal two-level system (no phonons) and exciting with

a symmetric dichromatic pulse having no spectral overlap with the emitter, the

dot population vanishes by the end of the interaction with the pulse – as shown

on figure 7.2. In presence of exciton-phonon coupling, the interaction in between

the dichromatic pulse and the lattice vibration lead to up to ∼ 50% population

inversion. On top of that, Koong et al. [210] studied the influence of asymmetricity
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Figure 7.2: From [210]. Vanishing of the population inversion. For a perfect
two-level system, the population (black plot) vanishes by the end of the interaction
with the symmetric dichromatic pulse (f(t) in purple), when there is no spectral
overlap in between the pulse and the ideal emitter (right inset).

in between the red-detuned and blue-detuned dichromatic pulse lobes. As ∆ω ∼

1 − 10 meV � ω0 ∼ 1 − 2 eV – applying the rotating wave approximation – the

asymmetric dichromatic pulse fA(t) can be written:

fA(t) = εR(t)e−i∆ω + εB(t)ei∆ω (7.2)

with εR(t) and εB(t) the red-detuned and blue-detuned envelopes with intensities IR

and IB respectively. An asymmetricity dichromatic pulse contrast parameter C is

defined as:

C =
IB − IR
IB + IR

(7.3)

In the case C = 0, the dichromatic pulse is symmetric and the population in-

version – due to phonons dynamics – is limited to 0.5 as mentioned earlier, and

confirmed with the experimental purple plot on figure 7.3(b). When C = 1, the

regime is a blue-detuned phonon-assisted excitation, and the phonon-induced mech-

anisms lead to a population inversion > 0.5 (experimental and theoretical blue plots

on figure 7.3(b)&(d)). Running experiments and simulations sweeping over the
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Figure 7.3: Adapted from [210]. DPE with phonons dynamics and asym-
metric excitation. (a) Experimental data and (c) simulation of the quantum
dot population inversion vs the dichromatic pulse contrast C and excitation power.
(b) Extracted from (a). Single pulse resonance fluorescence (black) with complete
population inversion reached for π-pulse at 0.15 µW as compared to occupation
oscillations starting at much higher power (∼ 2.2 µW) for symmetric DPE C = 0
(purple). Red-detuned C = −1 and blue-detuned C = 1 single pulse excitation lead
to uncomplete phonon-mediated population inversions. (d) Cross-section for C = 1
(blue) and C = −0.65 (pink) extracted from (a) and (c).

dichromatic pulse contrast C range (figure 7.3(a)&(c)), Koong et al. [210] demon-

strated an asymetricity C = ±0.65 lead to the best form of Rabi oscillations that

can be obtained with DPE. The reached population inversion at the first pseudo

π-pulse is ∼80% experimentally, and ∼60% theoretically – with the difference prob-

ably due to a mismatch in between the two dichromatic pulse lobes shapes during

the experiment.

In summary, Koong et al. [210] have demonstrated that coherent driving and

efficient population inversion of a solid-state two-level system coupled to phonons
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with DPE can only be achieved for asymmetric dichromatic pulses, and results from

phonons-induced dynamics. These findings were not known during the DPE of

1L-WSe2 SPEs project whose results are reported in the following sections. The

consequences are discussed in the last section of this chapter (section 7.4).

7.2 First sample – gold mirror planar cavity

7.2.1 Gold mirror planar cavity sample description

Figure 7.4: Gold mirror planar cavity sample. (a) Heterostructure design.

(b) Microscope picture of the sample. The dashed red line outlines the 1L-WSe2

flake, and the light (bright) green line the top (bottom) h-BN flake. (c) Transfer

matrix method calculations show that the best bottom h-BN thickness to optimise

the signal at 780 nm collected by the objective is around 60 nm.

The first studied 2D sample is a planar cavity consisting of a WSe2 single-layer en-

capsulated by h-BN and placed on top of a gold mirror – as represented on figure 7.4.

The idea was to enhance the number of photons collected from SPEs, hence making

the challenging photon-counting measurements easier to achieve. The bottom h-BN

flake (outlined in bright green on figure 7.4) acts as a spacer to form a λ/4 planar

cavity at λ = 780 nm (1.5895 eV) – central energy position of spectrally isolated

1L-WSe2 emitters [20]. Similarly to the procedure described in chapter 6, a com-

bination of computer simulation, optical contrast microscopy, and ellipsometry was

employed to find a suitable bottom h-BN flake. Calculations (not detailed here)

based on transfer matrix method were run to identify the ∼ 60 nm optimal bottom
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h-BN thickness – see figure 7.4(c). Exfoliated h-BN flakes were pre-selected with

optical contrast and measured with ellipsometry, and a flake with a thickness of

59.3 nm – well within the calculations optical thickness peak – was chosen. The 2D

heterostructure was assembled with a combination of the all-dry viscoelastic stamp-

ing and hot pick-up method described in chapter 5. The top h-BN layer (outlined in

light green on figure 7.4) was also measured with ellipsometry, and has a thickness

of 10.8 nm.

7.2.2 Gold mirror sample – the emitter

Figure 7.5: Gold mirror sample – emitter location. (a) Colour-coded spatial
map of the maximum peak photoluminescence signal from the 1L-WSe2 flake in
the spectral range of 760—800 nm (1.54980–1.63137 eV). The localised bright spots
correspond to quantum dots. The white arrow indicates the location of the studied
emitter. The red dashed line indicates the edges of the WSe2 monolayer region,
and the white dashed line the edge of the gold mirror. (b) High-resolution PL
spectrum from the location of the emitter, revealing its fine-structure splitting. The
main low-energy (LE) peak at 778.01 nm (1.59361 eV) has a 199 µeV linewidth,
and is separated by ∆Efss = 0.47 meV from the second higher-energy (HE) peak at
777.78 nm (1.59408 eV) with a 123 µeV linewidth.

Figure 7.5 shows a spatial mapping of the PL maximum peak intensity from

the WSe2 monolayer. The sample is excited with a 532 nm (2.33 eV) green laser

at 4 µW power. This 2D colour-map reveals spatial positions of the SPEs (bright

sharp peaks) in the 760–800 nm (1.54980–1.63137 eV) spectral range; in particular

the emitter studied in this section is indicated with a white arrow. A great number

of emitters can be observed on the 2D colour-map, but most of them are spectrally

broad (linewidths over 200-300 µeV), and not spectrally isolated (overlap with other
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emitters or defect band). Such emitters are avoided as they are less promising due to

their higher inhomogeneous broadening and the collection of photons emitted from

different sources. The emitter chosen is one of the sharpest and most isolated single-

photon source of this sample. A high-resolution PL spectrum at the emitter position

(532 nm laser, 6.8 µW) unravels its fine-structure splitting (fss). The pair is com-

posed of a bright lower-energy (LE) peak at 778.01 nm (1.59361 eV) with a linewdith

fwhmLE = 199 µeV, and a higher-energy (HE) peak at 777.78 nm (1.59408 eV) with a

linewidth fwhmLE = 123 µeV; hence an energy splitting ∆Efss = 0.47 meV – slightly

lower than the average 0.6–0.9 meV values reported for 1L-WSe2 SPEs [20, 22]. This

fss – commonly observed for neutral excitons in InAs/GaAs quantum dots [211] –

arises from an asymmetric confinement potential field, and is due to electron–hole

exchange interaction energy [129, 212].

Figure 7.6: Emitter power dependence and polarisation. (a) Power depen-
dence of the main (LE) peak, fitted with a two-level system saturation curve giving
P1/2 = 25 µW and Isat = 18 kcts/s. (b) Polarisation dependence map of the emitter,
showing a 117◦ difference in between the LE peak and HE peak linear polarisations.

Figure 7.6 shows a power-dependence (conducted with cw 532 nm excitation).

It is fitted with a two-level system saturation model:

I(P ) = Isat
P

P + P1/2

(7.4)

predicting a saturation intensity Isat of 18 kcts/s, and an excitation power at half
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the saturation intensity P1/2 = 25 µW. The linear polarisation orientation of the

doublet is revealed by the polarisation map figure 7.6(b). A 117◦ angle difference

is observed going from the LE peak linear polarisation orientation to the HE peak

one. This deviation from the expected fss doublet cross-polarisation could be due

to a local anisotropic strain profile [19, 130, 213]. This is interesting behaviour (and

already observed in the past and by other groups), it has not been investigated

in this thesis. Finally, the emitter stability is probed by recording PL spectra over

time. The 30 min time-trace (cw 532 nm excitation at 8 µW) is presented figure 7.7.

Both the LE and HE peak can be observed following the same jitter over time. The

energy positions of the main LE peak (the one measured later) are extracted, and

shown with a distribution plot. The emitter hopes in between two energy domains,

with an overall spectral jitter of 160 µeV.

Figure 7.7: Gold mirror sample – emitter stability. (a) 30 min time-trace

of the emitter, exhibiting its spectral wandering. (b) Distribution of the the main

(LE) peak position, extracted from (a). Two domains are identified, with an overall

jitter of 160 µeV.

7.2.3 DPE of Au mirror sample emitter

The DPE method was applied to the main LE peak of the emitter, with a dichromatic

excitation laser detuning of ∆ω = 6.7 meV as shown on figure 7.8. The emitter

zero-phonon line (ZPL) – i.e. the part of the emitted signal coming from exciton
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Figure 7.8: DPE experiments on gold mirror sample emitter. (a) PL
emission profile of the emitter (grey) showing the zero-phonon-line (ZPL, green)
and the phonon-side band (PSB, orange), overlapped with the dichromatic pulse
excitation laser profile (red and blue shaded peaks) detuned from the ZPL by ∆ω =
6.7 meV. (b) Emission intensity of the ZPL as a function of excitation power of the
dichromatic pulse laser for four measurements. The grey dashed line corresponds to
the pseudo π-pulse. 1st (green circles) offset by 1 kcts/s; and 2nd (red circles) offset
by 2 kcts/s for clarity.

recombination without phonon assistance – and phonon-side band (PSB) are fitted,

obtaining a ZPL fraction of ∼ 65 %. The emitter signal was isolated from the laser

by the grating-based spectral filter described in chapter 4, with a fwhm of 0.296 meV

centred on the ZPL. The imperfect shape of the laser resulted in some overlap of the

laser tails with the emitter ZPL, hence a set of retarders was included to suppress

it – as explained in chapter 4 – achieving an excitation source cancellation factor of

103. The emitter signal was collected with a high-resolution spectrometer, and the

ZPL emission intensity was extracted during data analysis.

