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Abstract

By confining strong electromagnetic fields at their surfaces, nano-structures with sub-
wavelength dimensions can enhance the light-matter interaction of closely coupled emitters.
While these phenomena have been extensively studied for plasmons in metals, recently
high-refractive-index dielectrics have gained attention as they exhibit optical Mie resonances
offering a low-loss platform to overcome plasmonic quenching mechanisms. Between atomi-
cally thin semiconductors, the family of transition metal dichalcogenides (TMDs) exhibits
promising optical properties, such as tightly bound excitons and a transition to direct bandgap
in the single layer form, with favourable integration with nano-photonic structures. Most of
the efforts so far have been given to plasmonic structures, while coupling 2D-TMDs with
dielectric nano-antennas is mostly unexplored.

In this work, we transferred single and double layer TMD WSe; onto an array of high-
index gallium phosphide (GaP) dimer nano-antennas, leading to a strong enhancement of
WSe, photoluminescence (PL) at room temperature. We show that this is a result of an
increased absorption and enhanced spontaneous emission rate, provided by the strongly
confined optical mode of the nano-antennas, as well as an emission redirection. Further man-
ifestation of the strong photonic confinement is observed in the enhanced Raman scattering
signal and polarization dependent PL.

Moreover, the nano-structures displace the 2D semiconducting layers in the out-of-plane
direction, allowing the strain-tuning of the local WSe, band structure. We model the strain
topography in a mechanical picture and show a co-location of largest tensile strain and of the
maximum photonic enhancement. This concurrence let us directly probe the strain-induced
WSe; band structure renormalization from the distinct spectral signatures. In monolayers we
observe a tuning of the excitonic resonance above 50 meV. For bilayers, an indirect bandgap
semiconductor, high level of strain results in the transition to direct bandgap. By studying
the cryogenic PL emission at liquid helium temperatures, we confirm that the strain-induced
potential acts as a trap for photo-generated excitons. Finally, we show that this approach can

be exploited for the deterministic positioning of strain-induced bright single-photon emitters



at the nano-antenna location, opening to the coupling between single 2D quantum emitters
and dielectric nano-resonators.
These results highlight dielectric nano-structures as a platform to improve light-matter

interaction in 2D semiconductors and for nano-scale positioning of 2D quantum emitters.
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Chapter 1
Introduction

This chapter will introduce the main topic of this thesis work. The first section will give a brief
history on the research of two dimensional materials, one of the most exciting discoveries
in the field of nanotechnology in the last decade. The second part will introduce the light-
matter interaction engineering with optical cavities, followed by a perspective on the field of
quantum information with single photon sources. An outline of the thesis is given at the end

of the chapter.

1.1 Two-dimensional materials

Materials with reduced dimensionality exhibit peculiar physical behaviours due to confine-
ment of electrons in one or more dimensions, with size comparable to the spatial extent of
the relative wavefunction. The appealing feature of accessing novel quantum physics made
such nano-structures one of the most flourishing field in condensed matter physics. During
the last decades, a vast research has been carried out on zero (0D) and one dimensional (1D)
systems, such as quantum dots and nanowires, which have seen a rapid progress both in their
physical understanding and synthesis, with prospects of scalable quantum technologies. Two
dimensional (2D) confinement instead, have been studied mainly in thin semiconducting
layers, or quantum wells, grown between materials with higher bandgap energy, leading
to the formation of a confined 2D electron gas. The isolation of graphene in 2004 by A.
Geim and K. Novoselov in Manchester [1, 2] marked the first report on the stability of a free
standing two dimensional crystal, although predicted to be impossible by Landau and Peierls
[3]. While being achieved with the simple idea to use an adhesive tape to peel off single

atomic layer from a graphite crystals, this approach paved the way for numerous discoveries
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Fig. 1.1 (a) Comparison between two-dimensional semiconductors families and relative
bandgap energies. The large number of available atomically thin crystals covers most of the
electromagnetic spectrum, leading to a broad variety of opto-electronic applications offered
by these materials. Adapted from Ref.[4]. (b) Schematic of a van der Waals heterostructure.
The lack of lattice mismatch allows the arbitrary stacking of different 2D layer, which can
combine or merge single layers properties, foreseen as a novel platform for development of
quantum devices. Adapted from Ref.[5].

in the physics of 2D materials and opened to entirely new fields of research in material
science, leading to the award of the Nobel prize in Physics in 2010.

In the last decade, a host of 2D materials beyond graphene have been synthesized and
isolated, providing a wide range of substances [6, 7] with properties ranging from metallic
to insulating (Fig.1.1a). These new materials exhibit peculiar physical properties, such
as unprecedented mechanical strength and charge transport, together with exotic physical
behaviours, from superconducting to topological phases. An additional advantage of 2D
materials is their promising integration approaches on arbitrary substrates and in current
electronic and photonic architectures [8—11]. Two dimensional semiconductors rapidly be-
came the forefront of this research due to unique opto-electronic properties and appealing
technological applications, for instance in the miniaturization of current processors [12].
Moreover, the numerous catalogue of 2D materials offer a wide variety of intrinsic electronic
and mechanical properties which can be manipulated by creating tailored devices by stacking

different 2D layers on top of each other, in the so-called van der Waals heterostructures
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(Fig.1.1b) [5, 13, 14]. This approach enabled the fabrication of entirely new optoelectronic
devices [15], excitonic phases [16] and meta-materials [17]. The lack of a lattice mismatch
between different 2D crystals allows to build an almost infinite combinations of layers, which
could benefit numerous applications and open to novel physical systems. Indeed, more
exciting degrees of freedom and fundamental physics have been recently demonstrated in 2D
heterostructures. The arbitrary staking of different 2D layers opened to the control of twist
angle between two adjacent layers, leading to the discovery of unconventional superconduc-
tivity in graphene [18] and Moiré physics [19, 20]. Additionally, ferromagnetic behaviour in
novel 2D semiconductors [21, 22], topological materials [23] and two-dimensional single
photon emitters [24, 25] hold promises for the development of novel quantum materials and

to overcome current technologies.

1.2 Light-matter interaction engineering

The underlying physics of absorption and emission of light have been a long-standing
question until the mathematical formulation of Maxwell’s equations, giving a classical
description to light-matter interaction. However, it was only with the advent of quantum
mechanics, and more specifically quantum electrodynamics by Dirac [26], that a more
profound understanding of the physical mechanism behind light emission and absorption
was achieved.

Every luminescent emitter, such as atoms or molecules, can be approximated to a funda-
mental two level quantum system that absorbs and emits light via the electronic transition
between a ground |g) and an excited state |e), separated by an energy equal to /iy, where i
is the reduced Plank’s constant. A photon with frequency @y can be absorbed by the two
level system, in analogy with an energy transfer in a coupled oscillator model, promoting
the electronic transition between the two states. At this stage, the electron in the excited
state will spontaneously decay to the ground state, in a process which can be either radiative,
1.e. emitting light, or non-radiative, preventing the emission of a photon by transferring the
excitation to non emitting states.

It was only in 1946 that Purcell [27] demonstrated that the spontaneous emission of
light is not an intrinsic properties of atomic matter, but rather related to the environment
the emitter is experiencing, and more precisely to the local photonic density of states. This
observation opened the way towards the control of spontaneous emission decay, quantified
by the Purcell factor (Fp), and the engineering of light-matter coupling by modifying the

photonic environment around an emitter.
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Fig. 1.2 (a) Fabry Perot optical cavities, composed of two distributed Bragg mirrors which
confine light in the gap between them where an emitter is placed. (b) Photonic crystal cavity,
consisting of a suspended slab of dielectric material with a hole pattern. By removing one
or more central holes, a defect is created and light is concentrated in a diffraction limited
volume. Inset: electric field intensity at the central defect of the photonic crystal structure. (c)
[Nlustration of a single molecule embedded in the nano-scale gap between a gold nano-particle
and a gold surface. Adapted from Ref.[29].

To enhance light-matter interaction, the emitter is embedded in a photonic structure,
or optical cavity [28], which confines light in at least one dimension. Low dimensional
semiconductors host stable hydrogen-like quantum systems, called excitons, which are
composed by an electron and a hole, held together by the reciprocal attracting Coloumb
force. Similarly to an atom or a molecule, an exciton behaves as an oscillator at optical
frequencies, thus absorbing and emitting light. Following the progress in epitaxial growth
techniques, semiconductors nano-structures became one of the most studied systems for
the integration in optical cavities. The most studied platforms to improve the light-matter
coupling in semiconductors are high quality factor (Q) cavities, such as photonic crystals and
Fabry-Perot cavities (Fig.1.2a-b).

While being the forefront of research, high-Q factor cavities requires long and expensive
fabrication processes and their Purcell factors are limited due to the confinement of light
in diffraction limited volumes [30]. An alternative approach for the control of light-matter
coupling at the nano-scale have been found in the use of plasmonic resonances in metals
[31] or Mie resonances in dielectrics nano-structures [32]. These systems can overcome
the optical mode volume limitation of high-Q factor cavities due to the confinement of
light in ultra-small volumes beyond the diffraction limit (Fig.1.2c). In the last decades
most of the effort have been devoted to the study of nano-scale light-matter interaction with
plasmonic optical nano-antennas. These systems can confine light at the surface of metal

nano-particles by coupling photons to the plasma oscillations excited in the metal conduction
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band electrons, from which the term plasmonics. In more recent years, it has been understood
that losses in plasmonic systems play a detrimental role which can hamper the use of such
systems for certain applications. The discovery of Mie resonances in high-index dielectrics
(n > 2) opened the way to overcome such limitations, while at the same time exhibiting novel
photonic effects, for instance the presence of both electric and magnetic responses, which

could lead to novel photonic and quantum applications.

1.3 Quantum information processing with single photons

In the classical world, a bit of information is usually regarded as some variable which can
only take the values of 0 or 1. On the other hand, a quantum state, or qubit, can be found
at any time in a superposition of the two states, described by their linear combination. This
property, characteristic of the quantum world, opened the study of tasks impossible to be
produced by classical systems, described by the quantum information processing.

Storing and manipulating data with qubits leads to even more applications when entangled
sates comes into the picture. Entanglement is a unique feature of quantum systems, one of
the most counter-intuitive properties of nature, which held a long debate on the veracity of
quantum mechanics, started by the famous EPR paradox [33]. As example, a qubit register,
an ensemble of n qubits analogue to the classical processor register, can be in an entangled
state and store simultaneously all of the 2" combination available, while a classical one can
posses only one of such states. By exploiting the properties of entangled systems it would
be possible to realize powerful quantum simulators, i.e. computers, rationalized by the Di
Vincenzo criteria [34], and to scale them up to quantum entangled networks, or the quantum
internet [35]. The implementation of quantum systems in current technologies could lead
to improvements in many fields beyond information and computing tasks, such as secure
communication, with the quantum key distribution protocols, or advances in metrology
for more accurate sensors, offering ways to beat the current resolution limits in analytical
techniques.

Many physical systems have been studied as qubit candidates, for example photons,
trapped atoms, Josephson junctions, colour centres in crystals and semiconductors quantum
dots. With the advent of photonic quantum technologies [36] and the demonstration that an
architecture for quantum computing could be created by the use of linear optics [37] and
silica-on-silicon waveguide quantum circuits [38], a physical systems involving the quantum
properties of light became a promising platform for the development of on-chip quantum

technologies.



6 Introduction

Since information can be initiated, stored and read in the polarization state of a photon,
the fundamental building blocks of these systems are single photon sources (SPEs) [39].
A single particle of light emitted into a dielectric waveguides can be used to compute
on chip operations through single photon interference and detection [40]. While the first
single photon emission were reported for trapped atoms in opto-magnetical fields back in
the 1970s [41], in the last years solid state sources, and in particular self assembled III-V
semiconductor quantum dots [42], have shown to be the most reliable and scalable candidate
for the realization of efficient single photon emitters [43]. Moreover, they are well suited for
the integration with photonic structures, which have been a fundamental step to achieve the
current high-performances exhibited by solid state systems [44].

Only recently, single photon emission has been demonstrated in two-dimensional materi-
als, opening to entire new prospects for the integration of atomically thin SPEs in quantum

technologies and photonic architectures.

1.4 Thesis outline

This thesis work tries to tie all the previously described topics into a single system, achieved
by coupling a 2D transition metal dichalcogenides (WSe;,) with high-refractive index gal-
lium phosphide (GaP) nano-antennas. This approach results in an enhanced light-matter
interaction, obtained by the interplay of the exceptional mechanical and optical properties of
2D semiconductors, together with the low-losses offered by novel dielectric nano-photonic
structures. The choice of WSe; opens also to the possibility of positioning single photon
emitters at cryogenic temperature, by stretching the thin semiconductor membranes on top of
the dielectric nano-structures.

Chapter 2 will introduce the fundamental physical properties of 2D transition metal
dichalcogenides. The discussion will move from the electronic properties to their optical
response, the latter dominated by the presence of strongly bounded excitons. In particular,
the optical properties of the dark-excitons in WSe, and the luminescence dynamics of
2D excitons will be discussed. The chapter will also describe the effects of mechanical
deformations on the band structure and exciton motions in 2D semiconductors, owing to
their large mechanical strength. The chapter will conclude with an overview on the optical
properties and positioning approaches of single photon emitters embedded in atomically thin
WSez.

In Chapter 3 an introduction on the properties of optical antennas is given, moving from

the description of nano-structured metals to those of high-index dielectrics nano-resonators.
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The chapter will then give the theoretical basis of light-matter interaction, with a focus on
the main physical properties, and figures of merit, of luminescent emitters interfaced with
optical nano-antennas, relevant for the discussion of the experimental results.

The experimental methods are discussed in Chapter 4 and will focus on the 2D mate-
rials isolation and transfer, nano-antenna fabrication and optical spectroscopy techniques
employed to obtain the results described in the remaining chapters.

The experimental work will start from Chapter 5, where I will describe the enhanced
light-matter interaction, at room temperature, between the 2D confined excitons in single
and double layer of WSe; coupled to GaP nano-antennas. The analysis of a large number of
samples, via different spectroscopy techniques, is discussed. A complementary theoretical
description of the systems, via numerical calculations performed by S. Mignuzzi from the
group of R. Sapienza at the Imperial College London, is given in the Appendix A.

The unique mechanical properties of 2D semiconductors and the photonic enhancement
allows to study the evolution of WSe, band structure under strain, as discussed in Chapter
6. Here I describe the strain-induced band structure engineering in single and double layer
WSes, as a result of the effect of the local deformation induced by the nano-antenna, resulting
in the modulation of the excitonic resonance under optical excitation. Moreover, I will
also give evidence of the confinement of excitons in a distortion potential, supported by
the theoretical description developed by M. Brooks from the University of Konstanz, as
described in Appendix B.

In the final Chapter 7 1 will discuss the positioning of strain-induced WSe; single
photon emitters on dielectric nano-antennas, at cryogenic temperature. By analysing many
samples by means of time- and polarization-resolved spectroscopy, I observed the emergence
of characteristics traits in the emission spectra which can attributed to quantum confined
excitons in strain potentials, together with the observation of the strain tuning of the single

photon emission as expected from the strain model developed in Chapter 6.