Four successful sets of measurements were recorded and are plotted on fig-

ure 7.8(b). The data labelled ’1st’ and ’1st bis’ were taken one after the other

within the same run. A first clear oscillation of the integrated intensity ZPL signal

is consistently observed for ∼ 2.6
√
µW excitation power – as indicated with a grey

dashed line – and can be assigned to the pseudo π-pulse regime. The difference

in the maximum integrated intensity reached can have two reasons. (i) An energy

position drift of the emitter – on top of its spectral wandering – was noticed during

the experiment, especially at higher excitation powers. This drift was not consistent

and challenging to account for, which could lead to a non-optimised central position
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Figure 7.9: Emitter before and after first experiment. Emitter and dichro-
matic pulse laser profiles at the beginning (bottom) and at the end (top) of the first
experiment, for 2.8

√
µW excitation power. A blue-shift of the emitter, a change in

the laser contrast C, and a change in the signal-to-noise ratio are observed.

of the filter from one experiment to another. (ii) The dichromatic pulse excitation

laser symmetricity was unstable, hence the contrast parameter C could vary over

time and from one experiment to another. The laser was sent to the experiment

with a fibre going through a building, hence experiencing different temperatures

(including over time) and bending curves, which could explain this lack of robust-

ness as they affect an optical fibre performance. Figure 7.9 shows the change in

both the emitter and the excitation laser in between the beginning (bottom) and

the end (top) of the first experiment. The contrast parameter C goes from 0.24

to 0.33, and the dot position experiences a 174 µeV blue-shift (over half the filter

band-width). Additionally, a change in the signal-to-noise ratio can be observed,

also due to instabilities in the excitation system.

The quality of the integrated signal oscillation dramatically degrades from∼ 3
√
µW

excitation power, which is why no data is shown for 1st (green circles) and 1st bis

(blue circles) measurements at higher excitation powers on figure 7.8(b). The emitter

position and profile broadens with higher-excitation power. Its linewidth becomes

similar to that of the filter. To circumvent this issue, the filter linewidth was in-

creased to 565 µeV in between the 1st bis and the 2nd experiment. As a result a more

defined oscillation is observed for the 2nd (red circles) and 3rd (black circles) measure-

ments, although again the emitter profile change is too important from ∼ 6
√
µW

– preventing a clear observation of a second oscillation.
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7.3 Second sample – DBR planar cavity

7.3.1 DBR planar cavity sample description

Figure 7.10: DBR planar cavity sample. (a) Heterostructure design. The
DBR substrate is made of 13 pairs of SiO2/TiO2 layers grown on top of a Si wafer.
(b) Microscope picture of the sample. The dashed black line outlines the 1L-WSe2

flake, and the light (bright) green line the top (bottom) h-BN flake. (c) Transfer
matrix method calculations show that the best bottom h-BN thickness to optimise
the signal at 780 nm collected by the objective is around 6 nm.

The second studied 2D sample is also a planar cavity, consisting of a WSe2 single-

layer encapsulated by h-BN and placed on top of a flat Distributed Bragg Reflector

(DBR) substrate – as represented on figure 7.10. A DBR is a reflector made of

an alternation of high and low refractive index layers. The successive reflections

of an incoming beam at the right wavelength will interfere constructively, making

the DBR a high-quality reflector. The DBR here is made of 13 pairs of SiO2/TiO2

layers grown on top of a Si wafer. Its structure gives a 140 nm stopband centred at

710 nm (1.7463 eV). Similarly to the first sample, the bottom h-BN flake acts as a

spacer to form a λ/4 planar cavity at λ = 780 nm (1.5895 eV). Figure 7.10(c) shows

the simulation for the bottom h-BN, with an optimal thickness around 6 nm. The

bottom h-BN flake (bright green on figure 7.10) was selected relying on its optical

contrast, which correspond to a thickness of ∼6 nm – matching the calculations

optical thickness peak. The 2D heterostructure was assembled with the all-dry

viscoelastic stamping described in chapter 5. The top h-BN layer (light green on

figure 7.10) was also selected with optical contrast, and has a similar thickness of

∼6 nm. As shown on figure 7.10(b), it doesn’t entirely cover the WSe2 single-layer.
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7.3.2 DBR sample – the emitter

Figure 7.11: DBR sample – emitter location. (a) Colour-coded spatial map of

the maximum peak photoluminescence signal from the 1L-WSe2 flake in the spectral

range of 760—795 nm (1.55955–1.63137 eV). The localised bright spots correspond

to quantum dots. The white arrow indicates the location of the studied emitter.

The white dashed line indicates the edges of the WSe2 monolayer region. (b) High-

resolution PL spectrum from the location of the emitter, revealing its fine-structure

splitting. The main low-energy (LE) peak at 773.71 nm (1.60246 eV) has a 140 µeV

linewidth, and is separated by ∆Efss = 0.96 meV from the second higher-energy

(HE) peak at 773.25 nm (1.60342 eV) with a 185 µeV linewidth.

In a similar fashion to the first gold mirror sample, figure 7.11 presents a 2D colour-

coded spatial map of the PL maximum peak intensity from the WSe2 monolayer.

The sample is excited with a 532 nm (2.33 eV) green laser at 4 µW power. The

spatial positions of the SPEs in the 760–795 nm (1.55955–1.63137 eV) spectral range

can be identified.

The emitter studied hereafter is indicated with a white arrow. It is next the top

edge of the monolayer, hence in the fully encapsulated area of the sample.

A high-resolution PL spectrum at the emitter position (532 nm laser, 1.6 µW) ex-

hibits its fine-structure splitting (fss). A bright lower-energy (LE) peak at 773.71 nm

(1.60246 eV) with a linewdith fwhmLE = 140 µeV is split from a higher-energy (HE)

peak at 773.25 nm (1.60342 eV) with a linewidth fwhmLE = 185 µeV by ∆Efss =
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Figure 7.12: Second-order correlation function g(2)(τ) of the emitter. A
HBT measurement from the LE peak of the emitter is fitted (red) by a model
deconvoluted with the IRF of the system, exhibiting an antibunching of 0.002±0.015
at 0 delay.

0.96 meV.

A HBT measurement (cw 750 nm) confirms the single-photon emission – see

figure 7.12 – with a high purity of 0.002±0.015. The emitter stability is characterised

with a 10 min time-trace (cw 532 nm excitation at 1.6 µW) presented on figure 7.13.

The main LE peak position is monitored and it distribution is displayed, revealing

two spectral domains and an overall jitter of 88 µeV.

Figure 7.13: DBR sample – emitter stability. (a) 10 min time-trace of the
emitter, exhibiting its spectral wandering. (b) Distribution of the the main (LE)
peak position, extracted from (a). Two domains are identified, with an overall jitter
of 88 µeV.
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7.3.3 DPE of DBR sample emitter

Figure 7.14: DPE on the DBR sample emitter. (a) PL emission profile of
the emitter (grey) showing the zero-phonon-line (ZPL, green) and the phonon-side
band (PSB, orange), overlapped with the dichromatic pulse excitation laser profile
(red and blue shaded peaks) detuned from the ZPL by ∆ω = 2.0 meV. (b) Emission
intensity of the ZPL as a function of excitation power of the dichromatic pulse laser.
The black dashed line corresponds to the pseudo π-pulse.

The DPE method was applied to the main LE peak of the emitter, with a

dichromatic excitation laser detuning of ∆ω = 2.0 meV as shown on figure 7.14. The

emitter zero-phonon line (ZPL) and phonon-side band (PSB) are fitted, obtaining

a ZPL fraction of ∼ 65 % – similar to the gold mirror sample emitter. A very

clear oscillation in the integrated intensity signal from the dot can be observed on

figure 7.14(b), with a pseudo π-pulse around 2
√
µW. This oscillation occurs at a

lower power than for the first emitter (∼ 2.6
√
µW), which is due to the laser having

a better overlap with the PSB than for the first experiment (smaller detuning). The

oscillation is also more well defined than for the previous sample emitter. This

could be due to the change in the dichromatic pulse parameters with a smaller

detuning ∆ω = 2.0 meV vs ∆ω = 6.7 meV, and more stable laser throughout the

experiment. It could also be related to a better stability of the emitter over the first

oscillation (smaller jitter). As for the previously studied emitter, its unstability at

higher powers prevented the measurement of a potential second oscillation.
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7.4 Dichromatic pulse excitation of WSe2 mono-

layer quantum dots – conclusion and opening

The DPE technique was applied to 1L-WSe2 SPEs from two different samples. The

approach was to generate a balanced dichromatic pulse, with equal intensities for

the red-detuned and blue-detuned lobes; and to avoid overlap with the emitters

phonon-side bands. A pseudo π-pulse was observed for ∼ 2.6
√
µW excitation

power in the first sample, and for ∼2
√
µW in the second sample emitter. After this

work, a thorough study of the dichromatic pulse excitation regime was conducted on

semiconductor quantum dots by colleagues in the group [210]. It was then found that

dichromatic pulse asymmetry is essential for successful observation of population

inversion, hence Rabi oscillations in this excitation scheme. Moreover, overlap of

the dichromatic pulse with the dot PSB helps its excitation. Therefore, although

more work would be needed to gain an in-depth understanding of the success of this

project, it is interesting to suggest that the spectral wandering of 1L-WSe2 SPEs and

the unstability of the dichromatic pulse laser symmetry might have helped achieving

the observation of pseudo-π pulse regimes in this chapter. The successful observation

of pseudo-π pulse regimes opens the possibility to work within the resonant regime

for these 2D quantum dots. This excitation method could be an effective option

to coherently drive these emitters, circumventing their large spectral wandering.