Chapter 2
2D Transition Metal Dichalcogenides

The first studies on transition metal dichalcogenides (TMDs) dates back to the end of 1960s
[45] with earlier reports on their layered crystal structure [46]. Following the rise of graphene
and 2D materials, TMDs have seen a rapid growth in the research interest becoming one of
the most studied family of two-dimensional semiconductors [47—49]. TMDs exhibit a variety
of properties from insulating, metallic and semiconducting, to more exotic phases such as
topological semi-metal and superconductors. This work will focus on the semiconducting
group IV TMDs, which exhibits appealing properties such as a transition to direct bandgap
in the monolayer, large excitonic binging energies and coupled spin-valley physics. This
chapter will cover all the relevant physical properties of group IV TMDs for the experimental
results discussed in the later chapters, and with a particular focus on the properties of WSe;

being the host of two dimensional single photon emitters.

2.1 Crystal structure

Similarly to graphite, Group IV TMDs are layered crystals in the form MX,, where M is
a transition metal (mainly W and Mo) and X is a group VI chalcogen (S, Se and Te). The
crystal structure is formed by single atomic layers, with strong in-plane covalent bonding,
held together by weak out-of-plane van der Waals forces between each other (Fig.2.1a).

A single TMD layer is only three atoms thick (~0.7 A), with an X — M — X coordination,
where a plane of transition metal atoms reside between two covalently bonded planes of
chalcogen atoms (Fig.2.1b). In case of bulk single crystals, each TMD layer is rotated by
180 degrees from each other, restoring the crystal inversion symmetry which is broken in the

single layer form.
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Fig. 2.1 (a) Schematic view of the crystal structure for a double layer 2H—TMD. (b) Side view
and (c) top view of a single layer 2H —TMD exhibiting the hexagonal symmetry, analogous
to graphene. (d) Two dimensional hexagonal Brillouin zone, with the main symmetry points
in the momentum space.

Only two structural phase are found in Group IV single layers, defined by the transition
metal coordination. The thermodynamically stable is the semiconducting 2H — M X; phase
where the metal coordination is trigonal prismatic, and the crystal shows an honeycomb struc-
ture analogous to graphene (Fig.2.1c¢), replicated in the electron momentum space (Fig.2.1d).
The second phase is the 17 — MX,, which exhibits an octahedral coordination giving rise to
a centred honeycombs structure. In this work we consider only the semiconducting 2H phase
since is the one obtainable from the mechanical cleavage of single crystals under ambient
conditions.

Depending on the phase and the metal oxidation state, TMDs can exhibit different
electronic behaviours. For example, while 2H — M X, phase is semiconducting, a metallic
behaviour is found for the 17 — M X, phase. This is due to the significant contribution on the
electronic properties by the transition metal d shell electrons. The orbital band is split into
two larger bands for the 17 phase, and in three for the 2H phase. The Fermi level, defined by
the electron counts, can be either lying inside a band, giving rise to a metallic behaviour, or
in the gap between the orbital bands, leading to semiconducting properties [50].

2D-TMDs posses many favourable properties for next generation devices, for instance
their high carrier mobilities makes them a good candidates for future transistors [51] and
photo-detectors [52], while their large excitonic binding energy would find applications
in light emission and absorption operations. Moreover, the surface of a monolayer lacks
in dangling bonds, one of the detrimental problem in semiconductor technologies. 2D-
TMDs are also robust inorganic materials, showing stability over months in air which can be

extended by encapsulation with hexagonal boron nitride. Similarly to graphene, single TMD
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layers are the most stretchable semiconductors up to date, with elastic thresholds up to 10%
[53], opening routes for band gap engineering via strain, unlikely achievable in current bulk

semiconductors.

2.2 Electronic properties

Due to the strong quantum confinement of electrons in the out-of-plane direction, dramatic
changes are found in the electronic properties of 2D-TMDs when moving from bulk down to
a single atomic layer. While known to be indirect bandgap semiconductors for decades, in
their monolayer form TMDs exhibit a transition to direct bandgap [54] leading to profound
consequences in their optical properties [55, 56] (Fig.2.2a). This effect can be related to the
orbital contribution in the TMD band structure [57]. As shown in Figure 2.2b, for a MX, TMD
the valence band maximum is related to a combination of in-plane d,»_ > + dyy orbitals of the
metal atoms and p, chaclogen orbitals, while the conduction band minimum is prevalently
formed by the d,> orbitals. As a bulk material, TMDs are indirect bandgap semiconductors
since the valence band maximum is located at the I" point while the conduction band reaches
a minimum at the K point, resulting in the lower energy state being formed at different point
in the momentum space. In single layers, the strong confinement of electrons in the out of
plane dimension, together with the different contribution of out-of-plane orbitals lacking the
near neighbours interactions, shifts the valence band maximum from I" to K. This shift results
in a direct bandgap transition at the K point, leading to improved optical properties, both
for emission and absorption processes, due to the lack of a phonon-assisted recombination
required to compensate the momentum mismatch in case of indirect transitions. Note, the
conduction band at the K point is only slightly perturbed compared to bulk since the metal
orbitals lie at the middle of the atomic layer, and thus are less affected by the removal of the
neighbouring layers.

Following the presence of an hexagonal crystal symmetry in a single TMD layer, the
theoretical framework developed previously for the graphene band structure shows many
analogies and has been used as a starting point in the description of TMDs electronic
properties. For a single TMD layer, the electronic dispersion close to the K point can be

described with the following Hamiltonian in the k-p approximation [59]:

A
Hy = at(tk, 0y + ky0y) + EGZ (2.1)
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Fig. 2.2 (a) Evolution of the band structure from bulk to single layer MoS,, a transition from
indirect to direct bandgap is seen in case of single atomic layers. Adapted from Ref.[55]. (b)
d and p orbital contribution to the valence and conduction band for a MX, TMD. Adapted
from Ref.[58].

where a is the interatomic distance, ¢ the hopping integral and 7 the valley index (+1).
Similarly to graphene, k. and k, define the two dimensional momentum space, while &
denotes the Pauli matrices. Here, the main difference with graphene Hamiltonian lies in the
presence of a finite energy gap at the Fermi surface, described by the factor A. Although
TMDs do not exhibit the characteristic Dirac fermionic physics of graphene [60, 61], the
Hamiltonian in Equation 2.1 shows analogies with that of staggered graphene [62]. In
this framework, the effect of an out-of-plane distortion leads to the generation of opposite

properties in different valleys, via the introduction of an additional magnetic moment. The
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band structure at the K point deviates from the relativistic linear dispersion characteristics of
flat graphene and acquires a finite band gap (A) and a parabolic profile at the Dirac point,
with two degenerate minima at the K and K’ valley.

2.2.1 Spin-orbit and valley properties

Two dimensional TMDs posses even more attractive electronic properties when spin is
considered. From first principle calculation, a giant spin-orbit (S-O) coupling arises when
approaching the single layer limit, introducing a splitting in the energy levels of different
spin orientation [63]. This is a consequence of the presence of heavy transition metal atoms
in the chemical structure of TMDs. Interestingly, this S-O induced splitting reaches values
up to 400 meV in the valence band of TMDs, making them promising candidate for hole
spin manipulation and spintronics applications. Moreover, this effect is increased in the case
of WSe, due to the larger S-O coupling than Mo-based TMDs.

A single layer of TMD exhibits is accompanied with an intrinsic broken inversion
symmetry, restored in its bilayer form. When this lack of symmetry is coupled to the high
S-O interaction, electron spins are locked at opposite valley and, whether they are in the
K or K’ valley, become associated with a valley pseudo-spin (Fig.2.3a). This pseudo-spin
constitutes a novel degree of freedom, which can be manipulated optically [64].

From this symmetry considerations, the TMD Hamiltonian in Equation 2.1 then obtains

an additional factor:

o,—1
2

A
Hy = at(tk,0, + ky0y) + EGZ —AT s, (2.2)

where, s, is the Pauli matrix for spins and 2A is the spin splitting in the valence band. In this
picture, electrons with different spins are locked at the K or K’ valley, leading to a peculiar
valley exciton physics and valleytronics applications [65, 66].

This effect can be explained by considering the curvature of the Berry phase of electrons
and its effects on their properties [68]. Since the nature of electrons in TMD is that of massive
Dirac fermions, the curvature of the Berry phase ((k)) in the conduction/valence band can
be written as [59]:

2a°12 A

Qu(k) = —Qu(k) = — : 2.3
&) ®) T[A’2+4a2t2k2]i 2-3)
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Fig. 2.3 (a) Spin-valley coupled optical selection rules for a single layer TMD. The contrasting
properties, at K and K’ point in the momentum space, results in the locking of different spin
at opposite valleys associated with a valley pseudospin. The spin locking leads to peculiar
optical selection rules which couples the circular polarization 6+ (™) to a spin polarized
electronic transition. (b,c) Spin-orbit interaction (Aspc) values for the conduction band
minimum of Molybdenum (b) and Tungsten (c) single layer TMDs exhibiting an opposite
value of Agoc leading to a spin-allowed (b) or spin forbidden (c) ground state. Adapted from
Ref.[67]

The curvature is constant around the K point and changes sign between the valence
and conduction band. More interesting, it becomes spin dependent through the factor A’ =
A —t0;A. The spin-valley coupling gives rise to an intrinsic magnetic moment associated
with the electron with different valley index [69], inducing valley Hall effects [70] and
precise optical selection rules [71, 72]. If a TMD monolayer is excited with circular polarized
light, the optical selection rules (Am = +1) couples the intra-band transition associated with
ot (0o7) polarization to different valley index. Since the optical fields couples only to the
orbital part of the electron wavefunction, the spin is conserved in the intra-band transition

and the valley optical selection rules are translated into spin dependent selection rule, which
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let selectively excite a single spin orientation and create spin polarized electrons population
(Fig.2.3a). This optical coherence is one of the most appealing features of 2D-TMDs,
however the role of phonons and local disorder can have a disruptive impact on the properties
of these materials by increasing the valley degeneracy.

The S-O interaction is also a fundamental aspect in the optical response of 2D-TMDs,
resulting in contrasting properties when looking at TMDs made from different transition
metals. As shown in Figure 2.3b, in Molybdenum based TMDs (MoX53) the S-O splitting
in the conduction band is associated with a negative sign, leading to a spin-allowed lower
energy state. This state can efficiently couple to light and is then defined as bright. Contrary
to Mo, in Tungsten based TMDs (WX5) the S-O splitting acquires a positive sign (Fig.2.3c).
This effect leads to a spin-forbidden ground state which cannot couple to light and thus is
called dark. This leads to the accumulation of a large dark excitons reservoir that is not
allowed to recombine directly via a momentum direct transition. This effect have fundamental
consequences in the PL response of each material, for instance in an inverted trend of the
luminescence intensity as a function of temperature. Due to the small S-O splitting of the
conduction band (=~ 20 meV), thermal energy can be large enough to promote a spin-flip
process allowing to a more efficient population of the bright state in WX, monolayer at higher

temperatures [73, 74].

2.3 Optical properties

Although the isolation of single layers TMD crystals was demonstrated 20 years before
the mechanical exfoliation process [75], the effect of quantum confinement on the optical
properties of 2D-TMDs remained unexplored for some times. Only in 2010 two independent
groups [55, 56] demonstrated an increase of 10* in the radiative efficiency, or quantum yield,
in exfoliated single MoS, layers compared to bulk material. This enhancement in the optical
response results from the combination of a transition from indirect to direct gap and strong
excitonic effects, enhanced by the quantum confinement, leading to bright luminescence and

strong absorption even at room temperature [76].

2.3.1 2D Wannier-Mott Excitons

In semiconductors, the absorption and emission of light is mediated by an electron-hole pair,
or exciton, created via the intra-band electronic transition between the valence maximum

and the conduction band minimum. An exciton can be described as an hydrogen-like system
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Fig. 2.4 (a) Schematic representation in real-space of a 2D Wannier-Mott exciton, as a
bound electron-hole pair free to move in the crystal. (b) Squared modulus of the electron
wavefunction calculated for a monolayer MoS,. The inset shows the same wavefunction
represented in the momentum space, with both K and K’ exciton states. (¢) Schematic of the
reduced dielectric screening for a 2D exciton by different dielectric constants &p and &p.
Adapted from Ref.[77]. (d) Illustration of the optical absorption of an ideal 2D semiconductor.
A series of exciton transitions are found below the free particle band gap, with a continuum
absorption in the energy range exceeding Ep. The inset shows the hydrogen like energy level
scheme of the exciton states, designated by their principal quantum number n. Fig.a,b,d are
adapted from Ref.[67].

where the two particles are held together by their mutual Coulomb attraction (Fig.2.4a). In
this picture the excitonic energy states, in a 3D medium with dielectric permittivity €., are
given by the Bohr eigenstates:

Ep WK*

E.xk = E;— o) + M (2.4)

where E, is the energy gap and M = m +m;, is the exciton effective mass, derived from the

electron (m") and holes (m?) effective masses, and K> = (k> —i—k§ —I—kg). The exciton binding
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energy (Ep) is calculated for the lowest transition, at the direct recombination point at k = 0,

and is equal to:

u*e4

= —-—— 2»5
32m2h2 €2 (22)

Ep

here u* is the reduced effective mass equal to 1/u* =mo/u = 1/m} + 1/m’. The exciton is

then associated with an electron-hole separation, r,, calculated from the Bohr model as:

&
rn—= Enzay = nzax (2.6)

where ag is the Bohr radius for the hydrogen atom and ay is the exciton Bohr radius. When
ay exceeds the lattice constant, excitons are described as Wannier-Mott excitons. Being that
such electron-hole pair can move through the crystal, the exciton kinetic energy enters the
equation in the third term of Eqn.2.4, where K is the wave vector relative to the two particle
system’s centre of mass.

The Wannier excitonic wavefunction takes the following form:
O (K,n,1,m) =N""2ER e, (r,) gy (ry) 27, (re — 1) 2.7)

where N is the normalization factor, ¢’KR is the periodic wave describing the Wannier-
type exciton motion in the crystal, in analogy with the Bloch description, where R =
(mere + myry)/(me +my,) is the centre of mass. The wave-packet relative for the electron
and hole are defined by ¢, ;(r. ), while the envelope function ¢;"", (re —ry) describes the
relative motion of the electron and hole, maintaining the same meéning as in the hydrogen
atom model, as per the quantum number n,m, [ relative to the exciton angular momentum.
In 2D semiconductors the excitons are confined in the two-dimensional plane defined by
the layer thickness and their wavefunction spreads over numerous unit cells, with ax ~ 1 nm
(Fig.2.4b). They can be treated as Wannier-Mott states with an in-plane confinement. The
exciton momentum, now K = (k, +ky), remains a good quantum number to describe the 2D
exciton properties, while the motion in the z-dimension is now quantized. Besides the effect
on the excitonic density of states, the quantization changes the exciton binding energy, the
Rydberg series and the oscillator strength. The exciton dispersion relation in two dimension

becomes:
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Eg  Pki+k)

Enk =Fe=Fo= (ot o

(2.8)

where E is the quantization energy and the main quantum number  is replaced by n —1/2
[78]. The oscillator strength of a 2D exciton increases as the excitonic Bohr radius is reduced
from the three dimensional case, due to the increment of the electron and hole overlap and
their attraction as the dimensionality is reduced.

Since excitons confined in a 2D semiconductors can be treated as in-plane dipole emitters,
the lack of a surrounding medium as in bulk semiconductors leads to a reduced dielectric
screening of the excitonic field lines, which naturally spread outside the two dimensional
layer (Fig.2.4c). This effect, unique to 2D semiconductor, results in large exciton binding
energies, in the order of 0.5 eV [79], and non-hydrogenic Rydberg series of states [77]
(Fig.2.4d). Following these properties, the optical response of single layers is dominated
by the excitonic states and not the band-edge transition [80], yielding to strong light-matter
interaction at the excitonic resonance [81, 76].

The presence of disorder in 2D materials has been shown to heavily impact the electronic
and optical properties of 2D atomic layers (Figure 2.5) [84, 85]. The picture of an exciton
confined in a 2D plane described in the previous paragraphs can exist only for a perfect

crystals, the local fluctuations in the layer thickness, strain, defects and substrate effects are
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Fig. 2.5 (a) Scanning tunnelling spectroscopy map of the bandgap energy fluctuations
in a monolayer of MoS, deposited on an SiO, substrate. Adapted from ref.[82]. (b-d)
Schematic of the structures (top) and relative charge fluctuations (bottom) for a graphene
sheet deposited on bare SiO; substrate (b), on hexagonal boron nitride (hBN) and SiO, (c)
and on a hBN/Graphite/SiO, structure. The reduction in charge fluctuations is related to the
increased homogeneity of the supporting substrate. Adapted from ref.[83].
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all sources of deviation from the ideal case. As shown in Figure2.5a, the local disorder in a
single layer of TMD is found to be in the range of few tens of nanometres when deposited
on bare SiO; substrate. These inhomogeneity can be reduced by using different supporting
substrates (Figure2.5b) for instance hexagonal boron nitride (hBN), which exhibits a flat
surface and low residual charges, and have been shown to greatly improve the quality of
encapsulated TMD samples [86, 87].

For an exciton, a first effect of disorder is the appearance of localized states which can
be either related to the trapping of a single carrier, or the whole exciton, in a confinement
potential. This difference is determined by the ratio between the size of the exciton Bohr
radius and that of the disorder potential. A localized state can be described by an envelope
function centred at the defect position (ry) which decays exponentially with a length &.
Moreover, a major effect of disorder is the breaking of the translation symmetry of the
crystal, thus the excitonic wave vector is no longer a good quantum number. The exciton
wavefunction is then modified as a superposition of wavefunctions with different K’s and its

dispersion broadens in the momentum space:

¢lac<,.) — ZCK(PK(r)e—\r—ro\/é (2.9)
K

Even thought the disorder plays a fundamental role in the formation of excitons the
large binding energy of allows the stabilization of more complex 2D exciton species. For
instance, charged excitons, or trions, have been shown to be stable up to room temperature
[88-90], while at cryogenic temperature the presence of multiple excitonic species, such as
biexcitons [91] and charged biexcitons [92], have been demonstrated. Figure 2.6 shows the
low temperature photoluminescence spectrum of a monolayer of WSe, deposited on a planar
GaP substrate. Here, it is possible to identify the neutral exciton (X), trion (X”) and biexction
(XX) species at high excitation energies (yellow trace). The biexcitonic emission appears at
lower energies than the neutral or charged excitons and shows a super-linear dependence in
its PL emission intensity, while for neutral exciton this dependence is linear (Inset Fig.2.6).

It is also worth to mention that in 2D heterostructures, where two different semiconductors
layers are coupled in artificial bilayers leading to a Type 2 heterojunction, different carriers
can be confined in opposite layers resulting in the presence of interlayer excitons [93]. This
novel excitonic phase exhibits promising physical properties, such as an out-of-plane dipole
moment and long radiative lifetimes, which could be used for engineering new quantum

phases in 2D heterostructures [16].
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Fig. 2.6 Photoluminescence spectra of monolayer WSe, deposited on GaP, collected at T
=4 K and under increasing excitation power (black to yellow) with a 532 nm continuous
wave laser. The main emission peaks are labelled for the neutral exciton (X), trion (XT)
and biexction (XX). Inset: power dependence of the neutral exciton (X) and biexction (XX)
emission intensity, showing a super-linear power dependence for the biexcitonic peak.

2.3.2 Dark excitons in W-based TMDs

The large binding energy of excitons, and the peculiar spin-valley ordering discussed in
section 2.2.1, leads to a precise hierarchy of spin-allowed (bright) and spin-forbidden (dark)
excitonic state in the band structure of 2D-TMDs. Dark exciton states exhibit large binding
energies [80], making them an attractive platform to observe exciton-spin physics. Moreover,
they are of extremely importance in the understanding of the fundamental optical response of
WX, TMDs [94].

As shown in Figure 2.7a, for a WSe, single layer the lowest lying energy state of the
direct exciton is spin-forbidden. The splitting between bright and dark states (A) have been
experimentally measured to be in the order of 40-50 meV [95] and are accompanied with
a fine structure splitting, at zero magnetic field, of approximately § =0.6 meV. This effect
results in the splitting of the dark excitons in two states where one is a completely dark state,
while the second is a “grey”’exciton which can be detected in luminescence experiments due
to the weak coupling to the z component of light [96]. These states have been measured

by collecting the in-plane light emission of WSe;, showing lifetimes up to two order of
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Fig. 2.7 (a) Spin-dark states in the direct exciton transition for WX, 2D-TMDs, the nota-
tion is related to the group theory analysis of the excitonic state’s symmetry, leading to
the description of the spin-orbit splitting (A) between bright (X 9) and dark excitons (XP).
Moreover, the dark exciton state also shows a fine structure splitting at zero field (6). Adapted
from Ref.[96]. (b) Schematic of the momentum-dark exciton states in the multiple valley
band structure of WX, 2D-TMDs. (c¢) Schematic representation of the exciton momentum
dispersion in a two-particle picture. The parabolic dispersion is related to the excitonic
centre-of-mass momentum (K,,.). The excitons with small momentum are contained in the
light cone, defined by the free-space photon dispersion c - q;, and are considered bright,
excitons with larger momentum are outside of the cone, hence dark. Fig.b-c are adapted from
Ref.[67].

magnitudes longer than bright neutral excitons [95]. Furthermore, the presence of dark
excitonic states in W-based TMDs have been demonstrated with different techniques, for
instance the use of strong magnetic fields [97] or by coupling the dark emission to plasmonic
systems [98, 99].

Additionally to spin-dark states, the presence of multiple valleys in the TMDs band
structure give rise to momentum-dark excitons transition which can be intra-valley, if located
at the direct K point, or inter-valley, if the recombination takes place between other conduction
band minima at the K’ or Q point (Fig.2.7b). Another way to create dark excitons is the
generation of electron-hole pairs with large centre of mass momentum (K), as shown in
Figure 2.7c. Here we take into account the dispersion of the excitonic energy in a two-particle
picture. The bright excitons (related to the inter-valley transition) are the ones associated
with small momentum which reside into the light cone, defined by the free-space photon
dispersion c - q; (where c is the speed of light). The excitons with larger momentum resides

outside of the cone and are considered dark.
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On importance for the experimental results discussed in later chapters, recent reports
[94, 100, 101] have indicated that the optical response of single and double layer WSe,,
at cryogenic temperature, is strongly correlated to phonon-assisted recombinations of
momentum-dark excitons and, discussed in section 2.5, a similar picture could be responsible

for the appearance of single photon emitters in WSe;.

2.3.3 Photoluminescence dynamics of 2D excitons

As discussed in the previous section, the bright excitons within the light cone can be directly
created via the absorption of a photon and will spontaneously decay via coupling to a
continuum of photon states. On the other hand, in case of dark excitons with a larger
momentum outside of the light cone, the coupling to light is forbidden making them optically
inactive. This effect have a direct consequences on the radiative lifetime of 2D excitons
observed in experiments.

The intrinsic radiative decay time for bright excitons (T?a ;) 1n 2D semiconductor quantum
wells is defined as [102, 103]:

1 ke /Ewn\2
o _ L _ he (Exo\* opyo
Yrad = 300 T 2k <ehv> (ap”) (2.10)

where Iy is the spontaneous decay rate, ko is the light wave-vector, Eyo is the neutral
exciton transition energy and a%D the 2D exciton Bohr radius. From both first principles
calculations [104] and experimental results [103], the radiative time of bright excitons in
2D-TMDs at cryogenic temperatures is in the order of 1/2Iy =~ 1 ps. At low temperature
this fast relaxation process dominates while at a finite temperature, and longer times than the
exciton-exciton and exciton-phonon interaction, the photoluminescence decay can be orders
of magnitude larger than the intrinsic lifetime value. This lifetime is given by the average
decay rate of a thermalized exciton population [102]. The resulting effect at high temperature
is that longer luminescence decay, up to nanosecond scale, are observed experimentally [103].
When taking into account a finite temperature, only the excitons in the light cone can decay

radiatively, leading to an effective decay time defined as:

eff 3ka 0

rad — EE_OTrad (2.11)
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where k;,T is the thermal energy and E( the exciton kinetic energy.
At high temperature, the presence of non-radiative processes can dominate the overall
luminescence decay process. In case of 2D semiconductors, the evolution of the excitonic

population is given by the following rate equation [103]:

av _ N N (2.12)

where 7 is the sum of the radiative and non-radiative decay processes (T = Tri{ ; + T,,) and
7 is the exciton-exciton annihilation rate, a non-radiative Auger process which is dominant
in the luminescence decay of 2D semiconductors at room temperature [105, 106]. From
experiments, the value of the exciton-exciton annihilation rate is found to be ¥ = 0.35 cm?/s
[105]. In Figure 2.8 is shown the evolution of the decay for different values of the y coefficient
(Fig.2.8a) and of the initial excitonic population (Fig.2.8b, at fixed y = 0.35 cm?/s). As it
can be seen, the main impact of these effects on the luminescence decay are found in the

Increasing Auger coefficient, ~y Increasing population (No)
T T T T T T T T T T

100 £ — 01  —1 100 3 109 ¢ — 1 — 100 10000 3

i — 035 — 10 1000 J i — 10 = 1000 ]

w0t E 4 10hE 3

, 1 1072 3

107* F E E

Z. [ 1 Z. 1073 L 3
107° E

: 1074k .

10— 3 3 [ ]

- i 107 3

1075 b 1 1 1 . 1 1 1 ! i

0 50 100 150 200 0 50 100 150 200

t t

Fig. 2.8 Evolution of the decay rate for a 2D excitons population in the thermal regime,
calculated by solving equation 2.12 in case of (a) an increasing exciton-exciton annihilation
processes (from experiments ¥ = 0.35 cm?/s [105]) and (b) an increased initial excitonic
population (Ng). The overall radiative lifetime, neglecting any changes in the non radiative
losses, is set to T = 1 ns.
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modification of the fast decay component, while the longer decay, related to the thermalized

exciton population at finite temperature, does not exhibit any substantial modification.

2.4 Strain effects in 2D semiconductors

The control over lattice distortions, or strain-engineering, is a valuable tool for tailoring
semiconductors electronic band structure, with improvement for optical properties and carrier
mobilities [107]. For common crystalline materials the applicable strain before fracture is
limited to < 1% and mainly introduced via crystal lattice mismatch in controlled growth
processes. The intrinsic flexibility of two dimensional materials [108] opens the way to
demonstrations of novel physics [109, 110] and flexible electronics [10]. Following these
results, two dimensional semiconductors have recently emerged as a promising platform
to overcome bulk crystalline semiconductors mechanical limitations [111, 112]. Moreover,
the reduced dimensionality offers additional degrees of freedom than bulk counterparts.
For instance, the possibility to introduce in-plane or out-of-plane deformation of the 2D
membrane, the creation of localized [113] or periodic [114] strain profiles and anisotropic
responses to the applied deformations [115-117].

The effects of strain on the electronic properties of semiconductors can be ascribed to
two main effects on the crystal structure, namely the piezoresistivity and piezoelectricity
[107]. While the first is observed in any semiconductor systems, and related to resistivity
modification by strain, the latter is found only in non-centrosymmetric crystals from the stress-
induced changes in the charge polarization. For TMD monolayers, the lack of inversion
symmetry leads to an intrinsic piezoelectric effect [118] which has been demonstrated
experimentally in MoS; [119, 120].

2.4.1 Band structure modification

Owing to their large deformation thresholds, an appealing effect of strain application in
2D-TMDs is the possibility to continuously tune their bandgap energy via a controlled
deformation [121, 113]. This effect is related to the changes in the overlap between p,
chalcogen and d > transition metal orbitals [122, 123]. Fig.2.9 shows the relative changes in
the real and reciprocal space of the unit cell under tensile strain, and the relative band structure
evolution under uniaxial tensile strain for mono and bilayer WSe,. For a monolayer WSe,
(Fig.2.9b) the most prominent effect of tensile strain is the reduction of the energy bandgap

at the K point, due to the lowering of the conduction band minimum and the simultaneous
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increase in the valence band maximum. On the other hand, under compressive strain the
conduction band minimum at the K valley is lifted at higher energy, while a concomitant
reduction at the Q point leads to a transition to indirect bandgap. Note, for both compressive
and tensile strain the valence band maximum in monolayer WSe, is expected to lift in its
energy leading to a electron and hole confining potential, an opposite behaviour than most
2D-TMDs [124].

As shown in Figure 2.9c, for a bilayer WSe;, where the lowest energy transition is
indirect, at high value of tensile strain it is possible to observe a transition to direct bandgap
[125, 126]. This is due to the stronger reduction of the K valley energy, than at the Q point,
leading to a crossover of the conduction band minimum and the onset of a momentum direct
lowest energy recombination process.

When the crystal symmetry is reduced by strain, some degeneracies in the band structure
are lifted and band splitting can occur. This effect is expected to cause a valley hybridisation
in 2D-TMDs, leading to the mixing of opposite valley states and lower protection of the
pseudospin degree of freedom, thus modifying the valley selective optical selection rules, as

described in section 2.2.1, yielding lower degrees of valley polarization.

2.4.2 Exciton funnelling effect

As consequence of localized nano-scale deformations, the large bandgap re-normalization
in strained 2D-TMDs [57] can lead to the formation of an inhomogeneous profile in their
band-structure. This spatial distribution of strain translates into a potential gradient seen
by the 2D excitons, which can concentrate most of the population into the strained area, or
push it away, via the funnelling effect [127]. Figure 2.10a-b show the expected deformation
potential and exciton energy profiles in case of an indentation type of deformation, similar
to that obtained with an AFM tip or by stretching the 2D layer on top of a nano-pillar. As
discussed in the previous section, the calculated biaxial strain profile in Figure 2.10a is
directly correlated to a reduction of the bandgap and replicated in the local exciton energy
profile (Fig.2.10b).

As shown in Figure 2.10c, three types of funnelling mechanisms have been proposed
[127], depending on the relative valence/conduction band bending under strain and on the
relative exciton binding energy. For a Type I funnelling mechanism, the simultaneous
lowering of the conduction band and lift in the valence band leads to the confinement of
excitons in the strained area. In case of Type II and Type III, both the conduction and

valence band are reduced under strain and the accumulation of charges is discriminated by
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Fig. 2.9 (a) Effect of uniaxial strain on the hexagonal crystal structure of 2D-TMDs for both
the real and reciprocal space. Adapted from Ref.[125]. (b) Evolution of the band structure
under compressive and tensile strain for monolayer WSe;. For tensile deformations, the
bandgap at the K point is reduced. For compressive strain instead, the bandgap at the K point
is increased and the Q valley reduced its energy leading to a transition to indirect bandgap
at high strain levels. Note, for the valence band the application of strain always induces
a lift in its energy. Adapted from Ref.[57]. (c) Evolution of bilayer WSe, band structure
under uniaxial tensile strain exhibiting a stronger reduction in energy of the conduction
band minimum (CBM) at the K point, leading to a transition to direct bandgap under high
deformation values. Adapted from Ref.[126].

the exciton binding energy. In case of weakly bounded excitons, charge separation due to the
build-in potential will occur and different carriers will drift in opposite directions (Type II).
For strongly bounded excitons (Type III), the band profile will lead to the diffusion of the
electron-hole pair in the strained area, in analogy to the Type I mechanism.