It could be interesting to study the coherence of 1L-WSe2 SPEs in the π-pulse

excitation regime, and compare it to the non-resonant regime studied in the next

chapter.
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Towards indistinguishable single

photons from 1L-WSe2 quantum

dots

Photons are ideal to encode information as quantum bits (qubits), owing to their

small interaction with environment and their travel speed. Second, and more im-

portantly, photons allow to access the quantum properties of a system using clas-

sical measurements (e.g. photodetectors). Photons characteristics are inherited

from their emission source. Single-photon emitters (SPEs) are therefore the cen-

tral building blocks for quantum technologies [214–219]. The ideal SPE (briefly

discussed chapter 2) emits exactly one photon at a time - on-demand - and the

emitted single-photons are indistinguishable, rendering possible interactions in be-

tween them, which is required for quantum communications tools such as controlled-

NOT gates or NOON states [214]. SPEs from atomically thin WSe2 are promising

candidate for quantum application. Their high purity and brightness have been

demonstrated [22, 132]. However, one important missing feature is the observation

of the indistinguishability of these 2D emitters single-photons. In this chapter, the

coherence of two 1L-WSe2 SPEs is studied with cw non-resonant HOM measure-

ments. A very short coherence time is extracted for both of them, with 15 ± 5 ps

for the first, and 8 ± 5 ps for the second one. The observation of these short co-

herence times – measured in the cw excitation regime – is strongly limited by the

response time of our detection system. The coalescence time window (CTW) [220]
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– which determines the delay below which two consecutive photons are indistin-

guishable – could not be defined in this project due to a too limited HOM visibility,

and the absence of measurement of perpendicular HOM experiments. This chapter

is organised as follow. In the first section 8.1, the sample hosting the emitters is

briefly described; it is the DBR planar cavity exploited for the DPE experiment in

the previous chapter (chapter 7). The second section 8.2 is dedicated to the first

emitter, its spectroscopic and single-photon source characterisations, and the way

its coherence was determined. The same approach is followed for the second SPE

in the third section 8.3. Finally, the results of this chapter are briefly summarised,

and their implications are discussed in the last section 8.4.

8.1 DBR planar cavity description

Figure 8.1: DBR planar cavity sample. (a) The 2D sample is a h-BN/1L-
WSe2/h-BN heterostructure on a DBR – forming a planar cavity with the bottom
∼ 6 nm thick h-BN spacer. (b) Microscope picture of the sample. The dashed black
line outlines the 1L-WSe2 flake, and the light (bright) green line the top (bottom)
h-BN flake.

The 2D sample exploited for the 1L-WSe2 SPEs coherence measurements is the

DBR planar cavity introduced in the previous chapter 7 on the dichromatic pulse

excitation method. Its design is briefly reminded here. The sample consists of

a h-BN/1L-WSe2/h-BN heterostructure placed on top of a flat distributed Bragg

reflector (DBR) substrate (140 nm stopband, centred at 710 nm) – as represented

on figure 8.1. The bottom ∼ 6 nm thick h-BN flake acts as a spacer to form a

λ/4 planar cavity at λ = 780 nm (1.5895 eV). Figure 8.2 presents 2D colour-coded
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spatial maps of the integrated PL and maximum peak PL intensity from the WSe2

monolayer. The sample is excited with a 532 nm (2.33 eV) green laser at 4 µW

power. The spatial positions of the SPEs in the 760–795 nm (1.55955–1.63137 eV)

spectral range can be identified. The two emitters measured in this chapter are

indicated with white arrows. Both of them are next the top edge of the monolayer,

hence in the fully encapsulated area of the sample.

Figure 8.2: DBR sample – emitters location. (a)-(b) Colour-coded spatial map
of the integrated (a) and maximum (b) photoluminescence signal from the 1L-WSe2

flake in the 700—720 nm (1.72200–1.77120 eV), and 760—795 nm (1.55955–1.63137
eV) spectral ranges, respectively. 2D map (a) highlights the hosting monolayer,
contoured by the white dashed line. The localised bright spots in (b) correspond to
quantum dots. The white arrows indicate the location of the studied emitters.

8.2 HOM interference on the first emitter

The first emitter is the same that is studied under DPE in the previous chapter 7.

Its characteristics are briefly overviewed here again, for they are presented for dif-

ferent excitation energies. A high-resolution PL spectrum from the emitter position

is plotted figure 8.3(a). It was measured with a cw 750 nm (1.65312 eV) laser at

0.35 µW excitation power. This excitation energy was chosen relying on the pho-

toluminescence excitation (PLE) measurement shown figure 8.3(b). During a PLE

measurement, the energy of the excitation laser sent to the sample is swept over a

range (fixed excitation power), and the intensity of the collected signal is monitored.

Such an experiment allows to identify local resonances (i.e. laser wavelengths in-

ducing an enhanced collected signal) in the system measured (here a SPE). A broad
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Figure 8.3: First emitter – profile and excitation energy. (a) High-resolution
PL spectrum from the location of the first emitter. Fine-structure doublet with a
main low-energy (LE) peak at 773.10 nm (1.60372 eV) having a 120 µeV linewidth,
separated by ∆Efss = 0.1 meV from a second higher-energy (HE) peak at 773.57 nm
(1.60276 eV) with a 150 µeV linewidth. (b) A photoluminescence excitation exper-
iment of the main LE peak reveals a resonance at ∼ 750 nm. The red-dashed line
is at the emitter position.

resonance is observed when the excitation laser is around ∼ 750 nm, hence this wave-

length was kept for the emitter study. The emitter high-resolution PL profile shows

its fine-structure splitting (fss) ∆Efss = 1 meV. It was fitted with 2 lorentzian peaks

– one for each peak of the doublet – and two gaussian peaks to reproduce the PSB

at lower energies. The bright lower-energy (LE) peak at 773.10 nm (1.60372 eV)

has a 120 µeV inhomogeneously broadened linewidth, and the dimmer higher-energy

(HE) peak at 773.57 nm (1.60276 eV) has a 150 µeV inhomogeneous linewidth.

The power-dependence of the LE peak on figure 8.4(b) is fitted by a 2-level system

saturation model (red line), from which a half-power saturation of 4.2 ± 0.3 µW and

a saturation PL intensity of Isat = 7.2 ± 0.3 kcts/s are extracted. It proves that the

measurements presented in this section are achieved below saturation. The LE peak

signal is spectrally isolated with a 296 µeV full-width at half-maximum (fwhm)

filter, to remove any reflected laser as well as any contribution from other SPEs

and 2D excitons from the PL. A 1–min PL time-trace of the emitter after filtering –

figure 8.4(b) demonstrates a great stability with a jitter of 56 µeV, below the emitter

inhomogeneous linewidth. The filter output is sent into a fibered Hanbury Brown
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Figure 8.4: First emitter – saturation and stability. (a) Power dependence of
the main (LE) peak integrated PL intensity, fitted with a two-level system saturation
curve giving P1/2 = 4.2 µW and Isat = 7.2 kcts/s. (b) 60–s time-trace of the emitter,
exhibiting its 56 µeV spectral wandering.

and Twiss (HBT) setup or a fibered Hong-Ou-Mandel (HOM) setup, as described

in chapter 4.

Figure 8.5: Emitter 1 – time-resolved photoluminescence. Time-resolved
photoluminescence (TRPL) of the LE peak. The single-exponential fit (red line)
yields a radiative lifetime of 4.1 ± 0.3 ns.

A time-resolved photoluminescence (TRPL) measurement (80.3 MHz repetition

rate pulsed laser at 750 nm with a ∼ 1 ps pulse width, 1 µW average excitation

power) is fitted by a single-exponential decay figure 8.5, with a radiative lifetime τ1

of 4.1 ± 0.3 ns.

Figure 8.6 introduces HBT measurements of the first emitter, both for pulse
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Figure 8.6: Emitter 1 – HBT experiments. (a)-(b) Pulse (a) and cw (b)
second-order correlation functions g2(τ) of the single-photons from the LE peak of
the emitter. (a) Re-excitation of the dot due to high repetition rate pulse laser leads
to limited decays of the peaks, a g(2)(0) = 0.011 ± 0.011 is obtained from fitting
(red line). (b) The fit convoluted with the IRF of our system (red line) exhibits an
antibunching of 0.002 ± 0.015 at 0 delay.

and cw excitations. The repetition rate of the pulse laser (750 nm, 80.3 MHz,

12.5 ns) was too close to the emitter lifetime, leading to its re-excitation which

can be observed with the population decays not going down to 0. The pulse HBT

data is fitted, leading to an estimated pulsed g(2)(0) = 0.011± 0.011. The cw HBT

(750 nm, 0.6 µW) is fitted with the second-order correlation function g(2)(τ) defined

chapter 3, convoluted by the gaussian instrument response function IRF(τ):

g
(2)
cw, fit(τ) = g(2)(τ) ∗ IRF(τ) (8.1)

with

IRF(τ) =
1

σ
√

2π
e−

1
2( τσ )

2

(8.2)

and

σ =
fwhm

2
√

2ln(2)
(8.3)

where the IRF fwhm was measured to be 57 ps. From the fit, a multi-photons

emission high suppression of 0.002 ± 0.015 is obtained, signature of the quantum

emitter great purity. A decay-time τD of 2.93 ± 0.06 ns is also extracted, different
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to the lifetime τ1 due to the laser-pump rate Wp as discussed in chapter 3:

Wp =
1

τD
+

1

τ1

(8.4)

which leads to Wp = 0.1 ± 0.02 ns−1, below the spontaneous emission rate Γ =

0.24± 0.02 ns−1.