For most 2D-TMDs, it is expected that both the electron and hole will experience a
funnelling mechanism and become trapped in the deformation potential. While Type III is
the expected mechanism for MoS,, the Type I picture is the one associated with strained
WSe,, due to the lift in the valence band maximum under strain.

In other 2D semiconductors, such as black phosphorous and HfX», the funnelling mecha-

nism is inverted, and is expected to deplete charges from the strained area. This effect leads
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Fig. 2.10 (a) Calculated biaxial strain profile on a MoS, monolayer for an indentation type
of deformation. (b) Local exciton energy profile relative to the deformation shown in Fig.a.
(c) Classes of excitonic funnelling mechanism from the different band structure bending and
exciton binding energy in a strained semiconductor layer. Figures adapted from Ref.[127].

to an inverse funnelling operation which can be used, in principle, to improve the charge
collection in strained 2D devices [128, 129].

2.5 Single photon emitters in WSe,

Solid-state single photon emitters (SPEs) [43] emerged as the most promising candidate for
quantum information processing and quantum technologies, with the forefront of research is
in III-V semiconductor quantum dots (QDs) [130, 44], with prospects of commercialization
and scalable systems. Two dimensional SPEs are a novel entry in this field, offering appealing
features such as an ease in photon extraction, due to the lack of bulk material around, and
favourable integration on arbitrary substrates.

The first reports of quantum light in 2D-TMDs happened in a short time by a few research
group working on monolayer WSe; [25, 131-134]. Since then, quantum emitters have
been observed in mono and multilayer WS, [135, 136] and QD-like features in single layer
MoSe; [137, 138]. Other two dimensional families exhibit the presence of single photon

emitters such as GaSe [139] and hexagonal boron nitride crystals [24], the latest showing
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quantum emission up to room temperature. While their nature is still under debate, single
photon operation have been demonstrated in electroluminescent devices [135, 140-142],
waveguides [143, 144] and coupled to Fabry-Pérot [145] and plasmonic optical cavities [146].
Moreover, the evidence of a biexciton cascade emission [147] could lead to the development
of entangled photon pairs from 2D SPEs.

Although the role of a single defect as the source of quantum emission is still under debate
[148, 149], it has been understood that disorder and localized strain plays a fundamental role
for the deterministic localization of WSe; SPEs, leading to the demonstration of nano-scale

positioning with various approaches.

2.5.1 Optical properties

At cryogenic temperatures and under low power excitation, in single and double layer WSe,
optical spectra it is possible to observe highly localized narrow line emitters (Fig.2.11a),
red-shifted from the neutral exciton energy by 50-200 meV, which area associated with single
photon emission characteristics (Fig.2.11b).

As shown in Figure 2.11c, photoluminescence excitation (PLE) experiments show an
hydrogen-like progression of the SPE energy levels, confirming that SPEs are formed from
free exciton states [25, 132]. This observation leads to the comparison of such localized
emitters with bound excitons states in colour centres and potential wells. Polarization
measurements on these single emitters show linearly polarized emission, as in the case of
single dipoles, and the PL intensity under increasing power exhibits a saturation behaviour,
both indications of a two level quantum system (Fig.2.11d-e). The luminescence decay
lifetimes vary drastically between different SPEs, however all of them are found to be orders
of magnitude longer than that direct excitons, confirming the picture of a localized bound
exciton state. Note, that the intrinsic radiative lifetime of such emitters is still an open
question, with reports of luminescence decays from few nanoseconds up to < 200 ns [151].
This might indicate very long radiative lifetimes for 2D SPEs, although more experimental
and theoretical investigation is required for a complete understanding.

An indication of the excitonic confinement is also derived by the presence of a fine
structure splitting (FSS) in certain SPEs, related to the exchange interaction between the
electron-hole pair under anisotropic potentials and from the Zeeman interaction between the
carriers [152]. This degeneracy can be lifted with the application of an external magnetic
field, as shown in Figure 2.11f. Polarization measurement at zero field show that the two FSS

lines are orthogonally-polarized, with a near unity degree of polarization, although this is not
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Fig. 2.11 (a) Single photon emitter in monolayer WSe, at cryogenic temperature, showing a
zero phonon line (ZPL) and a phonon sideband (PBS). (b) Autocorrelation function (g>(t))
under resonant excitation, showing a nearly perfect single photon emission. (c¢) PLE spectrum
of a localized exciton exhibiting an hydrogen like series of states. (d) Saturation curve of
the SPE PL intensity as a function of increasing power. (e) Polar plot showing the linear
polarized emission from a SPE with dipole-like patter. (f) Magneto-optical studies of multiple
SPEs, exhibiting a Zeeman spitting under increasing magnetic field. (g-h) Optical selection
rules of the SPE emission. Under no magnetic field (B = 0) the SPEs show a mixing of two
degenerate states leading to a cross polarized doublet emission in an horizontal and vertical
basis. By applying a magnetic field (B # 0), the state degeneracy is lifted and the doublet
becomes circularly polarized. Fig.a-b are adapted from Ref.[150], Fig.c-e from Ref.[25] and
Fig.f-h from Ref.[133].
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always the case [150]. The application of an external magnetic field, perpendicular to the
layer surface, shifts the doublet polarization from a linear to a circular basis (Fig.2.11g-h).
This effect is related to the presence of an in-plane anisotropy, due to symmetry breaking,
which hybridizes the 6+ (0 ™) states connected to the valley excitons. The Zeeman interaction
with the external field can lift this anisotropy, restoring the circular polarization states [133].

Two dimensional SPE show a large variance in their emission properties, even between
emitters from the same monolayer. For WSe,, three main categories of emitters can be
identified from the FSS characteristics [150]: SPEs with FSS of about 0.6-0.7 meV with
large g-factors (= 7 — 10), SPEs with smaller FSS and small g-factor, and finally emitters
that doesn’t show any FSS even under high magnetic field. It has been demonstrated that the
FSS can be controlled with the application of an external electric field [153], in analogy with
the symmetry breaking from the application of a magnetic field. Moreover, confined excitons
retain a g-factors with values close to that of the fundamental dark (bright) excitonic transition
in WSe, (MoSe;), indicating a correlation with the intrinsic band structure character of the
2D host [94].

2.5.2 Nano-scale positioning of single photon emitters

It took over a decade of work to deterministically position quantum emitters in epitaxially
self-assembled III-V semiconductor QDs. For 2D-TMDs instead, in less then a year after
the first reported SPEs, few groups demonstrated the deterministic positioning of quantum
emitters in both monolayers and bilayers WSe, (Fig.2.12a).

Different techniques have been adopted, such as etched holes on silicon [154], gapped
gold nanorods [155] and arrays of dielectric pillars [156, 157]. All these approaches concern
the nature of the substrates on which the TMD will be transferred, rather than a direct
chemical or physical treatment of the material. Only recently, the use of He ion irradiation
have been demonstrated to create SPEs in MoS,; [158].

The deposition of monolayers is usually performed with an all dry-transfer process
using a viscoelastic PDMS stamp (Fig.2.12b), described in section 4.1.3. If the substrate
presents steps or out-of-plane structures the monolayer can easily fracture, due to the built
up compressive strain in the polymer during the deposition procedure, and in its following
release, leading to a low control on their optical properties and stability. The best quality
of SPEs have been reported for WSe, deposited on the high aspect ratio pillars [157]. This

approach shows improvement on the SPEs properties such as increased spectral stability and
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Fig. 2.12 (a) Left: Image of a transferred WSe, bilayer on top of an array of dielectric nano-
pillars. Right: PL mapping of the same sample revealing an increased PL intensity (range
700-860 nm), for both mono- and bilayer, when on top of the nano-pillars. (b) Schematic
of the PDMS transfer methods for the positioning of single photon emitters on an array of
nano-pillars. (c) Schematic of the funnel effect as a possible explanation for the nano-scale
positioning of single photon sources in the strained 2D semiconductors. Fig.a-c are adapted
from Ref.[156], Fig.b from Ref.[157].

reduced linewidths, all enhanced when increasing the pillars height. An explanation for this
effect can be related to the role of increasing strain on the material electronic properties.

A possible explanation for the appearance of strain-induced SPEs has been related to the
exciton funnelling effect [127]. As shown in Figure 2.12c, the strain profile of an indented
layer creates a local energy minimum that leads to a quick funnelling of a free exciton in the
potential well, resembling that of an artificial atom. In a TMD monolayer the local strain
profile, introduced by the pillar, traps a single exciton which then recombines on a localized
state, for instance a defect, giving rise to the single photon emission [159]. However, the exact
nature of this process is still under debate, with theoretical proposal of strain-induced bound

states [160] or localized inter-valley defect excitons [161] as the source of anti-bunched light.






Chapter 3

Light-matter interaction with optical

nano-antennas

In the first part of this chapter an overview of the main properties of optical antennas
is given, discussing plasmonic nano-structures and novel high refractive index dielectric
nano-resonators. The second part of the chapter will describe the fundamental physics of
light-matter interaction in optical cavities, with focus on the main figure of merit relevant for

the discussion of the experimental results in this work.

3.1 Optical antennas

As schematically shown in Figure 3.1, an antenna is a device which can transmit or receive
electromagnetic radiation [162, 163]. In analogy with radio or microwave counterparts,
an optical antenna can convert a freely propagating optical radiation into localized energy,
in its near-field region, and vice versa transducing this energy into a modified radiation
pattern in the far-field, described by the reciprocity theorem [164]. The requirement of sizes
comparable with the operational wavelengths impose nanometre size devices for antennas
operating in the visible range. The controlled fabrication of the design of nano-structures has
been achieved only in recent decades, with the progress of nano-scale fabrication techniques,
such as electron beam lithography and focused ion milling.

The principle of operation of an antenna is the confinement of the free electrons in a
metal into a finite volume. The confined charges oscillate in reaction to an applied AC field
leading to a periodic response which, if left alone, can be described in terms of a damped
harmonic oscillator. The damping of the excitation is related to the loss of energy via Ohmic

resistance, or via the emission of the electromagnetic radiation. This fluctuation of the charge
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Fig. 3.1 Design of an optical antenna, where the interaction between a transmitter (receiver),
represented by a dipole, and the electromagnetic radiation is mediated by the optical antenna.

distribution is replicated in the transmitted electromagnetic far-field in a remote point of
space, far from the antenna itself.

The concept of optical nano-antennas was born in the field of near-field optics and
microscopy [165], where it was firstly understood that a metal nano-particle could be used as
a nano-scale probe in order to overcome the resolution limit of far-field techniques, which
relies on the focusing of light with standard optics. This approach led to the development of
the so-called “tip-enhanced”’spectroscopy techniques [166].

In the last decades, the field of plasmonics emerged as one of the most flourishing
branches in nanophotonics [31, 167, 168], focusing on the study of the interaction between
light and the free conduction electrons in noble metals. When reducing the size of a metal,
and approaching higher and higher frequencies, its behaviour deviates from that of a perfect
conductors due to the finite mass of electrons. The free electron gas in the metal conduction
band behaves like a plasma and the interaction with the electromagnetic fields give rise to two
main excitations, described by quasi-particles states, namely the surface plasmon polaritons
(SSP) and localized surface plasmon resonances (LSPR). An illustration of these phenomena
is given in Figure 3.2.

SSP are electromagnetic excitations of the free electron gas, which can propagate at the
interface between a metal and a dielectric, such as air or vacuum, generating an increased
electric field strength in the near-field region. The SSP is associated with an evanescent
field component that decays exponentially in the perpendicular direction to the propagation

wave-front. These excitation have been extensively studied in the waveguiding light at
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Fig. 3.2 (a) Schematics of a surface plasmon polaritons, an electromagnetic excitations at
the interface between a metal (€;) and dielectric (&;). This excitation can propagate along
the surface of the metal in the x direction, while the evanescent field component decays
exponentially in the z-direction of the propagation wave-front. (b) Localized surface plasmon
resonance of a metallic nano-particle under an oscillating electric field. The free electron
cloud shifts in response of the field, giving rise to a dipole-like response.

the nano-scale far below the diffraction limit [169]. The existence of such excitations in
2D materials [170] has opened to even more exciting research and applications, as the
confinement of light into a single atomic sheet of graphene, corresponding to a confinement
of /10000 [171].

In case of a metal nano-particle with size comparable to the wavelength of the incident
light, the oscillating nature of the field induces a response in the free electron cloud of the
particle giving rise to LSPR (Fig.3.2b). These are non propagating excitations associated with
optical resonances which can fall in the visible range, as in the case of silver and gold nano-
particles, while at the same time leading to an electric field amplification in the near-field
region of the nano-particle. The LSPR are naturally excited in optically driven nano-particles
and can be described by the Mie theory, as discussed in section 3.2.2. These excitations
are the fundamental principle of operation of the so-called plasmonic nano-antennas [172]
and have been at the centre of the interest for enhancing fluorescence and non-linear effects,

such as Raman scattering and second harmonic generation. Moreover, the LSPR can also
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be excited by the field produced by a closely coupled dipole emitter, such as molecules or
quantum dots, leading to a change in its emission properties, as described in the second part
of this chapter.

3.1.1 Plasmonic nano-antennas

Since optical antennas allow the confinement of light far below what is achievable with
conventional optics, leading to an increased strength in the electric field at the antenna
surface together with an efficient redirection of radiation in the far-field, interfacing quantum
emitters in the vicinity of an metallic nano-antenna offers an efficient route to improve the
light-matter interaction at the nano-scale. Despite exhibiting low Q factors (< 10), when
compared with high-Q factor cavities metal nano-antennas have more affordable fabrication
approaches and exhibit a broader bandwidth, i.e. a broad cavity resonance, resulting in
an easier spectral coupling than for narrow cavity resonances. For these reasons the use
of plasmonic nano-antennas have been extensively investigated in the last decades [167].
Some examples of nano-fabricated gold plasmonic nano-antennas on dielectric substrates are
shown in Figure 3.3a-c.

Different geometries have been employed, due to the fact that the resonances of a
plasmonic nano-antenna can be tailored by modifying the shape, size or material used. While
the first studies focused on spheres or nano-rods (Fig.3.3a), which at first were synthesized
via chemical approaches, the use of nano-lithography techniques opened to a finer control
and more complex design for modifying the antenna properties. For instance, the presence
of corners or protrusions leads to the confinement of stronger fields at the antenna surface,
as in the case of triangular particles, usually placed in a bow-tie geometry (Fig.3.3b). The
emission properties of a nano-antenna can also be tailored not only by varying the geometry
of the antenna itself, but via the coupling to different resonant structures in close proximity.
Unidirectional emission from coupled emitters can be achieved as in the case of a Yagi-Uda
antenna [174], the geometry of which is shown in Figure 3.3c.

An effective way to improve the near-field enhancement is that of placing two nano-
antennas close enough to create ultra-small gaps, in the order few to tens of nanometres,
leading to a strong confinement of light and field intensity in the region between them. This
approach offers a great opportunity for increasing the light-matter coupling strength due
to a reduction of the optical mode volume and increased field strength. The effect of the
gap mode on the optical properties of a nano-antenna is shown in Figure 3.3d,e. Here, the

authors used two photon luminescence spectroscopy (TPL) to probe the local density of
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Fig. 3.3 (a-c) Examples of nano-fabricated plasmonic nano-antennas made of gold on
dielectric substrates. Closely coupled antennas in the form of nanorods (a) or in a bow-tie
geometry (b) are extensively used in studying the nano-scale light-matter interaction due
to enhanced field in their gap region. Other geometries as the Yagi-Uda antennas (c) are
actively used to achieve unidirectional emission of the light emitted by coupled luminescent
emitters. Adapted from Ref.[163]. (d-e) Two photon luminescence (TPL) signal as a probe
of the local density of states for a single (d) and coupled (e) gold nano-rods (length = 500 nm,
gap =40+ 10 nm). The profile shows the TPL intensity as a function of the position along
the nanorod long axis, closely replicating the expected optical mode spatial extent. Adapted
from Ref.[173].

states for different geometries of nano-rods antennas [173]. For a single gold nano rod, the
luminescence profile shows that the signal intensity, as a function of the antenna position, is
concentrated at the opposite edges of the rod, as it would be expected from the oscillation
of the free electron gas confined in the elongated structure (Fig.3.3d). In case of coupled
nano-rods, distanced by a gap of about 40 nm, the resulting signal shows a maximum at
the centre of the structure, tightly confined in the gap region (Fig.3.3e). Due to the dipolar
character, this gap “hotspot”can be excited more efficiently by illuminating the structure with
a plane wave with polarization aligned along the dimer antenna long axis. Moreover, by
reducing the distance between the two antennas, the confined optical mode in the gap region

exhibits an increment in the electric field strength, together with a reduction in the effective
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volume. However, this approach is limited mostly by the resolution of the fabrication process
and by the precision in positioning the emitters at the location of the nanometre sized gap.

The description of this coupling effect between close resonant nano-structures can be
derived from an hybridization model, similar to that of molecular orbital theory [164]. The
overlap of the wavefunction associated with each single antenna is taken into account for
the creation of a bonding and anti-bonding state. The former is usually the one detected in
spectroscopic experiments, while the latter is a dark state since the out of phase oscillation of
each single antennas cancels out the far-field component of the emission.

Even smaller sized gap can be created in case of the so called nano-patch antenna [175],
where the luminescent emitter is placed onto a metal surface and a nano-particle is deposited
onto the sample. With this approach, the thin gap between the particle and the metal surface
results in the formation of ultra-small cavity volumes, leading to large Purcell factors [176]
and strong coupling up to room temperature [29, 177]. However, this approach have severe

limitations for the integration in current optoelectronic devices.

3.1.2 High refractive index nano-resonators

Although metals have been studied for decades, it has been understood that the losses from
the presence of a free electrons have a large impact on their performances, limiting the
use of plasmonics for certain applications [178]. For noble metals these losses are either
connected to the absorption of the excitations by the free electron gas (Ohmic losses) or from
the transformation of the incident radiation into thermal energy under increasing excitation
power (thermal losses).

Moreover, metals show a proximity quenching mechanism which is one of the main loss
channel, related to the depletion of a quantum emitter excitation in the free electron gas, and
is highly dependent on the emitter’s distance from the metal surface [179]. To overcome this
problem, most of the plasmonic devices require the deposition of a dielectric passivation
layer [167], few nanometres thick, adding an additional step in the fabrication process, and
at the same time moving away the emitters from the electric field maximum, is located
at the metal surface, thus limiting the overall coupling. Additional drawbacks occur from
inter-band transition, for instance in gold and sliver when approaching visible/near-infrared
wavelengths, and from the incompatibility with complementary metal-oxide-semiconductor
(CMOS) fabrication processes.

Recently, a novel approach to nanophotonics emerged by exploiting the optical resonances

of high refractive index dielectric nano-structures [32]. As for plasmonics particles, even in
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dielectric nano-structures with high enough refractive index (n > 2) the Mie theory [180]
predicts the presence of electromagnetic resonances at optical wavelengths (see section
3.2.2), which has been observed experimentally [181, 182]. Contrary to noble metals, these
resonances are not related to oscillations of free charges but rather to bound electrons
displacement currents inside the nano-particle itself (Fig.3.4a).

One main difference between using metals and dielectrics to manipulate light-matter
interaction at the nano-scale is that high-index nano-antennas can support the presence of
different electromagnetic resonances. While metallic nano-particles only exhibit electrical
modes, high-index nano-structures also support strong magnetic resonances at optical fre-
quencies [183, 181, 184] (Fig.3.4b). This is due to the fact that for plasmonic excitations in
metals the transient electric (TE) modes are damped in the free electron gas, resulting in the
presence only of the transient magnetic (TM) modes, where the electric field is parallel to the
propagating wave-front [31]. This difference allows the excitation of magnetic “hotspots”, as
in the gap between dielectric dimer structures, which is impossible to achieve in the case of
noble metals (Fig.3.4c).

The use of high-index dielectrics have been shown to be a valuable platform for the
enhancement of fluorescence in coupled quantum emitters [187] and improvement in the
spectroscopic analysis when compared with plasmonic structures [188—190]. Moreover, high-
index dielectrics exhibit the absence of thermal quenching from Joule heating [191, 186],
particularly important for biological sensing [192] (Fig.3.4d). High-index dielectrics have
little optical absorption since most of the materials are completely transparent to the resonance
wavelength, leading to reduced optical losses. High-index dielectrics are commonly used
in the fabrication of semiconductors structures and the variety in the available materials
properties offer a large number of compounds for different applications [193]. For some
of these, such as the semiconductor gallium phosphide (GaP), the absorption coefficient
can reach values close to zero at visible wavelengths, resulting in ultra-low optical losses,
appealing for surface enhanced spectroscopy [194].

The presence of electrical and magnetic dipole responses have also great advantage for
the research and realization of complex nano-photonic effects. For instance, the possibility
to achieve multipolar resonances with equally weighed electric and magnetic multipoles
excited in an individual particle can lead to unidirectional scattering and highly directional
emission [195, 182] or to novel photonic effects, such as toroidal electromagnetic modes and
non-radiating anapoles [196].

The limitations of dielectric nano-antennas are mainly related to their lower near-field

concentration, resulting in a decreased electric field intensity, when compared with that of



40 Light-matter interaction with optical nano-antennas

Magnetic mode

(a) Plasmonic Dielectric

(©) Metal dimer  Dielectric dimer

OO OQ

Electric hotspots Electric hotspots

+ OO GO @

wmmmmm
T(°C)

SRR EEE

No hotspots  Magnetic hotspots

Fig. 3.4 (a) Schematics of the fundamental physical mechanism inducing electromagnetic
resonances in metal (yellow) and dielectric (grey) nano-particles. While metals rely on
oscillations of the free electron gas, dielectrics optical resonances stems from bound electrons
displacement currents inside the nano-particle. (b,c) Electric and magnetic modes for a nano-
disk (b) and a dimer configuration (c). Although the electromagnetic modes are confined
inside the nano-structure, the use of coupled particles can lead to the arbitrary excitations
of electrical or magnetic hotspots in the dimer gap, the latter absent in case of noble metal
nano-particles. (d) Temperature map for a gold dimer (left) and a silicon dimer (right) taken
under the same excitation density. In case of a dielectric nano-antenna the thermal losses are
completely absent. Fig.3.4b is adapted from Ref.[185], Fig.3.4c from Ref.[184] and Fig.3.4d
from Ref.[186].

analogous plasmonic nano-antennas. This effect is related to the characteristics of high-
index dielectric to have their optical mode spreading throughout the volume of the resonant
nano-structures, thus providing less confinement. This is in contrast with metallic nano-
particles which instead push the electric field outside of the metal, enabling a stronger field
enhancement at their surface, and thus exhibiting larger Purcell factors of closely coupled
emitters.

However, these limitation on the Purcell effect can be circumvent firstly from the fact
that dielectrics does not need a spacer at their surface to compensate for proximity quenching

and moreover from the use of inverse-designed structures [197] or nano-particle clusters
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[198], which can be an efficient approach to improve the spontaneous emission rate of closely
coupled emitters in dielectric nano-phonics systems. Additionally, effects such as surface
lattice resonances [199] or bound states in the continuum [200] could be used for boosting
the quality factors and non-linear effects in arrays of sub-wavelength dielectric resonators.
Although the promising properties of dielectric nano-antennas have been reported, the
main applications are currently focusing on the field of metasurfaces [201, 202] for flat optical
components and for next generation integrated photonic devices [203]. The integration of
quantum emitters with high-index dielectrics nano-antennas is still a young field of research,
where novel effects can be achieved with the use of novel active materials integrated as a

gain medium for photonic applications [30].

3.2 Emitter-cavity interaction

A general schematic of a two level emitter interacting with an optical cavity is shown in
Figure 3.5. Here the main parameters to consider when describing the light-matter interaction
are the decay rate of the emitter, Y, the decay rate of the cavity, k, and the emitter-cavity
coupling rate, g. In case of an atom-field interaction two distinct regimes can be distinguished

from the magnitude of the coupling rate, which can estimated as:

— (3.1)

where U is the dipole matrix element, @y the frequency of the transition and V is the volume
of the cavity, i.e. the spatial extent of the confined electromagnetic radiation. If the dissipation
rate exceeds the coupling rate (g << 7, k) the emitter-cavity interaction is described in terms
of weak-coupling regime. The emitter decay in the ground state with a rate 7 but the presence
of the cavity modifies the local density of optical states (LDOS) and, following the Fermi
golden rule, the resulting decay rate and Purcell factor can then be calculated, as discussed in
section 3.2.1.

In case the coupling rate is larger than the combined decay rates of the emitter and cavity
(g >> 7, k) the system is in the strong coupling regime. Here, the energy released by the
emitter is reabsorbed before it can escapes the cavity, and the energy oscillates between the
emitter and cavity and this cyclic transfer of energy is known as a Rabi cycle. The spectrum
of the emitter is then associated with an energy splitting, leading to the formation of half-light

half-matter quasi-particles known as polariton. Looking at equation 3.1 it is straightforward
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Fig. 3.5 Schematics of the physical rates which determine the dynamics of an emitter-cavity
system. The photon decay rate of the cavity k, the non-resonant emitter decay rate y and the
emitter-cavity coupling parameter g.

to observe that a way to increase the coupling strength of an emitter-cavity system is to
reduce the interaction volume, obtainable in nano-photonic structures with effective volumes

below the diffraction limit.

3.2.1 Spontaneous emission decay and Purcell factor

As discussed in the previous section, the main evidence of the weak coupling regime is a
change in the spontaneous emission decay rate, due to the modification of the local density of
photonic states. This result is also known as the Purcell effect [27], quantified via the Purcell
factor Fp = ¥/ which can be directly determined in experiments by measuring the radiative
lifetime of an emitter inside (7 = 1/y) and outside (7p = 1/7p) the optical cavity.

The spontaneous emission rate, for a dipole emitter between an initial |/) and final state

|f), is given by the Fermi’s golden rule:

2T . A
v =318 P30 - o) (3.2)
where H; = —[1 - E is the interaction Hamiltonian in the dipole approximation and the delta

function defines the discrete set of states available for the emitter to radiate into.
For high quality factor (Q) cavities, with an optical mode confined in an effective volume

Verr, the delta function is replaced by a Lorentzian spectrum, of width Aw = ®/Q centred
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on the cavity resonance, and the spatial profile is set by the eigenfunction of the cavity
field. Within this approximation the LDOS for a dipole, normalized over the LDOS of the

surrounding medium with index n, simplifies the Purcell factor to the following equations:

P = 313 & vV :M
AT’ Vorr I max(e|ER)

(3.3)

From this formula it is clear that the Purcell factor scales linearly with higher quality
factors and smaller cavity volumes. However, this approximation fails to describe the density
of photon states of an emitter in case of non-resonant and lossy cavities, as in the case of
plasmonic nano-antennas, and when the dipole is not placed at the maximum of the confined
electric field amplitude [204].

A more rigorous description of the emitter-cavity interaction is given by introducing the
partial (i.e. directionally dependent) local density of states p, (ro, @), which represent the
number of electromagnetic modes, per unit frequency and per unit volume, available for the

emitter to radiate into [165]. With this approach the total decay rate can be rewritten as:

U3

_ 2
= Tre I pu(ro. ) G4

Y

where L = U - ny is the dipole moment with n, the unit vector of the dipole orientation. The
partial LDOS is evaluated from the imaginary part of the Green’s dyadic function, ?, as
follow [165]:

6
pu(ro,my) = n—g’[nﬁ 'Im{ﬁ(ro,ro;wo)} “ny) (3.5

The Green’s dyadic function is a tensor which is evaluated at the dipole origin ry and
related to the electric field generated by the emitter, at the location of the emitter itself
(Fig.3.6). In a classical picture this self-generated field, or back-action, is dependent on
the field polarization the emitter generates and from the interaction with the surrounding
environment, which can be described as the backscattered field by the dielectric environment,
creating a net field (Ey) at the emitter position [197] . In case of an emitter close to a dielectric
volume (V), the sources that produce the scattered fields are the induced currents, j(r’), in the

dielectric medium (&,) surrounding the emitter itself [205]. The spontaneous emission rate is
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Fig. 3.6 Illustration of the Green’s dyadic function. The Green’s function renders the electric
field at the point r generated by a single point source j at the point r’. Being dependent on
the orientation of the point source, the Green’s function is a tensor, accounting for on all
the possible orientation of the point source. In case of a dipole emitter at the position r the
Green’s function can give the field generated inside a dielectric medium of volume V and
permittivity €. at position r’, responsible for the back-action on the dipole self-generated
field.

then proportional to the electric field that the emitter generates at its location and the overall
enhancement, neglecting any non-radiative process, is defined as:
p Y 6mey 1

Po N |2 K3 mip” - Es(ro)} G0

here py = a)g /(7?c?) is the local density of electromagnetic modes for a black body radiation,
and 7y the free space spontaneous decay, defined as:

/o= w5
07 3xeohc?

(3.7)

3.2.2 Optical resonances of a dielectric nano-particle

The analytical solution to the problem of a spherical particle illuminated by a plane wave was
already solved analytically by Gustav Mie in 1908 [180]. In analogy with the light reflected
or transmitted by a material slab, a nano-particle can be described as an obstacle for the
incoming electromagnetic wave (Fig.3.7a). In this picture, the scattered wave can be seen as
the reflected wave, while the extinction is related to the amount of energy transferred through
the particle. Their difference determines the amount of energy absorbed by the particle,
while the resulting internal field is responsible of the optical resonances. The Mie theory, as
described by Bohren and Huffman [206], starts from the time-harmonic dependent equation

of the electromagnetic field:
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V’E = —weye, LE (3.8)
V’H = —weye, uH (3.9)

from here we look for a solution in the case of a spherical particle of radius a and dielectric
permittivity € = n?, where n is the particle material index of refraction, surrounded by a
non-absorbing medium with index of refraction n,,. To obtain the solutions the incident,
scattered and internal field are first expanded into an infinite series of spherical harmonics
and the relative coefficients are calculated by satisfying the boundary conditions defined by
the surface of the sphere [206]. From a classical point of view, the scattering, extinction and
absorption cross-section can be approximated as the ratio of the power density (W) over the
incident (/;) power, giving rise to each relative phenomena.