Figure 8.7: Emitter 1 – Hong-Ou-Mandel interference measurement. (a)
Two-photon interference measurement of the single-photons in the co-polarised (in-
distinguishable) configuration. The dip below 0.5 is signature of coherent light. The
fit (red line) is computed with the model (3.21) convoluted with the IRF of the
detection system, giving a photon coherence time of 15 ± 5 ps. (b) A 2 ns window
close upon the dip. The blue-plot is the non-convoluted model. The transparent
grey area highlights the detections Poissonian distribution.

Two-photon interference measurements were carried out in a fiber-coupled Mach-

Zehnder interferometer (full description of the HOM setup in chapter 4). The cw

750 nm excitation laser was set at the same power – 0.6 µW – as for the cw HBT

measurement. The HOM data was fitted with the second-order coherence function

g
(2)
‖ 3.21 defined in chapter 3 and taken from [122], reminded here:

g
(2)
‖ (τ) =

1

2
g(2)(τ) +

(
1

4
g(2)(τ + ∆t) +

1

4
g(2)(τ −∆t)

)(
1− V e

−2|τ |
τc

)
(8.5)

where τ is the delay between detections, g(2)(τ) is the correlation function in

the HBT configuration, ∆τ the 25 ns fiber-delay, V – fixed to 1 – is the overlap

of the photons wavefunctions upon recombination, and τc the coherence time of

the single photons. The results are shown on figure 8.7. The data (black dots)
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Figure 8.8: Emitter 1 – HOM visibility. (a) Convoluted model of HOM in the
indistinguishable case for τc = 15 ps (red line), τc = 23 ps (black line), τc = 300 ps
(blue line). (b) HOM visibility, plotted from convoluted parallel and perpendicular
models; same τc as in (a). Dark circles are plotted from parallel data and convoluted
perpendicular model.

features a sharp antibunching at zero delay, going below 0.5 (horizontal dashed grey

line). A zoom around the dip is presented figure 8.7(b). The data is successfully

fitted (red line) by the model 3.21 convoluted with the IRF (fwhm = 57 ps). The

HBT g(2)(τ) time-decay was fixed to 2.93 ns, as the excitation power was the same.

The sharpness of the central dip below 0.5 as compared to its upper part is a

signature of a much shorter coherence time than the emitter decay-time τD influenced

by the laser pump-rate. The fit is successful for a coherence time τc = 15 ± 5

ps. The blue line – figure 8.7(b) – is the plot of the non-convoluted model. It

shows the sharp antibunching going all the way down to zero. The response of

the detectors – being on the same order of the coherence time τc – is not fast

enough to resolve it; hence the dip is limited in the data with a minimum of 0.29,

which is successfully reproduced by the convoluted model. The grey shadowed area

represents the Poissonian interval error associated to the experimental determination

of g(2)(τ). The dispersion of the experimental data can be observed to be successfully

overlapped with this grey shadowed area, especially in the critical central sharp

antibunching where it is thinner due to the reduced number of photon detections.

The HOM two-photons interferences visibility VHOM(τ), written (see chapter 3,
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equation 3.22)

VHOM(τ) =
g

(2)
⊥ (τ)− g(2)

‖ (τ)

g
(2)
⊥ (τ)

(8.6)

is estimated on figure 8.8. No measurement of the perpendicular configuration (dis-

tinguishable case) was taken for this laser energy and power, so the data visibility

(dark circles) on the plot is calculated from the parallel (indistinguishable) case data

g
(2)
‖ (τ) presented figure 8.7 and a convoluted perpendicular case model g

(2)
⊥ (τ). The

red line is the HOM visibility calculated from parallel and perpendicular convoluted

models. The dispersion of the estimated measurement visibility VHOM(τ) is signifi-

cantly larger than the Poissonian distribution (grey area). The convoluted visibility

model (red line) shows that for this first emitter estimated coherence time τc = 15 ps,

the visibility is limited to 0.4, below the 0.5 limit necessary to claim the coherence of

a SPE. Two models are plotted with different coherent times. Figure 8.8(a) shows

the changes in the indistinguishable HOM central dip. As expected, it broadens

and goes lower as the coherence time increases. The black line was calculated for

a coherence time τc = 23 ps. With the 57 ps IRF, this coherence time is the limit

leading to a HOM two-photon interferences visibility VHOM(τ) = 0.5. As an example

of a coherence time longer than this 23 ps limit, the model for a large coherence

time τc = 300 ps is plotted (blue line).

8.3 HOM interference on the second emitter

The second emitter high-resolution PL spectrum is plotted figure 8.9(a). It was

measured with a cw 720 nm (1.722 eV) laser at 0.3 µW excitation power. This

excitation energy was chosen based on previous measurements on the dot, where

it had been observed to enhance its brightness. Unlike for the previous emitter,

the high-resolution PL profile does not reveal any fine-structure splitting. The dim

peak that can be seen at higher-energy – around ∼ 785.5 nm (1.578 eV) – is an

independent SPE. The emitter was fitted with a single lorentzian peak and two

gaussians to reproduce its overall profile. It sits at 786.47 nm (1.57647 eV) with a

186 µeV ZPL inhomogeneously broadened linewidth.

As previously, the peak signal is spectrally isolated with a 296 µeV fwhm filter. A

3–min PL time-trace of the emitter (720 nm, 0.3 µW) after filtering – figure 8.9(b)
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highlights a 70 µeV jitter, proving a stability below the emitter inhomogeneous

linewidth.

Figure 8.9: Second emitter - profile and stability. (a) High-resolution PL
spectrum from the location of the second emitter. There is no fine-structure split-
ting. The emitter peak at 786.47 nm (1.57647 eV) presents a 186 µeV linewidth.
(b) 3–min time-trace of the emitter, exhibiting its 70 µeV spectral wandering.

A time-resolved photoluminescence (TRPL) measurement (5 MHz repetition rate

pulsed laser at 520 nm with a 40 ps pulse width, 1 µW average excitation power)

is fitted by a single-exponential decay figure 8.10(a), with a radiative lifetime τ1 =

2.2 ± 0.003 ns. Unfortunately, a TRPL measurement at the working wavelength of

the HOM measurement (720 nm) could not be done due to the pulsed laser having

a too high repetition rate.

A cw HBT experiment (720 nm, 0.5 µW) was done – see figure 8.10(b). From the

fit, a multi-photons emission high suppression of 0.03 ± 0.05 is obtained, proving

the emitter great quality. A decay-time τD of 0.52 ± 0.04 ns is also extracted, hence

the experiment was done with a laser-pump rate Wp = 1.47± 0.15 ns−1, more than

three times the spontaneous emission rate Γ = 0.45± 0.001 ns−1.

Two-photon interference measurements were carried out with the same setup

than for the previous emitter. The cw 720 nm excitation laser was set at the same

power – 0.5 µW – as for the cw HBT measurement. The results are shown on

figure 8.11. A zoom around the dip is presented figure 8.11(b). The data is suc-

cessfully fitted (red line) by the same previously employed convoluted model. The

HBT g(2)(τ) time-decay was fixed to 0.52 ns, as the excitation power and energy
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Figure 8.10: Second emitter – lifetime and purity. (a) Time-resolved photo-
luminescence (TRPL) of the emitter. The single-exponential fit (red line) yields a
radiative lifetime of 2.2 ± 0.003 ns. (b) cw second-order correlation function g2(τ) of
the single-photons from the emitter. The fit convoluted with the IRF of our system
(red line) exhibits an antibunching of 0.03 ± 0.05 at 0 delay.

were the same. The data and fitting model reveal an antibunching sharper than

for the previous emitter. A coherence time τc = 8 ± 6 ps is estimated from the

fit. The blue line – figure 8.11(b) – is the plot of the non-convoluted model. It

shows the sharp antibunching going as expected all the way down to zero. This

shorter coherence time and the 57 ps response of the detectors lead to a more lim-

ited resolution of the antibunching, explaining that the central dip minimum at 0.43

– successfully reproduced by the convoluted model – is higher than for the first

emitter. The grey shadowed area represents the Poissonian interval error associated

to the experimental determination of g(2)(τ), and successfully overlap the data.

Figure 8.12 gives an estimation of the second emitter HOM two-photons inter-

ferences visibility. As for the first emitter, it is based on a convoluted model for

the perpendicular configuration g
(2)
⊥ (τ) (distinguishable case) and the data shown

figure 8.11 for the parallel (indistinguishable) case g
(2)
‖ (τ). During the project, the

main goal was to measure a successful HOM measurement in the parallel case. Dur-

ing the experiments, the perpendicular case remained overlooked; unfortunately at

the end of the project the emitter changed, so it could not be measured anymore.

The red line is the HOM visibility calculated from parallel and perpendicular convo-

luted models. This second emitter HOM antibunching g
(2)
‖ (0) = 0.4 is higher than
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Figure 8.11: Emitter 2 – Hong-Ou-Mandel interference measurement.
(a) Two-photon interference measurement of the single-photons in the co-polarised
(indistinguishable) configuration. The dip below 0.5 is signature of coherent light.
The fit (red line) is computed with the model (3.21) convoluted with the IRF of the
detection system, giving a photon coherence time of 8 ± 6 ps. (b) A 2 ns window
close upon the dip. The blue-plot is the non-convoluted model. The transparent
grey area highlights the detections Poissonian distribution.

for the first emitter, leading to a lower expected visibility. The dispersion of the

estimated measurement visibility VHOM(τ) (black circles) is significantly larger than

the Poissonian distribution (grey area). This high dispersion of the HOM estimated

visibility – observable over the whole range – is on the same order than the pre-

dicted visibility peak VHOM(0) ∼ 0.2, hence no peak at 0 delay can be identified.

The convoluted visibility model (red line) shows that for this second emitter esti-

mated coherence time τc = 8 ps, the visibility is limited to ∼ 0.2, below the 0.5

limit necessary to claim the coherence of a SPE. As for the first emitter, two models

are plotted with different coherent times for comparison. Figure 8.12(a) shows the

changes in the indistinguishable HOM central dip. As expected, it broadens and

goes lower as the coherence time increases. The black line was calculated for a coher-

ence time τc = 24 ps. With the 57 ps IRF, this coherence time is the limit leading to

a HOM two-photon interferences visibility VHOM(τ) = 0.5. A large coherence time

τc = 300 ps is plotted (blue line) as an example of a coherence time longer than this

24 ps limit, presenting a broader and greater antibunching, hence a higher predicted

HOM visibility.
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Figure 8.12: Emitter 2 – HOM visibility. (a) Convoluted model of HOM in the
indistinguishable case for τc = 8 ps (red line), τc = 24 ps (black line), τc = 300 ps
(blue line). (b) HOM visibility, plotted from convoluted parallel and perpendicular
models; same τc as in (a). Dark circles are plotted from parallel data and convoluted
perpendicular model.

8.4 Indistinguishability of 1L-WSe2 SPEs – sum-

mary and open discussion

In this chapter, the coherence times of two 1L-WSe2 quantum emitters were esti-

mated by fitting two-photon interference measurements in quasi-resonant cw excita-

tion regime. Due to elusiveness of the resonant excitation regime, the experiments

were conducted out-of-resonance and in the continuous wave regime, for excitation

energies inducing an enhancement of the emitters brightness. Fits with HOM mod-

els convoluted with the 57 ps detection system response time leads to a first emitter

coherence time of 15±5 ps, and the second one – shorter – 8±5 ps. In these expimen-

tal conditions, the correct figure-of-merit to consider is the coalescence time window

(CTW) [220], which quantifies the delay below which two photons are indistinguish-

able. Unfortunately, the HOM visibility for these experiments is only estimated and

is too limited to put a reliable figure on the CTW. None of the two measured emit-

ters HOM interference visibility can go over the 0.5 limit – necessary to be qualified

as a coherent single-photon source – due to the 57 ps IRF, greater than the SPEs

coherence times, which prevents a good resolution of the HOM antibunching.

The coherence time τc of a single-photon is limited to the Fourier-transform limit
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2τ1 – as discussed in chapter 3. From this, one can define a simple figure of merit con-

sisting in the ratio τc
2τ1

which maximum is 1, and minimum is 0. As the experiment

was done in quasi-resonance, with a cw excitation, and missing a clear knowledge of

the quantum structure of these emitters, it is challenging to compare these results

to other known single-photon sources. Most of the studies are done in the pulse

excitation resonant regime, which is the most promising to harvest the best single-

photon properties of a quantum emitter and exploit them for quantum technologies.

Pulsed excitation is employed to create on-demand single-photons, every single pulse

ideally yielding exactly one photon. Therefore, single-photons arrival time is deter-

mined by the pulse rate and not random as in cw, making post-selection not required

at pulsed resonance. Moreover the coherence time can directly be measured from

pulsed HOM two-photons interferences; unlike cw excitation, deconvolution is not

needed anymore. To cite a few arguably comparable experiments from literature,

Kiraz et al. [221] measurements lead to a τc
2τ1

ratio of 0.44 from a single molecule,

exciting it at higher energy in one of its vibration modes. From Patel et al. [122]

measuring the coherence of single-photons from quantum dot emitted by electro-

luminescence, a 0.2 τc
2τ1

ratio is obtained. Finally, Sipahigil et al. [222] probed the

two-photon HOM interferences in between two silicon vacancies (Si-V) in diamond

excited by a non-resonant cw green laser, which yield a 0.34 τc
2τ1

ratio. Our results

leads to τc
2τ1

ratios of 0.0029 ± 0.001 for the first emitter, and 0.008 ± 0.005 for the

second, two orders of magnitude below the aforementioned systems. This can be

explained by the large inhomogeneous broadening of emitters from WSe2 monolayer

(∼ 100 µeV) to this day, over two orders of magnitude higher than the homogeneous

limit (∼ 1 µeV). Table 8.1 summarises this comparison.

Work authors τc
2τ1

measured system excitation method

Kiraz et al. [221] 0.44 single molecule higher vibration modes
Patel et al. [122] 0.2 semiconductor QD electroluminescence

Sipahigil et al. [222] 0.34 two Si-V in diamond cw green laser
Picard et al. 0.0029 ± 0.001 1L-WSe2 SPE 1 local-resonance cw laser
Picard et al. 0.008 ± 0.005 1L-WSe2 SPE 2 local-resonance cw laser

Table 8.1: Comparison of the τc
2τ1

ratio in between different reported systems and
this project. Our results are two orders of magnitudes below.

As shown by Lettow et al. [223], an inhomogeneous broadening of the source re-
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sults in a dramatic sharpening of the HOM antibunching. Going towards spectrally

narrower emitters – closer to the homogeneous limit – probably involves pristine

samples with nanofabrication not only in inert atmosphere and methods not ex-

posing the active layer to any polymer, but also isolating these 2D materials from

any impurities, charges, and other disorder sources as discussed in chapter 5. The

ratio could also be improved by reducing the radiative lifetime τ1 with Purcell en-

hancement (i.e. increase of the emitter spontaneous emission rate by optimising

the environment), embedding the sample in an optical cavity with stronger quality

factor than the simple planar cavity exploited in this chapter. Finally, the coher-

ence time could also be improved by resonant excitation of the emitter[22, 194] –

as discussed in chapter 3 – and could be measured in the pulsed regime to directly

probe the coherence time, with no deconvolution required.
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Chapter 9

Resonant excitation of 1L-WSe2

single-photon emitters on a

photonic chip

Quantum technologies can be achieved by use of photonic integrated circuits (PICs),

exploiting single-photons as qubits. Integrating single–photon emitters (SPEs) into

PICs can be challenging. Choosing III-V semiconductor quantum dots or colour

centres is limited by optical loss and low scalability. Quantum emitter hosted by

2D materials are a promising alternative, due to their atomically thin nature and

the simplicity to induce them with localised strain. The successful coupling of

a 1L-WSe2 SPEs into waveguides has already been reported [23, 24]. White et

al. [23] SPEs were coupled into a Ti in-diffused lithium niobate waveguide facet,

and yielded a low brightness preventing a successful HBT measurement. Peyskens

et al. [24] 1L-WSe2 SPEs were coupled through the top of a SiN waveguide, and they

observed an off-resonance antibunching at the limit g(2) ∼ 0.5. Therefore, addressing

resonantly these 2D quantum emitters PIC devices have not yet been achieved.

Resonant excitation is required for coherent driving of SPEs, and to reach a good

single-photons indistinguishability, necessary for photonic qubits manipulations. In

this chapter, cw resonant excitation of an atomically thin WSe2 quantum emitter

on a waveguide is studied. A second-order correlation measurement is done at

resonance for two different emitters. The first one yields a limited antibunching

g(2)(0) = 0.58 ± 0.03 due to laser suppression unstability. The laser suppression is
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adjusted over the course of the experiment for the second emitter, resulting in an

antibunching g(2)(0) = 0.377± 0.081.

All the experiments described in this chapter were carried out at the Quantum

Nano Photonics group at KTH Royal Institute of Technology (Stockholm, Sweden)

in collaboration with Eva Schöll and under the supervision of Dr. Klaus D. Jöns

(now Prof. Klaus D. Jöns, Hybrid Quantum Photonic Devices Group, Institute for

Photonic Quantum Systems, Paderborn University, Germany). The chapter is split

in four sections. In section 9.1, the sample is described. Section 9.2 introduces the

results for the first emitter, and represents the work done during the three weeks

visit at KTH. Section 9.3 presents the result for the second emitter, which was

achieved after my stay. Finally, a conclusion of this project is given in section 9.4.

9.1 Description of the waveguide sample

Figure 9.1: Waveguide sample. (a) Microscope image of the Si3N4 U-shaped
waveguide, with a transferred WSe2 flake. (b) Close upon the WSe2 flake, with a
bulk part, a bilayer (2L) region, and a monolayer (1L) area which is highlighted
with a red line. (c) Photoluminescence CCD camera picture (defocused excitation),
featuring bright localised emitters induced by strain due to the waveguide edges
(dashed grey lines for clarity).

The sample studied in this chapter is shown figure 9.1. It was fabricated in

ambient atmosphere by collaborators at KTH using the all-dry viscoelastic stamping

described in chapter 5. The sample consists in a WSe2 flake – with a 1L area – on top

of a U-shaped waveguide. The waveguide is made of Si3N4 on a SiO2/Si substrate.

It is 800 nm wide, 250 nm high, and has a 2.2 mm total length with a 25 µm bend
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radius. The sample was cleaved to expose cross-sections of the waveguide on its edge

(labelled as output 1 and output 2 on figure 9.1(a)). The WSe2 flake was exfoliated

and transferred following the all-dry viscoelastic stamping technique described in

chapter 5. Figure 9.1(a) presents a microscope picture of the Si3N4 waveguide with

its transferred WSe2 flake. Two images – figure 9.1(b)-(c) – were taken with the

CCD imaging camera from the measurement setup. On the first, whitelight source

is on, showing a close upon the WSe2 flake and its monolayer region – contoured

by a red line for clarity. On the second, a cw HeNe excitation laser was sent to the

same sample position and defocused by addition of a lens. A 700 nm long-pass filter

was placed in front of the CCD camera to remove the laser signal. Two arrays of

bright photoluminescence spots are revealed, one along each waveguide edge (shown

with grey dashed lines for clarity). They are strain-induced emitters hosted by the

1L-WSe2 flake (red line contour). With this geometry, several quantum emitters

can be excited and their emission signal simultaneously coupled into the waveguide.