The relative cross-section can be calculated as:

W, 2 &
Oscart = T =2 Zl(2n+ 1) (|an|? + |bn]?) (3.10)
n—=
W, 2T &
Ouxt = T,-e =2 Z’](Zn—i— 1)Re(a, +by) (3.11)
n—=
W,
Oubs = I_'a = Oext — Oscart (3.12)

Ty,

where k = is the wavevector of the incoming light, and the sum terms represent the
multipolar resonances (n = 1 dipolar, n = 2 quadrupolar, ...). The scattering coefficients a,
and b, represent the electric and magnetic response, respectively. Figure 3.7b shows the
electric and magnetic field lines of the first three modes, depicting the dipolar and multipolar
characteristics of the internal field of a spherical nano-particles, taken from the original work
of Mie.

The scattering coefficients are determined by the following equations:

o = MW (m) ¥ () — Y () Y ()
T my(m)&(x) = §u(x) gy (mx)

(3.13)

_ Y(mx) i (x) — my (x) g, (mex)
Wi (mix) &5, (x) — m& (x) 7, (mx)

b, (3.14)
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Fig. 3.7 (a) Schematic of the electromagnetic resonances for a dielectric nanoparticle. E is
the electric field (blue), B the magnetic field (orange). In black the direction of the incoming
light wave-vector, normal to its plane of propagation. (b) Electric and magnetic resonances of
a nano-particle as reported by the original paper of Gustav Mie [180]. (c) Complex refractive
index of gallium phosphide (GaP). (d) Calculated Mie efficiency factors for a GaP sphere
in air with a radius of 100 nm. The main scattering peaks are labelled as for the magnetic
dipole (md), electric dipole (ed) and magnetic quadrupole (mq).
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2
here m is the relative refractive index (m = i) and x the size parameter (x = ka = Zma).
Ny
The functions y,(z) = zj,(z) and §,(z) = hY (z) are the Riccati-Bessel functions, where

Jn(z) is the spherical Bessel function of the first kind and hgl)(z) is the spherical Bessel
function of the third kind, also called Hankel function of the first kind (hgll) (z2) = Ju(z) +
iyn(z)). The prime indicates the differentiation with respect to the argument. It can be seen
that as m tends to one, i.e. there is no particle, the scattering coefficient vanish.

For small particles compared to the incident wavelength, the scattering response is
composed of many peaks appearing in the resonance spectrum. In Figure 3.7d is shown the
calculated Mie scattering cross-sections for a GaP nano-particle with a radius of 100 nm, in
air. The broad peaks correspond to the magnetic (md) and electric (ed) dipolar resonance,
while at higher frequencies it can be seen that a sharp peak appears in the scattering spectrum,
related to higher order resonances, in this case to the magnetic quadrupole resonance (md).

A useful figure of merit to describe the scattering properties of a nano-particle are
the relative efficiencies, or efficiency factors, for the scattering, extinction and absorption
cross-section. These are defined as the relative cross-section normalized over the particle

area:

Oext

Qext =

Osear = "G Oups = %’9 (3.15)

Qscatt = Qext - Qabs (316)

here G is the particle cross-sectional area, projected on the plane perpendicular to the incident
wave vector, which takes the value of G = ma® for a spherical particle.

A shown in Eq.3.16, the scattering efficiency is controlled mainly by parasitic absorption
in the nano-particle. In case of a non-absorbing material, i.e. the refractive index is real, we
have that Qe = Qex- This is an important feature to increase the efficiency of a particle,
and the choice of GaP is justified being one of the most effective material for this task,
following that the extinction coefficient drops to values close to zero at visible wavelengths,
as shown in Figure 3.7c.

The main limitations of the Mie theory stems from the fact that it is rooted in the context
of classical electrodynamics and limits the analytical solution only to spherical particles.

Since the modern fabrication of nano-antennas can yield various geometries, from disks to
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more complex designs, most of the studies are carried out with calculations with numerical
analysis software. Moreover, the Mie theory fails to describe the properties of particles when
drastically reducing their sizes, where quantum mechanical effects are prominent, together
with a lack in the description of surface phenomena such as the non-sharp boundary at a

particle interface with the surrounding medium or surface effects and doping.

3.2.3 Near-field enhancement

The absorption of light from a quantum emitter can be described in terms of a frequency
dependent absorption cross-section. For weak excitations, the rate at which an emitter is
excited is proportional to the square of the absolute value of the electric field E along the

axes of the dipole moment . The power received by the emitter can be written as [162]:

(0]
Were = Elm{a}|n“ Ef? (3.17)

where « is the emitter’s polarizability. Formally, the absorption cross-section is the geometri-
cal area of interaction which usually correspond to a surface area of the interaction, normal to
the plane of the incident wave. In case of a two-level system, in the absence of an antenna the
absorption cross-section show a theoretical limit of 6,5 = 3A2/(27). In case of the presence
of a strong electric field, as at the surface of an optically driven nano-antenna, the absorption
cross-section of a luminescent emitter is increased, directly leading to an enhancement of its
excitation rate. The overall absorption cross-section resulting from the interaction with the

near field region of the nano-antenna can be written as:

n, E?
o o muEl

"oy B o

where E and E are the field at the nano-antenna surface and without the antenna, respectively,
and oy the absorption cross-section without the antenna. This near-field enhancement at the
surface of the nano-antenna leads to an higher excitation rate of the emitter, which results
in a more efficient preparation of the emitting state. If this higher efficiency in the state
preparation is then associated with an increased spontaneous emission rate, via the Purcell
effect, the results is an overall increment of the light extracted from a quantum emitter

coupled to the antenna near-field.
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3.2.4 Directional emission

A nano-antenna acts as a near-field concentrator of light which can modify the far field
pattern of the emitted radiation. This property is quantified by the directivity (D) of the
antenna, defined as:

_ 47p(6,9)

D(6.9) = =

(3.19)
where W, ., = nril QOscar: 18 the total power radiated in the far-field in the solid angle defined
by the distribution p, dependent on the spherical coordinates (6,¢).

In case of both magnetic and electric dipole moments, the directivity of a nano-antenna
can be tailored reach high values of the forward to backward ratio, which can lead to a
near-unity directional emission. As shown in Figure 3.8, this effect is related to the relative
orientation and magnitude of the electric and magnetic dipole moment, for instance in a
dielectric nano-particle. The destructive interference of the interacting dipoles, also known as
the Kerker condition [207], can cancel out the back scattered wave in the far-field, resulting
in a highly directive source which leads to an overall improvement of the light emission

efficiency.
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Fig. 3.8 Schematic of the Kerker condition. The interaction between an electric dipole
(Mgp) and a perpendicular magnetic dipole (Lysp), of same frequency and amplitude, results

in the destructive interference of the scattered wave in one direction, and the constructive
interference in the other direction yielding a near unity directivity. Adapted from Ref.[208].

3.2.5 Photoluminescence enhancement factor

With the figures of merit described up to now, we can now address the experimental study
of optical nano-antennas coupled with luminescent dipole emitters. From experiments,
three enhancement effects occur in an optically driven nano-antenna [209] and their product

determines the overall intensity extracted from an emitter (/) as a function of its position (r):
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I<r7 wpumpv wem) o< Ppump(r7 wpump) '(I(r, wem) - TINA (r; wem) (320)

where @pymp, Werm are the excitation and emission frequency, respectively.

The first factor (Ppymp) is the excitation enhancement of the emitter, directly proportional
to the near-field enhancement at the pump frequency, as discussed in section 3.2.3. This
factor is dependent on the wavelength used to excite the structure, its polarization and the
beam profile.

Once the emitter is in the excited state, it will spontaneously decay with an enhanced

emission rate which is described by the quantum efficiency, or quantum yield, defined as:

’Yr + ’ynr

q(r, Wem) (3.21)

where ¥, is the radiative decay rate and %,, is the non-radiative decay rate. The quantum
efficiency defines the number of photon emitted over the photons absorbed and, as described
in section 3.2.1, can be enhanced via the Purcell effect which directly improves the sponta-
neous decay rate ¥,. Note, that for an emitter with near-unity intrinsic quantum efficiency
(Yur = 0, g = 1) the intensity of photon extracted cannot be improved. On the contrary, for a
poor quantum efficiency emitter (¢ < 1) the overall efficiency can be increased up to 1/¢.
This is important in the case of 2D-TMDs, where the quantum yield in exfoliated materials
are usually below 0.1% [210].

Finally, the property of an antenna to redirect the amount of light in the upper hemisphere

can result in an increased collection efficiency, the third factor in Equation 3.21, defined as:

1A (7, @om) = / P(F, om0, 0) 5in 009 (3.22)

where the subscript NA indicates the integration over the numerical aperture of the collection

optics used in the experimental setup.

3.2.6 Surface enhanced Raman scattering

An additional effect of confined fields at the surface of optically driven nano-particles is the
enhancement of non-linear effects of closely coupled emitters, such as the Raman scattering

intensity.
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The Raman process describes the inelastic scattering between a photon and a fundamental
vibration mode of a crystal lattice, or rotation modes in molecules. The process can be
described from the absorption of a photon at frequency @ and subsequent emission of another
photon with different frequency g, with an energy offset from the first photon equal to the

vibrational frequency ®,;;:

WRr = O E Wy (3.23)

if wg > w it is referred to Stokes Raman scattering, instead if wr < @ is called anti-Stokes

Raman scattering, as shown in Figure 3.9.
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Fig. 3.9 Schematic of the Raman scattering process

The Raman effect is an extremely weak process where the Raman scattering cross-
section is usually more than ten orders of magnitudes smaller than that associated with the
fluorescence processes. It is then fundamental to find approaches to enhance the interaction
between the optical probe and the vibrational modes. The most common example is given
by the Surface enhanced Raman scattering (SERS) [211] where the presence of a strongly
confined field at the surface of metal or dielectric [212] nano-particles can give rise to a
enhancement of the Raman signal up to 10'? [213].

For Stokes processes the power of the scattered beam can be approximates as [31]:

P((DR) :NGRsl(O)) (3.24)

Where N is the number of active scatterers under the excitation spot, Ogs is the Raman

cross-section and I(®) is the intensity of the excitation source. The enchantment of the
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scattered signal power is directly correlated to the changes in the cross-section (Csgrs > Ors)
which can be ascribed to two main effects, the electronic or chemical contributions, and
more importantly to the excitation of stronger electromagnetic fields via localized plasmons
resonances and the crowding of field lines. The Raman scattering enhancement factor can be

expressed as L(®) = |Ej,.(®)|/|Eo|, and the total power in case of SERS becomes:
P(ar) = NosersL(@)*L(wr)*1() (3.25)

being that Aw = wg — ® is small, the overall Raman scattering enhancement is proportional

to the fourth power of the electric field as R = |Ej,.(®)|*/|Eo|*.



Chapter 4
Experimental Methods

This chapter covers all the experimental techniques used in this work. The first section de-
scribes the methods used to isolate single and few layers of two-dimensional materials and the
transfer methods on arbitrary substrates. The second section will describe the procedure for
fabrication of dielectric nano-antennas. The last part will discuss the experimental methods
used in the optical and time resolved spectroscopy studies of 2D-TMDs photoluminescence

and single photon emission.

4.1 2D materials fabrication methods

The layered nature of crystals such as graphite allows the mechanical cleavage of single
atomic sheets via repeated exfoliation processes with adhesive tape. This process, so-called
"Scotch tape method", or mechanical exfoliation, was firstly used for the isolation of single
graphene sheets and other 2D crystals [2]. Since then, new attractive methods for large
scale production have been developed, such as chemical vapour deposition [214] and liquid
exfoliation [215], yet the preferred way to obtain high quality 2D crystals in most of the
research laboratories remains the exfoliation of single bulk crystals. After the isolation and
identification of single 2D layers, the material is then transferred on arbitrary substrates
or assembled in vertical heterostructures [216]. In this work, we carried out the transfers
with poly-dimethylsiloxane (PDMS) as it is the fastest and more reliable way to obtain large
single layers of 2D-TMDs and to transfer them on top of non-planar patterned substrates. As
comparison it will be also discussed the transfer technique based on poly-methylmethacrylate
(PMMA).
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4.1.1 Mechanical exfoliation

The atomically thin materials used in this work are exfoliated from commercially available
bulk single crystals (HQ Graphene) with the use of an adhesive tape (Nitto® BT-150E-CM)
chosen for the low glue residues left on the exfoliated crystals.

Figure 4.1 shows a schematic of the mechanical exfoliation process. A bulk layered
crystal is placed on a clean adhesive tape and, with the use of the tape protective PET film,
a gentle pressure is applied in order to make the crystal surface adhere to the tape. The
adhesion forces are strong enough to break the weak interlayer bonding and, after careful
removal of the crystal, the first few layers from its surface are left on the tape. This process
is repeated until a good coverage of the tape is obtained. From this residues, few additional
exfoliation processes are done by employing a new, clean tape. This procedure allows to
break even more the interlayer bonding between the residual material, and to obtain thinner
crystals. The tape is then pressed onto a substrate in order to transfer the remaining material.

Most commonly the 2D layers are transferred on top of a polymeric films or silicon oxide

Pressure

Adhesive tape Q
(1) & Bulk crystal (11) PET film (lll)

(lV) Pressure (Vl)

Exfoliation 5
S 0Q
]

Single and few laye'rs material

L

Target substrate

Fig. 4.1 Mechanical exfoliation process for layered crystals. (i-ii) The bulk crystal is placed
on a adhesive tape and press onto it by using a protective film. (iii) The adhesion force will
strip the first few crystal layers, after the removal of the bulk crystal, leaving them onto the
tape. (iv) This process is repeated with a new tape in order to break even more the interlayer
forces between the exfoliated crystals. (v) After few peeling, the remaining material is
pressed onto a polymeric or silicon substrate and transferred from the tape to the substrate.
(vi) The single and few layers of material left onto the substrate are then identified with an
optical microscope, in order to be transferred onto arbitrary substrates.
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substrates, specifically chosen for the transfer method used or for the assembly of van der
Waals heterostructures. In our case we used PDMS (Gel-Pak® 4, approximately 1x1 cm
size sheets deposited on a glass slide) since in our experience is the best way to obtain large
single crystals with clean material surfaces, when not directly in contact with the polymeric
substrate. At this stage, the polymer is searched with the use of an optical microscope for

identification of single layer crystals, as discussed in the following section.

4.1.2 Photoluminescence imaging

In order to unambiguously identify the thickness of single and double layer TMDs we
use a photoluminescence (PL) imaging technique in a commercial optical microscope, as
introduced in Ref.[217] and shown in Figure 4.2. The most common approaches to identify
single and few layers of 2D materials relies on their optical contrast and visibility on the
relative target substrate [218]. Instead, the principle of operation of this PL technique exploits
the high quantum efficiency of mono and bilayer of TMDs at room temperature.

By using the same white light source used to acquire the bright-field images of the sample
(Fig.4.2b), it is possible to excite simultaneously the luminescence of 2D-TMDs. To isolate
the signal coming from the atomically thin layers, the white light source is filtered with a 550
nm shortpass filter (550SP) in the excitation path, removing the infra-red and near-infrared
part of the emission spectrum. The PL signal produced by the TMDs is then isolated with a
600 nm longpass filter (600LP) in the collection path. The resulting image on the microscope

CCD camera is shown in Figure 4.2c. Here, it is possible to identify the single and double

(a)

CCD
00LP WL Source
550SP

) =

Bright Field (C) Photoluminescence

L

Fig. 4.2 (a) Schematic view of the PL imaging setup in a commercial optical bright field
microscope. Adapted from Ref[217]. (b) Bright field image of an exfoliated WSe, sample
on PDMS. (c) Photoluminescence signal isolated from single and double layer WSe,.
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layer from the relative emission intensity and colour. The colour is an artefact of the filters
placed before the microscope CCD camera pixels. For the room temperature PL. emission of
WSe; we observe in yellow the PL emission for monolayers (peaked at around 750 nm) and

in purple for bilayers (broad PL emission at 750-800 nm).