The sample was measured in a closed-cycle cryostat at 6 K. The full measurement

setup is described in details in chapter 4. The sample can be optically excited from

top through an objective with a confocal microscope, or by coupling a laser from

a lensed fibre into an exposed waveguide cross-section. Similarly, signal can be

collected confocally from the top or by coupling a waveguide output into a lensed

fibre.

9.2 Resonant excitation of first emitter

9.2.1 The emitter

The candidate for resonant excitation is shown on figure 9.2. It is excited off-

resonance by a cw green (532 nm) laser coupled into the waveguide, and the sig-

nal is confocally collected by the objective. This excitation/collection geometry is

described in chapter 4 (see figures 4.16 and 4.17). On figure 9.2(a) the PL low-

resolution signal (600 lines/mm grating) is unfiltered, and three main peaks can be

identified: a doublet centred at 1.5923 eV (778.65 nm), a single peak at 1.5959 eV

(776.89 nm), and a single peak at 1.603 eV (773.45 nm). The doublet is spectrally

isolated by two overlapping tunable band-pass filters. Although no measurement
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Figure 9.2: Emitter excited from waveguide. Low-resolution photolumines-
cence (cw 532 nm) spectrum of the emitter (a) before filtering, and (b) after filtering.
The higher energy peaks on (a) belong to separate SPEs. The doublet of the emitter
is probably its fss.

clearly proves it (two low-resolution time-traces were taken), it is believed that this

doublet is the emitter fine-structure splitting. The filtered resulting PL signal is

shown on figure 9.2(b).

9.2.2 Resonant excitation

The emitter was excited resonantly with a cw laser sent through the waveguide, and

the PL signal was collected confocally from through the objective. A set of retarders

was included in the collection path to suppress the laser signal, as explained in

chapter 4. A Hanbury-Brown and Twiss (HBT) measurement was taken, shown on

figure 9.3. The data (black circles) is fitted with the model (see chapter 2):

g(2)(τ) = I0

(
1− ρ2e

− |τ |
τD

)
(9.1)

with I0 the coincidences plateau value and τD the decay-time related to the emitter

lifetime and the laser pump-rate (see chapter 3). The fit yields a decay-time τD =

3.1± 0.3 and an antibunching g(2)(0) = 0.58± 0.03, over the 0.5 limit (dashed gray

line) necessary to qualify a source of single-photon emitter.

The limited g(2)(0) antibunching can be explained by looking at the unstability

of the backscattered laser suppression, and the wandering of the quantum emitter
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Figure 9.3: Resonance fluorescence – HBT. The HBT data fit (red line)
gives an antibunching g(2)(0) = 0.58 ± 0.03, and a decay-time τD = 3.1 ± 0.3.
The antibunching is higher than the 0.5 quantum emitter limit (grey dashed line).
The red-shadowed area represents an estimation of the expected antibunching value
considering the SBR during the measurement.

in and out of resonance. Figure 9.4 shows two spectra taken after the HBT mea-

surement. On the left pannel, the laser peak at higher energy, and the quantum

dot peak at lower energy are overlapping. The spectra is fitted with two lorentzian

peaks – one for the laser, and one for the emitter zero-phonon line (ZPL) – and

one gaussian peak for the quantum dot phonon-side band (PSB). Calculating the

signal-to-background ratio (SBR)

SBR =
IZPL + IPSB

Ilaser

(9.2)

with the fitting parameters leads to a SBR ∼ 4. The antibunching g(2)(0) can be

written (see chapter 3):

g(2)(0) = 1− ρ2 (9.3)

with ρ being related to the SBR by

ρ =
SBR

1 + SBR
(9.4)

Therefore, a SBR ∼ 4 leads to an expected antibunching g(2)(0) = 0.36. On fig-

ure 9.4(b), the dot is further from resonance, and the laser peak intensity is higher.

The fit of the PL spectrum leads to a SBR ∼ 2, hence an expected antibunching
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Figure 9.4: Resonance fluorescence – unstability of the laser and the
quantum dot. (a) Near resonance, with good laser suppression. Highest energy
peak is the cw excitation laser. Lower energy peak is the SPE. The fit yields a SBR
∼ 4. (b) Further from resonance, and higher laser signal collected. The fit yields a
SBR ∼ 2.

g(2)(0) = 0.55. The range formed by these two antibunching cases is represented on

figure 9.3 by a red-shadowed area. The HBT measurement antibunching is higher,

but these two SBR comparison spectra do not represent the extrema situations,

hence the unstability of the laser suppression and the emitter spectral wandering

could have led to lower SBR over the measurement. This measurement was nev-

ertheless an encouraging result to try again this excitation scheme (laser through

waveguide, collection from top), with a better backscattered laser suppression.

9.3 Results obtained by collaborators on second

emitter

In this section, a brief review of the results obtained by the collaborators after my

visit was over is given.

The same excitation scheme was reproduced on a second emitter presented fig-

ure 9.5(a). It was excited resonantly with a cw laser. A resonant HBT measurement

was done, being paused when the laser suppression was degrading. After reoptimi-

sation of the polarisation suppression, the measurement was resumed. The result is

shown on figure 9.5(b). A clear antibunching is successfully fitted with the afore-
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Figure 9.5: Second emitter – resonance fluorescence. (a) Resonance fluores-
cence (RF) spectrum of the second emitter, with remaining laser after suppression
(semi-logarithmic plot). (b) cw RF HBT measurement of the second emitter. The
antibunching g(2)(0) = 0.377 ± 0.081 goes below 0.5, confirming the source sin-
gle–photon emission nature. Inset: Longer time window showing bunching at 50 ns,
due to spectral diffusion.

mentioned model, giving g(2)(0) = 0.377 ± 0.081, below the 0.5 limit. A photon

bunching can be observed at 50 ns delay (see inset figure 9.5(b)), due to spectral

diffusion.

9.4 Conclusion

In this chapter, the successful cw resonant excitation of 1L-WSe2 SPEs coupled to a

waveguide was demonstrated. The limited antibunchings g(2)(0) = 0.58± 0.03 (first

emitter) and g(2)(0) = 0.377±0.081 (second emitter) are due to remaining excitation

laser. The difficulty to achieve good laser suppression could be due to its scattering

by the roughness of the waveguide edges. Furthermore, the emitters are induced by

localised strain on the waveguide sides, leading to a low coupling to the waveguide

modes – estimated to be around 0.32 % and0.34 % for TE00 and TM00 modes,

respectively. This could be improved by inducing quantum emitters at the centre

of the waveguide – e.g. with patterned nanopillars [20]. A combination of better

emitter coupling and higher laser suppression should lead to an improved signal-to-

background ratio, and open the door to further characterisation of 2D-based PICs,

such as measure of single-photon indistinguishability and pulse resonant excitation

regime – necessary for on-demand single-photons.
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Conclusions

This thesis presented steps towards incorporation of two-dimensional quantum light

sources into functional devices through the example of WSe2 single-photon emit-

ters. This concluding chapter briefly summarises the findings obtained, and gives

perspectives opened by the presented results.

10.1 Summary

After an introductory part to two-dimensional materials, single-photon emitters,

and nanofabrication of 2D samples, chapter 6 presented a fully functional glove

box system dedicated to the monitored fabrication of 2D heterostructures. 2D ma-

terials are exfoliated, characterised, and assembled in an inert argon atmosphere,

only leaving the glove box after completion. Throughout the process, the different

building blocks such as TMD single-layers, h-BN, and graphene are characterised

by a combination of optical contrast microscopy, photoluminescence microscopy (for

TMD monolayers), and imaging ellipsometry. Imaging ellipsometer is used to accu-

rately probe the thickness of different substrate layers and h-BN flakes, which leads

to nanofabrication of planar cavities where single-photon emitters collected signal

is enhanced. Working in inert glove box atmosphere during fabrication led to –

among other things – the successful observation of Coulomb blockade in quantum

dots hosted by WSe2 monolayers, and the first reported confirmation of the quan-

tum nature of Moiré trapped interlayer exciton in a 2D Moiré heterostructure. This

glove box 2D nanofabrication system was exploited for the fabrication of the 2D
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samples studied in this thesis.

In chapter 7, dichromatic pulse excitation – a new excitation technique – was

applied to monolayer WSe2 single-photon emitters. It was motivated by the chal-

lenge to achieve resonant fluorescence for these emitters with common methods, i.e.

cw and pulse resonant laser. In this novel excitation scheme, a dichromatic pulse

is generated with one lobe being red-detuned and the other blue-detuned as com-

pared to the measured quantum dot at the centre. Dichromatic pulse excitation was

employed on two quantum emitters, from two different planar cavity samples. In

both cases, oscillations of the emitter integrated intensity were successfully observed

with increased excitation power – a signature of coherent driving of the emitter. A

pseudo π-pulse was reached for an excitation power of ∼ 2.6
√
µW excitation power

in the first sample, and for ∼2
√
µW in the second sample emitter. A thorough

study of the dichromatic pulse excitation regime on semiconductor quantum dots

conducted by colleagues in the group after this project revealed that dichromatic

pulse intensity asymmetry, and overlap with a dot phonon-side band are essential

for the successful observation of Rabi oscillations. During the experiments on the

2D quantum emitters – following the method described by the authors of the tech-

nique – the pulse was close to being symmetric, and away from the phonon-side

band, which should have hampered the observation of Rabi oscillations. However,

the emitters large spectral jittering, and the trend for the dichromatic pulse laser

to lose its symmetricity, could have helped in the successful measurement of pseudo

π-pulses.