4.1.3 2D crystals transfer methods

One fascinating feature of 2D materials is the possibility to deterministically transfer single
layers on arbitrary substrates and to stack them one on top of each other to create novel and
engineered devices. Most of the 2D crystal transfer techniques can be carried out on a small
optical table with a modified optical microscope, long working distance objectives and few
chemicals, as shown in Figure 4.3. Two sets of micro-manipulator are used for alignment
of the exfoliated material and the target substrate, held on a rotation/heater stage used for
fine alignment in the assembly of 2D heterostructures. A vacuum pump is connected to the
micro-manipulators in order to improve the stability of the transfer arm, fixing the glass slide
to the end of the arm and to keep the target transfer attached to the rotation stage. The glass
slide with the 2D crystals is then carefully brought into contact with the target substrate. The
transparency of the polymer allows the optical access with the optical microscope, which is
used to observe the real-time progress of the transfer process.

The 2D crystal transfer methods can be described in two main categories: the wet transfer

methods, based on the use of chemicals, such as acetone, to dissolve the polymer membrane

1 - " g -
i X,y,z micromanpulator

. - - and heater/rotation stage
‘ﬁ/ e T =

Fig. 4.3 (a) Modified optical microscope for the transfer of 2D materials. (b) A three axis
manipulator with a vacuum holder is used to align the exfoliated material to a substrate posi-
tioned on a rotation and heater stage with a two axis micro-manipulator for finer alignment.
(c) Close up of the transfer stage. A glass slide with the polymeric film with exfoliated crystal
is aligned to a target silicon substrate. the transparency of the glass slide and polymer allows
the optical access during the whole transfer process.
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used in the transfer, and the dry transfer methods, where the 2D material is deposited on the

target substrate by just peeling it off the polymer film.

PMMA transfer technique

In a wet transfer technique a sacrificial layer of poly-methylglutarimide (PMG]I) is spun onto
a silicon wafer and covered with another layer of PMMA before the exfoliation process.
Once a suitable 2D layer is isolated, the area around the crystal is scratched with a dental
pick in order to expose the underlying PMGI layer. By adding DI water in small drops the
PMGQI layer is dissolved, leaving the PMMA membrane floating on water. The sample is then
placed in a becker full of DI water to let the membrane float. The membrane is then picked
up from the water surface with a metallic support which will hold the membrane for the
following alignment and transfer process. If the target substrate have adhesion forces stronger
than the PMMA, it is possible to dry-peel the 2D crystal off the PMMA film. Otherwise, the
membrane is collapsed onto the target substrate and eventually washed away in an acetone
bath.

I. Exfoliate Il. Separate . Etch IV. Float

. W

VI. Lower VIl a. Dry-peel Vil b. Wet transfer
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Fig. 4.4 Schematic of a PMMA wet transfer technique. After etching of the PMGI sacrificial
layer, the PMMA membrane is used in a transfer setup to either dry-peel off the 2D crystal or
collapsed onto the target substrate and washed in a wet transfer process with an acetone bath.

PDMS all-dry transfer technique

Since use of chemical can be detrimental for the optical properties of 2D semiconductors,
all-dry transfer techniques are more suitable to preserve the high optical quality of exfoliated
materials. The most developed technique uses a visco-elastic stamp (PDMS) to transfer
the 2D material on arbitrary substrates [219] (Fig.4.5a). Here, the exfoliated material is

aligned to the target substrate, and pressed onto it. In order to release the crystal, the peeling
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procedure is done in a slow and controlled way, in order to use the visco-elastic properties of
PDMS to detach the 2D layer and transfer it onto the substrate.

Due to its elastic properties, the use of PDMS allows a finer control in the deposition
of materials on top of patterned substrates presenting out-of-plane nano-structures. This
advantage proved to be critical in the deposition of integer layers on top of pre-patterned
nano-structures, such as the optical nano-antennas used in this work. The control on the
force applied during the compression of the layer onto the substrate, and on the velocity and
direction of the contact edge, are crucial in the release of integer 2D layers on top of different
nano-structures. This can be achieved with careful alignment of the exfoliated crystals and
some experience in the transfer procedure. The use of very large (>100 pm lateral size)
exfoliated material proved to be the most effective way to transfer and release undamaged

2D crystals on top of nano-structures (Fig.4.5b).

(a) I. Exfoliate 1. Align (b)

C | I

PDMS contact edge
lll. Press IV. Peel

Fig. 4.5 (a) Schematic of the PDMS dry transfer process. (b) Optical image during the
peel-off process of a large exfoliated single 2D crystal on top of a GaP dimer nano-antennas
array (200 nm height) with lateral size ~ 100 um.
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4.2 Optical nano-antennas fabrication

As discussed in Chapter 3, the fabrication of optical nano-antennas in the visible range are
strongly connected with the advances in nano-scale fabrication processes. This is due to
the fact that the quality of their resonances is strongly affected by the deviation of the sub-
wavelength dimensions and geometry of the fabricated nano-structures from the ideal case,
for instance in the shape of the walls or edges. One of the advantages of optical nano-antenna
over high quality factor cavities is the low cost and easier fabrication processes. For instance
they offer bottom-up fabrication techniques, which are mainly achieved through chemical
methods as those used in the synthesis of gold nanoparticles and colloidal quantum dots.
This approach allows to achieve a controlled shape and high crystal quality of the antennas,
but lacks the important requisite of controlling their disposition on a substrate, thus requiring
additional nano-manipulation tools such as AFM or pre-patterned hole arrays. Top-down
approaches are more suitable for a controlled design and location of the fabricated antennas,
and are appealing methods for industrial and scalable technologies. The main routes of top
down fabrication involve the use of electron beam lithography or focused ion beam milling,
offering nano-scale precision in designing the structures, with resolution down to tens of

nanometres.

4.2.1 GaP dimer nano-antennas

The GaP dimer nano-antennas used in this work are fabricated by J. Cambiasso from the
group of Stefan Maier at Imperial College London, with a top-down process [194] as shown

in Figure 4.6. The fabrication steps are as follow:
* (i) The nano-antenna fabrication starts from an undoped, crystalline GaP(100) wafer.

* (i1) A thin layer of 40 nm of SiO; is sputtered on the GaP wafer at a rate of 0.2 Ast,

to be used as a mask in later steps.

* (iii)) A PMMA layer is spin-coated at 3000 rpm for 1 min, acting as a positive resist in

the lithographic step.

* (iv) Electron beam lithography is used to define the antenna size and geometry. The
electron beam acceleration voltage was 20 kV, working distance 10 mm and aperture
10 um. The exposed PMMA is developed in a standard MIBK:IPA 1:3 solution for 30

s and rinsed in clean IPA.



60

Experimental Methods

(v) 40 nm of Au are thermally evaporated under high-vacuum at a rate of 2 As1.

* (vi) The sample is then submerged in acetone for the lift-off of the PMMA mask.

(vii) The SiO; layer not covered by Au is removed with CHFj3 reactive ion etching.

* (viii) The thin SiO; layer left acts as a mask, protecting the GaP in the following Cl,

etching step which removes the exposed GaP material.

* (ix) The remaining Au and SiO; residues are removed with a wet etching process

based on hydrofluoric acid (HF) and rinsed in acetone and water.

(x) Finally, the resulting nano-antenna rise from the substrate, with diameter size and

position determined by the lithography process and height by the etching procedure.

The resulting nano-structure is then used as a target substrate for the transfer of the

exfoliated 2D material.
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Fig. 4.6 The fabrication of GaP dimer nano-antenna starts from a commercial available GaP
wafer (i) which is firstly covered with SiO; (ii) acting as a protection mask in the later etching
steps. After defining the nano-antenna geometry via an electron beam lithography step (iv),
the wafer is exposed to different etching processes (vii-ix) in order to remove systematically
the exposed material and masks, leading to the realization of the final nano-antenna structure

().
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4.3 Optical spectroscopy

All the photoluminescence (PL) and Raman scattering experiments have been carried out in
home-built setups in Sheffield. Figure 4.7 shows the schematic top view of the optical table
and experimental setup used. As excitation sources, diode lasers at different wavelengths are
coupled to single mode optical fibres. Continuous wave excitation is obtained at 405, 450,
532, 638, 685 and 725 nm. A 638 nm pulsed diode laser (PicoQuant LDH, pulse width 90 ps)
is used as the excitation source for time resolved PL analysis. The ultra-low frequency Raman
scattering setup and the u-PL setup are coupled in free space to a grating spectrometer. The
bath cryostat p-PL setup instead is coupled with single mode fibres to the excitation sources
and, for collection, to the same spectrometer.

The light coming from all the optical setups is focussed onto the slit of a dual-exit
0.75 metre focal length spectrometer (Princeton Instruments SP2750) which either directs
the light for detection to a high-sensitivity liquid nitrogen cooled charge-coupled device
(CCD, Princeton Instruments PyLoN BR-eXcelon), or allows the filtering from a second
slit exit aperture. This signal is collected in a single/multimode fibre and directed to single
photon avalanche photodiodes detectors (APD) for time correlated single photon counting

(TCSPC), or connected to two APD in a Hanbury-Brown-Twiss (HBT) geometry interference

experiment.
/ \ Control
Low frequancy PC
Raman am
Bath cryostat

Spectrometer

Pulsed .
638 nm SM Elber coupled
diode lasers
TCSPC H
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Fig. 4.7 Schematic of the optical spectroscopy setups and disposition. The optical table (grey)
host a multi chromatic excitation scheme, obtained with single mode fibre coupled diode
lasers. A Raman and p-PL setups are coupled in free space to a spectrometer/CCD system
for the detection of light. A bath cryostat is placed at the side of the optical table and host a
fibre coupled p-PL setup to access the samples kept at cryogenic temperature. The collected
light is then directed with a single mode fibre to the same spectrometer for analysis. The
output signal at the exit slit of the spectrometer is directed to avalanche photodiode detectors,
used for time resolved PL analysis and autocorrelation experiments. All is controlled and
automated from a control computer (PC).
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4.3.1 pu-Photoluminescence setup

For photoluminescence analysis with sub-micron resolution, we used an homebuilt optical
setup in back reflection geometry, with programmable stepper motorized stages which allow
to move the sample in the x,y plane with spatial resolution down to 0.31 um. A schematic
of the setup is shown in Figure 4.8.

The samples are placed in a flow cryostat (Oxford instruments) and held under high
vacuum, at either room or liquid helium temperature. As excitation source, a laser coupled to
a single mode fibre is filtered with a short pass filter (SPF) to clean the low energy side of
the laser spectrum. The light then passes through a Glan-Thompson linear polarizer (LP)
followed by a half-wave plate mounted onto a motorized rotation stage (A /2), allowing the
control of the linear polarization angle of the excitation source. With a 50:50 beam splitter
(BS) the light is directed downwards in a long-working distance infinity corrected objective
(Mitutoyo 100x, numerical aperture (NA) = 0.7) which focusses the light onto the sample.
The objective is mounted on a motorized vertical positioner, with single step resolution of
0.021 um. A multimode fibre coupled white light source (Thorlabs SLS201L) is used to
image the sample by projecting the light on a CMOS camera sensor (Thorlabs). The sample
is mounted onto stepper motor x,y stages (STANDA-8MTF) which allows the automated
two-dimensional mapping of the sample surface. For polarization detection, a half-wave
plate on a motorized rotation stage and a linear polarizer are inserted in the collection path.
Before reaching the spectrometer slit, the light from the sample is filtered with a longpass
filter (LPF) to remove any residual laser signal. The light is then focussed on the slit of the
spectrometer and analysed after a 300 grooves/mm grating projects the signal on the CCD

SENsor.

4.3.2 Liquid helium bath cryostat setup

To study the low temperature PL emission for prolonged time a gas exchange, liquid helium
bath cryostat offers a sustainable way to hold a sample at cryogenic temperatures of 4.2 K,
compared to a helium flow cryostat, as long as the evaporated helium inside is replenished
periodically. As shown in Figure 4.8b the bath cryostat consist in a tank (Cryo Anlagenbau
Gmbh) containing approximately 75 litres of liquid He. The evaporated He is collected in a
compressor and recycled. A microscope stick, with a cage structure (Attocube) and a window
for the optical access, host the optical components and the sample. The sample is placed
onto piezoelectric nano-positioners (Attocube ANP101 models), working with a stick-slip

mechanism, used for scanning and aligning the sample to the optical path. The cage is then
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Fig. 4.8 (a) Schematic of the u-PL setup. (b) Schematic of a liquid helium bath cryostat and
optical cage system to access the sample on piezoelectric nano-positioners.

inserted into a cylindrical vacuum tube and pumped down to 10~* mbar, with an oil-free
vacuum pump, before inserting a small amount of He gas from a bladder. The He gas allows
a more uniform thermal exchange between the sample and the liquid He bath, compared to
high vacuum. The whole tube is then carefully inserted in the cryostat, in direct contact with
the liquid He bath. During the temperature changes the nano-positioners are grounded to
avoid charge accumulation and capacitance breakdown. An optical breadboard with a u-PL
setup, analogous to the one described in Figure 4.8a, is placed on top of the insert tube to
carry out the optical analysis using single modes optical fibres to excite and collect the PL.

signal.

4.3.3 Raman spectroscopy

All Raman spectra are collected at room temperature in a (t-Raman set-up, with samples
placed in vacuum in a flow cryostat. Figure 4.9 shows a schematic of the optical setup.
A single mode 532 nm laser (Cobolt 04-01) is used as excitation source. To control the
linear polarization degree both in the excitation and collection path, two linear polarizes (LP)
are mounted on motorized rotation stages. This way it is possible to use a cross polarized
detection to remove the Rayleigh scattered laser signal. An Optigrate Bragg notch filter (BNF)
is used to to inject/reject the laser beam into an infinity corrected objective (Mitutoyo 50x
NA=0.55) with the use of an mirror placed at ~ 45 degrees (M2). As shown in Figure 4.9b,
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the Bragg filter is used to reject most of the laser light from the collection beam path with
both an angular and spectral filtering. In order to collect signal at ultra-low frequencies from
the laser line, the Rayleigh scattered laser signal is suppressed using three Optigrate Bragg
notch filters in the collection path. Each single filter can act as an effective optical density of
3 at the laser wavelength. The Raman signal is then collected in the same spectrometer/CCD
system as for PL spectroscopy with the use of two gratings (1800 g/mm or 2400 g/mm).
With this setup the ultra-low frequency modes of 2D-TMDs can be collected. As a reference,
Figure 4.9c shows the shift in the low-frequency Raman shear mode resonance in bulk and
bilayer WSe, [220].
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Fig. 4.9 (a) Schematic of the ultra-low frequency Raman spectroscopy setup. (b) Principle of
operation of the Bragg notch filter (BNF). The angular rejection is obtained by tilting the
filter relative to the laser beam. The spectral filtering is related to the design and fabrication
of the right Bragg condition. (c) Dependence of the ultra-low frequency Raman shear modes
on the number of layers in WSe,. In bulk crystals the signal is found at around 22.5 cm™!,
for bilayer the shear modes resonance blueshifts around 16 cm~!, closer to the laser line at 0

cm_1
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4.4 Time resolved spectroscopy

Time correlated single photon counting (TCSPC) is the most common technique used to
access the time domain in optical spectroscopy experiments, for the measurement of excited
states lifetime and single photon interference experiments. An important parameter in time
resolved studies is the timing resolution achievable. Current TCSPC electronics can detect
signals below 30 ps resolution, however the limiting factors are related the pulse width of the
excitation source and the detector response time. For diode lasers, pulse widths below 100 ps
are usually obtainable, while for higher resolution mode-locked lasers with femtoseconds
pulse width are commonly employed. In the detection of fast signals, the detector instrument
response function (IRF) is crucial. The most common and reliable detectors used in time
resolved spectroscopy are single photon avalanche photodiode, which can achieve time
resolutions below 50 ps. In order to detect ultra-fast signals, a streak camera can be used as
detector with > 1 picosecond time resolution. Nowadays the most advanced streak camera
systems are used with femtosecond tunable Ti:Sapphire laser and can reach sub-picosecond
time resolution.