In chapter 8, the coherence times of two quantum emitters hosted by WSe2

single-layers were estimated by quasi-resonant cw excitation Hong-Ou-Mandel inter-

ferometry. The resonant excitation regime remaining elusive, the experiments were

conducted in local resonances of the emitters, for which an enhancement of their

brightness was observed. Both emitters presented a sharp Hong-Ou-Mandel central

antibunching that could not be completely resolved by the single-photon detection

system due to its 57 ps response time. By fitting the data with a Hong-Ou-Mandel

model convoluted with this instrument response function, a coherence time τc of

15±5 ps was estimated for the first emitter, and of 8±5 ps for the second one. Due

to the limited resolution of the antibunching in the data, the Hong-Ou-Mandel visi-
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bility could only be estimated based on models with parameters extracted from the

fits. Hence, the coalescence time window – the figure-of-merit to quantify the indis-

tinguishability of single-photons with cw Hong-Ou-Mandel interferometry – could

not be estimated. The estimated emitters coherence times – on the order of ps – are

well below their lifetime – on the order of ns. Therefore, in this study, the quantum

emitters coherence time is far from the Fourier-transform limit 2τ1. In comparison to

other solid-state systems such as semiconductors quantum dots or silicon vacancies,

the reported 2D quantum emitters present a dramatic inhomogeneous broadening –

two orders of magnitude higher.

Finally, in chapter 9, WSe2 single-photon emitters on a Si3N4 waveguide were

resonantly excited by a cw laser. This work was a three-week collaboration project

at KTH Royal Institute of Technology (Stockholm, Sweden). The excitation laser

was coupled to the waveguide, and the emitters signal was confocally collected from

top. Two emitters were studied, one during the visit at KTH, and one after by

collaborators. A Hanbury-Brown and Twiss measurement of the first emitter led to

an antibunching g(2)(0) = 0.58± 0.03, and was limited due to remaining excitation

laser in the collected signal sent to single-photon detectors. The laser suppression

was monitored and readjusted throughout the measurement of the second emitter,

resulting in an antibunching of g(2)(0) = 0.377±0.081. The difficulty to achieve good

laser suppression could be due to its scattering by the roughness of the waveguide

edges, and the high excitation laser power sent through the waveguide to address

the low coupled quantum emitters.

10.2 Perspectives

2D nanofabrication

The 2D nanofabrication glove box facility could be further improved with a way to

probe flakes crystal orientations, such as an AFM or a second-harmonic generation

set-up to accurately monitor Moiré heterostructures orientation during fabrication.

Furthermore, it could be interesting to control and characterise the defect density

in studied WSe2, and measure the amount of local strain necessary to observe the

apparition of single-photon emitters.
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2D quantum emitters characteristics and devices incorpora-

tion

The successful observation of pseudo-π pulse regimes opens the possibility to work

within the resonant regime for 2D quantum dots. This excitation method could be

an effective way to circumvent their large spectral wandering, and routinely achieve

coherent driving. It could be interesting to study the coherence of monolayer WSe2

single-photon emitters in the π-pulse excitation regime obtained with dichromatic

pulse excitation. The resonant regime should lead to a reduced dephasing, and

the pulse laser would allow the direct measurement of the coherence time, with no

post-selection and no convolution due to the detection system required. Further-

more, designing 2D sample to achieve strong Purcell enhancement would reduce the

emitters lifetime, bringing them closer to the Fourier-transform limit.

Single-layer WSe2 single-photon emitters coupled to waveguides could be im-

proved by being strain-induced at their centre, e.g. with nanopillars. The required

power sent for their excitation through waveguide would be reduced, leading to lower

laser scattering. This should lead to an improved signal-to-background ratio, and

increase the measured single-photon purity. It would be interesting to measure these

waveguide coupled 2D quantum emitters indistinguishability, and address them in

the pulse resonant excitation regime – to achieve on-demand emission of single-

photons and use them as qubits for photonic quantum applications.
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Appendix A

Glove box details

This appendix includes details on the glove box described in chapter 6. First, the

imaging ellipsometer softwares interfaces are shown. Second, a table summarising

the specifications of the glove box is given. Third, the optical components of the

exfoliation microscope are listed.

A.1 Ellipsometer softwares

Figure A.1: Imaging ellipsometer – data post-selection software interface.
DataStudio interface picture. The software is used to draw ROIs from a measure-
ment, and extract the obtained post-selected data for analysis and modelling.

Here are images of the imaging ellipsometer Nanofilm EP4 softwares from Accu-
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rion. The first one is DataStudio, used for data post-selection; and the second one

is EP4model, used to build models and fit data, or define materials dispersions.

Figure A.2: Imaging ellipsometer – modelling software interface. EP4model
interface picture. The software is used to build sample models from a library of
material dispersions, and fit ellipsometric angles data. It is also used to define new
material dispersions.

169



Appendix A: Glove box details

A.2 Glove box specifications

Here is a table with the modifications and specifications of the glove box.

Design specifications of the glove box
1x HEPA (THE) 50m3/h open filter

1x HEPA (THE) 5m3/h filter
1x stainless steel Ø400 mm vacuum chamber

2x vacuum airlock chamber Ø150
2x frame reinforcement crossbeam

1x shelf for T2 standard frame
6x BNC ohms insulated feedthrough

12x ISO KF40 feedthrough
1x needle valve feedthrough on NW40

2x USB feedthrough on NW40
1x SUB D9 (M/F) feedthrough

3x SUB D25 (M/F) feedthrough on NW40
2x SUB D15 (M/F) feedthrough on NW40

3x gland feedthrough cable Ø15-Ø70
1x RJ45 (F/F) feedthrough

1x 6 pins feedthrough
1x flange ISO-K DN100

1x electrical feedthrough with 2 British plugs

Table A.1: GP(campus) T2 + T2 glove box by Jacomex, details on connections and
feedthroughs included.

A.3 Exfoliation microscope: optical components

Here is a table listing the optical components of the home-assembled ThorLabs mi-

croscope used for exfoliation and identification of flakes during 2D sample nanofab-

rication.
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Mechanical parts (Z-focus, revolver and holder)
Qty Part Number Description

1 MGZ30 Post-Mountable Focus Block
1 P350/M Ø1.5” Mounting Post, M6 Taps, L = 350 mm
1 PB2/M Metric Mounting Post Base, Ø61 mm x 12.7 mm Thick
1 MB4560/M Aluminum Breadboard, 450 mm x 600 mm x 12.7 mm, M6

Taps
Objectives

1 RMS4X 4X Olympus Plan Achromat Objective, 0.10 NA, 18.5 mm
WD

1 RMS20X 20X Olympus Plan Achromat Objective, 0.4 NA, 1.2 mm
WD

1 RMS40X 40X Olympus Plan Achromat Objective, 0.65 NA, 0.6 mm
WD

Tube Lens (collection branch)
1 SM2L10 SM2 Lens Tube, 1” Long, One Retaining Ring Included
1 SM2T2 SM2 (2.035”-40) Coupler, External Threads, 1/2” Long
1 SM1A2 Adapter with External SM1 Threads and Internal SM2

Threads
1 SM1A9 Adapter with External C-Mount Threads and Internal SM1

Threads
1 SM1ZM SM1 Zoom Housing for Ø1” Optics, Non-Rotating, 4.1 mm

Travel
3 SM1L03 SM1 Lens Tube, 0.30” Thread Depth, One Retaining Ring

Included
1 SM2L30 SM2 Lens Tube, 3” Thread Depth, One Retaining Ring

Included
1 SM2L05 SM2 Lens Tube, 1/2” Thread Depth, One Retaining Ring

Included
1 TTL200 Infinity-Corrected Tube Lens, f = 200 mm
1 SM2A20 Adapter with External SM2 Threads and Internal M38 x

0.5 Threads
2 SM1A2 Adapter with External SM1 Threads and Internal SM2

Threads
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Camera
1 DCC1645C USB 2.0 CMOS Camera, 1280 x 1024, Color Sensor

Filter cube and excitation branch
1 DFM1 Kinematic Fluorescence Filter Cube, 30 mm Cage Compat-

ible, 1/4”-20 Tapped Holes
1 SM1RRC Extra-Thick SM1 (1.035”-40) Threaded Retaining Ring
1 SM1CP2 Externally SM1-Threaded End Cap
1 SM1T2 SM1 (1.035”-40) Coupler, External Threads, 0.5” Long
1 SM2A6 Adapter with External SM2 Threads and Internal SM1

Threads
1 SM1V05 Ø1” Adjustable Lens Tube, 0.31” Travel Range

White light excitation source
1 SM2F32-A Ø1” Adjustable Collimation Adapter with Ø2” Lens, AR

Coating: 350 - 700 nm
1 LEDD1B T-Cube LED Driver, 1200 mA Max Drive Current (Power

Supply Not Included)
1 KPS101 15 V, 2.4 A Power Supply Unit with 3.5 mm Jack Connector

for One K- or T-Cube
1 MCWHLP1 6500 K, 2350 mW (Min) Mounted LED, 700 mA

Fluorescence measurements
2 CFS1/M Sliding Filter Mount with Two CFS1-F1 Inserts, M4 Tap
1 FELH0600 Ø25.0 mm Premium Longpass Filter, Cut-On Wavelength:

600 nm
1 FESH0550 Ø25.0 mm Premium Shortpass Filter, Cut-Off Wavelength:

550 nm

Table A.2: List of the components used for the home-assembled ThorLabs micro-
scope dedicated to exfoliation and TMD monolayers identification.
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Acronyms

µ-PL Micro-Photoluminescence (spectroscopy).

1L Monolayer.

1T Tetragonal (1-layer unit cell).

2D Two-Dimensional.

2H Hexagonal (2-layer unit cell).

2L Bilayer.

3D Three-Dimensional.

3R Rhombohedral (3-layer unit cell).

AFM Atomic Force Microscopy.

BD Beam Dump (beam blocker).

BP Black Phosphorus.

BS Beam Splitter.

CB Conduction Band.

CCD Charge-Coupled Device (camera).

CTW Coalescence Time Window.

CVT Chemical Vapor Transport.

CW Continuous Wave (laser).

DBR Distributed Bragg Reflector.

DCR Dark Count Rate.

DM Dichromatic Mirror.

DPE Dichromatic Pulse Excitation.

DUT Device Under Test.

FET Field-Effect Transistor.
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FLG Few-Layer Graphene.

FSS Fine-Structure Splitting.

FWHM Full Width at Half Maximum.

H2O Water.

h-BN Hexagonal Boron Nitride.

HBT Hanbury Brown and Twiss.

HE High-Energy (peak, from emitter with FSS).

He-Ne Helium-Neon (laser).

HOM Hong-Ou-Mandel.

HWP Half-Wave Plate.

InSe Indium Selenide.

IRF Instrument Response Function.

L Lens.

LE Low-Energy (peak, from emitter with FSS).

LED Light-Emitting Diode.

LPF Longpass Filter.

MM Magnetic Mirror.

MoS2 Molybdenum Disulfide.

MoSe2 Molybdenum Diselenide.

MX2 Transition Metal Dichalcogenide (generic formula).

N2 Dinitrogen.

NA Numerical Aperture.

O2 Dioxygen.

OC Optical Contrast.

PC Propylene Carbonate.

PDMS Polydimethylsiloxane.

PIC Photonic Integrated Circuit.

PID Proportional–Integral–Derivative (controller).

PL Photoluminescence.
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PLE Photoluminescence Excitation.

PPC Poly-Propylene Carbonate.

PSB Phonon Sideband.

QD Quantum Dot.

QPL Quantum Photonics Laboratory.

QWP Quarter-Wave Plate.

RF Resonance Fluorescence.

RT Room Temperature.

SBR Signal-to-Background Ratio.

Si-V Silicon-Vacancy (in diamond).

SiO2 Silicon Dioxide.

SNSPD Superconducting Nanowire Single-Photon Detector.

SOC Spin-Orbit Coupling.

SPAD Single-Photon Avalanche Diode.

SPD Single-Photon Detector.

SPE Single-Photon Emitter.

T1 Lifetime.

T2 Coherence Time.

T*2 Pure Dephasing.

TBP Tunable Bandpass Filter.

TCSPC Time Correlator Single-Photon Counting (module).

TMDs Transition Metal Dichalcogenides.

TRPL Time-Resolved Photoluminescence.

VB Valence Band.

vdW van der Waals.

WG Waveguide.

WS2 Tungsten Disulfide.

WSe2 Tungsten Diselenide.

ZPL Zero-Phonon Line.
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[46] P. Tonndorf, R. Schmidt, P. Böttger, X. Zhang, J. Börner, A. Liebig, M. Al-

brecht, C. Kloc, O. Gordan, D. R. Zahn, and others, Photoluminescence

emission and Raman response of monolayer MoS2, MoSe2, and WSe2, Optics

express 21 (2013) 4908.

[47] Y. You, X.-X. Zhang, T. C. Berkelbach, M. S. Hybertsen, D. R. Reichman,

and T. F. Heinz, Observation of biexcitons in monolayer WS2, Nature Physics

11 (2015) 477.

[48] E. Courtade, M. Semina, M. Manca, M. Glazov, C. Robert, F. Cadiz, G. Wang,

T. Taniguchi, K. Watanabe, M. Pierre, and others, Charged excitons in mono-

layer WSe2: experiment and theory, Physical Review B 96 (2017) 085302.

[49] J. Huang, T. B. Hoang, and M. H. Mikkelsen, Probing the origin of excitonic

states in monolayer WSe2, Scientific reports 6 (2016) 22414.

[50] J. S. Ross, S. Wu, H. Yu, N. J. Ghimire, A. M. Jones, G. Aivazian, J. Yan,

D. G. Mandrus, D. Xiao, W. Yao, and others, Electrical control of neutral

and charged excitons in a monolayer semiconductor, Nature communications

4 (2013) 1.

[51] T. Cao, G. Wang, W. Han, H. Ye, C. Zhu, J. Shi, Q. Niu, P. Tan, E. Wang,

B. Liu, and others, Valley-selective circular dichroism of monolayer molybde-

num disulphide, Nature communications 3 (2012) 1.

[52] S. Tongay, J. Suh, C. Ataca, W. Fan, A. Luce, J. S. Kang, J. Liu, C. Ko,

R. Raghunathanan, J. Zhou, and others, Defects activated photoluminescence

in two-dimensional semiconductors: interplay between bound, charged and free

excitons, Scientific reports 3 (2013) 1.

[53] P. K. Chow, R. B. Jacobs-Gedrim, J. Gao, T.-M. Lu, B. Yu, H. Terrones, and

N. Koratkar, Defect-induced photoluminescence in monolayer semiconducting

transition metal dichalcogenides, ACS nano 9 (2015) 1520.

181



BIBLIOGRAPHY

[54] Z. Hu, Z. Wu, C. Han, J. He, Z. Ni, and W. Chen, Two-dimensional transi-

tion metal dichalcogenides: interface and defect engineering, Chemical Society

Reviews 47 (2018) 3100.

[55] Y. P. Varshni, Temperature dependence of the energy gap in semiconductors,

physica 34 (1967) 149.

[56] X. Liu, T. Galfsky, Z. Sun, F. Xia, E.-c. Lin, Y.-H. Lee, S. Kéna-Cohen,

and V. M. Menon, Strong light–matter coupling in two-dimensional atomic

crystals, Nature Photonics 9 (2015) 30.

[57] R. Roldán, A. Castellanos-Gomez, E. Cappelluti, and F. Guinea, Strain engi-

neering in semiconducting two-dimensional crystals, Journal of Physics: Con-

densed Matter 27 (2015) 313201.

[58] S. Bertolazzi, J. Brivio, and A. Kis, Stretching and breaking of ultrathin MoS2,

ACS nano 5 (2011) 9703.

[59] M. Ghorbani-Asl, S. Borini, A. Kuc, and T. Heine, Strain-dependent modula-

tion of conductivity in single-layer transition-metal dichalcogenides, Physical

Review B 87 (2013) 235434.

[60] E. Scalise, M. Houssa, G. Pourtois, V. Afanas’ev, and A. Stesmans, Strain-

induced semiconductor to metal transition in the two-dimensional honeycomb

structure of MoS2, Nano Research 5 (2012) 43.

[61] H. Shi, H. Pan, Y.-W. Zhang, and B. I. Yakobson, Quasiparticle band struc-

tures and optical properties of strained monolayer MoS2 and WS2, Physical

Review B 87 (2013) 155304.

[62] S. B. Desai, G. Seol, J. S. Kang, H. Fang, C. Battaglia, R. Kapadia, J. W. Ager,

J. Guo, and A. Javey, Strain-induced indirect to direct bandgap transition in

multilayer WSe2, Nano letters 14 (2014) 4592.

[63] R. Schmidt, I. Niehues, R. Schneider, M. Drueppel, T. Deilmann, M. Rohlfing,

S. M. De Vasconcellos, A. Castellanos-Gomez, and R. Bratschitsch, Reversible

uniaxial strain tuning in atomically thin WSe2, 2D Materials 3 (2016) 021011.

182



BIBLIOGRAPHY

[64] M. Yankowitz, J. Xue, and B. J. LeRoy, Graphene on hexagonal boron nitride,

Journal of Physics: Condensed Matter 26 (2014) 303201.

[65] C. J. Shearer, A. D. Slattery, A. J. Stapleton, J. G. Shapter, and C. T. Gib-

son, Accurate thickness measurement of graphene, Nanotechnology 27 (2016)

125704.
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rials(2020) 1.

[84] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E. Kaxiras, and

P. Jarillo-Herrero, Unconventional superconductivity in magic-angle graphene

superlattices, Nature 556 (2018) 43.

[85] Y. Cao, V. Fatemi, A. Demir, S. Fang, S. L. Tomarken, J. Y. Luo,

J. D. Sanchez-Yamagishi, K. Watanabe, T. Taniguchi, E. Kaxiras, and others,

Correlated insulator behaviour at half-filling in magic-angle graphene superlat-

tices, Nature 556 (2018) 80.

[86] K. Tran, G. Moody, F. Wu, X. Lu, J. Choi, K. Kim, A. Rai, D. A. Sanchez,

J. Quan, A. Singh, and others, Evidence for moiré excitons in van der Waals
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MoSe2/WSe2 heterobilayers, Nature 567 (2019) 66.

[202] H. Yu, Y. Wang, Q. Tong, X. Xu, and W. Yao, Anomalous light cones and

valley optical selection rules of interlayer excitons in twisted heterobilayers,

Physical review letters 115 (2015) 187002.

[203] F. Wu, T. Lovorn, and A. MacDonald, Theory of optical absorption by in-

terlayer excitons in transition metal dichalcogenide heterobilayers, Physical

Review B 97 (2018) 035306.

197



BIBLIOGRAPHY

[204] S.-Y. Lee, T.-Y. Jeong, S. Jung, and K.-J. Yee, Refractive Index Dispersion

of Hexagonal Boron Nitride in the Visible and Near-Infrared, physica status

solidi (b) 256 (2019) 1800417.

[205] D. I. Yakubovsky, A. V. Arsenin, Y. V. Stebunov, D. Y. Fedyanin, and

V. S. Volkov, Optical constants and structural properties of thin gold films,

Optics express 25 (2017) 25574.

[206] C. Zhang, C.-P. Chuu, X. Ren, M.-Y. Li, L.-J. Li, C. Jin, M.-Y. Chou, and C.-
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