This section will cover the basic principles of the electronics involved in the TCSPC
detection of single photons used for the study of luminescence time dynamics. The autocor-
relation measurements in a Hanbury-Brown-Twiss interference experiment is also discussed.
The streak camera measurement reported in Chapter 5 were performed at TU Dortmund,
under the assistance of Prof. M. ABmann, and a brief schematic of the experimental setup

and principle of operation are given at the end of this section.

4.4.1 Time correlated single photon counting

For a more complete understanding of luminescence phenomena, the use of time domain
spectroscopy offers a valuable tool for studying the dynamics of excited states. Consider a
two level electronic transition between a ground and excited state. In Figure 4.10a is shown
the instrument response function (IRF, in black) and a luminescence decay signal (orange)
collected for a single photon emitter, as discussed in Chapter 7. The intensity at ¢ = 0, just
after the excitation pulse, is directly related to the excited state initial population ng. This
population will then spontaneously decay back to the fundamental ground level following

the rate equation:

= (o + knr)n(z) 4.1)
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Fig. 4.10 (a) Example of a instrument response function (IRF, in black) of an APD triggered
with a 90 ps pulsed diode laser, the . The fluorescence signal (orange) exhibits a single
exponential decay, indication the presence of a single transition in the sample excited with the
ps pulsed source. (b) Schematics of the collection setup used to direct the light filtered from
the spectrometer to the APD detector. (c) Schematics of the TCSPC electronic components.

where [ is the spontaneous emission rate and k&, the sum of all non-radiative decay rates.
The solution of this equation yields a single exponential decay profile, in the form of
n(t) = nge"/%, where T = (I + k) .

The acquisition of a luminescence lifetime decay is intrinsically an averaged and statistical
process, due to the fact that a large number of emitters, and excitation cycles, gives rise to the
overall signal curve. The single photon detection event happens at different times, relatively
to the excitation pulse, leading to the formation of a decay trace when acquired for long
integration times. If the PL decay curves can be fitted with single or bi-exponential decay
functions, in the form y = yo +Ae /™ +Ase /™, indicating the presence of one or two
recombination processes, the 7 value can be directly related to the effective decay time of
the photoluminescence signal [221]. This way, it is possible to correlate the dependence of
the extracted decay and amplitude coefficients to the studied system temporal dynamics, and
relate it to the variables used during the experimental analysis (e.g. temperature, power, bias,
etc.).

Figure 4.10b shows the schematic of the collection setup used to direct the light signal to
an APD detector. After filtering through the spectrometer exit slit, the light is focussed with

two lenses. The first lens (L1) focusses the broad signal scattered by the spectrometer grating
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on a second lens (L2), with matching numerical aperture to that of the single/multimode
fibre used to direct the signal to a fibre coupled APD detector. In this work, the pulse signal
from the APD (ID100-MMF50, time-resolution of ~40 ps) is read using a photon counting
card (Becker and Hickl SPC-130). A =90 ps pulsed diode laser (PicoQuant LDH) with
wavelength 638 nm is used as the excitation source with MHz repetition rates. Overall, the
instrument response function obtained shows full width at half maximum of 150-200 ps
(Fig.4.10a) due to the broadening of the signals in the fibre used for light collection. The tail
in the IRF response is due to the release of trapped carriers in the APD, which are released at
later times after the excitation pulse detection.

In Figure 4.10c is shown a schematic of the electronic components used in a TCSPC
card. The trigger signal form the pulsed laser and the APD detector are fed to the start and
stop circuit in the photon counting card. The detector pulse triggers the constant fraction
discriminator (CFD) which extract the precise timing of the detection process. The reference
signal from the pulsed laser is delayed, and stops the measurement (SYNC). Between the
start and stop signal, the time to amplitude converter (TAC) accumulates a voltage which
is then fed into a gain amplifier (PGA) and eventually converted to a digital input stored in
the memory of the photon counting card. The voltage readout will discriminate the time of
arrival of a single photon from the excitation pulse. This process, repeated thousand of time
per seconds, is then translated into an histogram over the time window defined by the TAC,

resulting in the rise of a luminescence decay trace as shown in Figure 4.10a.

4.4.2 Photon-correlation measurements

From quantum mechanic perspective, any light pulse can be described as a sum of plane
waves in which every mode is a solution of the quantum harmonic oscillator equation, with
finite frequency @ and a photon state |n), or Fock state, which represents the exact number
of photon present in the state. A |0) state can be seen as the vacuum state, where no photon
is present. From this description it is possible to understand the differences in the photon
statistic emission of different light source, and why single photon emitters are purely a trait
of quantum nature.

Thermal light sources, such as common lamps, are an ensemble of independent emitters
exhibiting large fluctuations in the overall emission intensity over time, following the inde-
pendent nature of the ensemble emission processes. As shown in Figure 4.11a, the photon
emission statistic for such systems follows a Bose-Einstein distribution, due to the bosonic

nature of photons. Here, the most populated state on average is that of |0) photons. Even
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Fig. 4.11 (a) Photon emission statistic for different kind of light sources. (b) Schematic
of an Hanbury-Brown-Twiss interference experiment setup. The photon stream from the
light source is divided by a 50:50 beamsplitter and directed at two APD detectors connected
to a TCSPC photon counting card. (c) Theoretical expectation values of the second order
correlation function g(z) for the light sources shown in Fig.4.11a. (d) Reference example of
an experimental ¢ value for a single photon emitters under continuous wave excitation
(blue) and for 50 ns pulsed excitation (red). Adapted from Picoquant website.

in the case of coherent light, such as lasers, which exhibits reduced fluctuation in intensity,
the photon emission statistics follows a Poissonian distribution, with a large probability of
finding |0) photon states.
From these considerations, no classical system can reproduce the sub-Poissonian statistics
of a single photon source, which would naturally shows a single value peaked at |1) photon.
A valuable parameter to determine the single photon emission from a luminescent source

1s the second-order correlation function, defined as:

(E*E"(+DEC+EW) _ ()1 +1))
(E*WEM)(E*t+0E([+1)) — (1(1){I(t+7))

g® (1) =

where E () and I(¢) are the electric field and intensity at time .
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By realizing a Hanbury-Brown-Twiss interference setup (Fig.4.11b), it is possible to
obtain a direct measurement of the second-order correlation function due to its dependence
on the light intensity, which is then proportional to the detection efficiency. A light beam is
directed to a 50:50 beam-splitter which splits the signal and sends it to two different photon
counting modules, connected to a correlation card. The TCSPC electronics measure the time
delay between coincidences events, equal to the time between simultaneous photon detection
by the two APD detectors.

Following the detection at = 0 by the first detector, the probability of having a detection
at t = 7 by the second detector is directly correlated to the nature of the light source. As
shown in Figure 4.11c, if we take into account a perfectly coherent source, where the light
intensity is constant for every T, it is clear that g(®)(t) will always be 1 since I(¢) = I(t + 1)
for every 7 . For a thermal or chaotic source, the value at zero time will always be g(? 0)>1,
meaning that there is a high probability that we can detect a second photons at short time
from the first, as depicted in the high probability of finding multiphoton states in its statistics.

For a single photon source, instead, the detection of a second photon will always happen
at longer times. Hence, the second-order correlation function at # = 0 must be g(¥(0) < 1,
while showing a rise in coincidences at longer times, approaching the value of 1. The light
which shows this patter is called antibunched and is a commonly used parameter in the
determination of a single photon state purity, i.e. how much the value of g(z) (0) is close to
zero . This effect is easily understood by picturing a two level systems. When the first photon
is detected, the system is now in the ground state and is not able to emit another particle of
light instantaneously but have to be excited again by the next laser pulse, thus inducing a
dead time between subsequent emissions. For an ideal single photon source it will always be
that at zero time delay g (0) = 0.

Experimentally it is possible to determine the purity of a single photon sources by looking
at the value of the correlated detection at t = 0, and a general indication of a single photon
state is that the central dip reaches a value of 0.5. As shown in Figure 4.11d, in case of
a continuous wave excitation the single photon purity is calculated from the dip of the
autocorrelation function at zero time delay. For pulsed excitation, a maximum of correlation
events is found at a time equal to the repetition rate of the laser. For the central peak at t = 0,

a reduction in the relative intensity, below 0.5, is the indication of a single phonon state.
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4.4.3 Streak camera

A streak camera offers the possibility of measuring ultra-fast phenomena with picosecond
time scales and simultaneously imaging the space and time coordinate of the signal in a two
dimensional plane.

The basic principle of operation of a streak camera is shown in Figure 4.12a. The light
beams arriving on the horizontal silts of the camera are projected onto a photo-cathode,
which converts the photons in a number of electrons proportional to the light intensity. The
electrons are then accelerated and sent between two parallel charged electrode plates. A
high voltage sweep potential, synchronized with the excitation trigger pulse, is applied to the
electrode plates deviating the electron at slightly different angles based on the time of arrival
between the plates. With this approach, the electrons (photons) arriving between the sweep
electrodes are deflected in the vertical direction with larger angles for those arriving at later
times. The deflected electrons are sent to a MCP (micro-channel plate) which multiplies the
signal and projects it on a phosphor screen where the streak camera image is formed.

In this work we used a Hamamatsu streak camera detector and excited the sample at 711
nm with a Ti:Sapphire femtosecond pulsed laser (Coherent Mira, ~ 200 fs pulse width at
76 MHz). A schematic of the optical setup used is shown in Figure 4.12b. The excitation
laser is filtered with two short pass filters in the excitation path and two longpass filters in the
collection path before reaching the streak camera slit. The sample PL signal is also directed
in a spectrometer for alignment. The polarization angle of the excitation source is controlled
with a half-wave plate before reaching the 50:50 beamsplitter. An infinity corrected objective
(Mitutoyo 100x NA=0.7) focuses the light on the sample which is held in a cryostat under
high-vacuum. Figure 4.12¢ shows the image trace acquired on the streak camera sensor for
a free space collection. Here, the decay trace can be extracted by integrating the long tail

present in the signal image.
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Fig. 4.12 (a) Operating principle of a streak camera. The signal is sent to an horizontal
grating and accelerated. A sweep circuit with two charged plates deviated the electrons
towards a phosphor screen that records the time and space information of the relative signal.
(b) Schematics of the optical setup used in this work. (c) Image of the recorded signal trace
on the streak camera sensor.






Chapter 5

Enhanced light-matter interaction in
2D-WSe, coupled with dielectric

nano-antennas

5.1 Motivation

Unique structural and optical properties of two-dimensional semiconductors enable in prin-
ciple their efficient coupling to photonic cavities having the optical mode volume below
the diffraction limit. This has been demonstrated by coupling TMDs with plasmonic nano-
structures, which exhibit strong energy dissipation limiting their potential applications in
devices. An alternative approach for realisation of nano-cavities is employing high refractive
index dielectrics, attractive owing to negligible non-radiative losses

In this chapter, we realize low-loss high-index gallium phosphide (GaP) dimer nano-
antennas with sub-wavelength volumes coupled to mono- and bilayer TMD WSe,. We
observe a photoluminescence (PL) enhancement exceeding 10* compared with WSe, placed
on planar GaP, and trace its origin to a combination of enhancement of the spontaneous
emission rate, favourable modification of the PL directionality and enhanced optical excitation
efficiency, all occurring as a result of WSe, coupling with strongly confined photonic modes
of the nano-antennas. Further effect of the coupling is observed in the PL polarization
dependence and in the Raman scattering signal enhancement exceeding 10°.

These findings reveal dielectric nano-antennas as a promising platform for engineering

light-matter coupling in two-dimensional semiconductors.
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5.2 Introduction

Monolayer semiconducting TMDs such as WSe; exhibit bright excitonic luminescence and
strong absorption at room temperature with potential for photonic applications [67, 112]. An
important property favouring integration in devices is their compatibility with a wide range
of substrates. So far, photonic device demonstrations include monolayer TMDs coupled to
nano-cavities in photonic crystals [222, 223], nanobeam waveguides [224] and to microdisk
cavities [225]. TMD monolayers and van der Waals heterostructures [5] comprised of
vertically stacked atomic layers of TMDs, hexagonal boron nitride and graphene have been
integrated in Fabry-Perot microcavities [226, 227]. These devices provide photonic modes
with relatively high quality factors, Q, in the range of 100s to 1000s. Despite the coupling to
TMD monolayers via the relatively weak evanescent field, lasing in hybrid TMD-dielectric
cavities has been observed [222, 224, 225]. Moreover, the strong light-matter interaction
regime has been realized in optical microcavities [226, 227] and photonic crystals [223],
where atomic layers of 2D TMDs were placed at the anti-node of the photonic mode.

Most of these devices relied on confining electromagnetic fields in diffraction-limited
volumes, V¢¢ 2 (A/ n)3, in order to increase the spontaneous emission rate by the Purcell
enhancement factor F,, which scales as Q/V,rs. Whereas the high Q has been readily
realized, V, sy provided by these structures is relatively large, leading to modest values of
F,. Most of these devices also show a reduction of the light intensity compared with bare
TMD monolayers, explained by the presence of fast non-radiative processes in the currently
available TMDs, where the quantum yield is typically below 0.1% [210].

The effective volume of the optical mode can be reduced below the diffraction limit in
plasmonic meta-materials and nano-cavities [31]. Such structures have been extensively
researched for confining and guiding light on the nano-scale, shaping incoming radiation in a
fraction of a wavelength, and modifying optical properties of nanoscale light emitters [209].
By coupling TMDs to plasmonic structures, large PL enhancements [228], strong light-matter
coupling [177], brightening of the dark excitonic states [99], and modification of optical
properties of quantum emitters in WSe; [146] have been achieved. However, high optical
losses due to the absorption in the metal remain the main obstacle for further development of
hybrid TMD-plasmonic devices [186, 229]. Special care had to be taken to overcome optical
losses in metallic plasmonic structures by introducing a few nm dielectric spacer separating
the TMD layer [230]. This turns out to be particularly important to suppress quenching for
quantum light emitters [146, 231].
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Recently, it has been shown that high-refractive-index dielectric nano-antenna can provide
confined optical modes with strongly reduced mode volumes [32]. The main advantages of
such structures are low non-radiative losses induced in the coupled light emitting material
[186, 194, 188]. Furthermore, it has been shown that such nano-antennas can be designed
in principle to provide Purcell values of thousands [197]. Despite the low Q < 10 in the
currently realised antennas, coupling to such confined modes still results in high Purcell
enhancement factors, as was recently shown experimentally for dye molecules coupled
to GaP high-refractive-index (n > 3) nano-antennas [194], similar to those used in our
study (Fig.5.1a). These observation relied on the low losses in such nano-antennas allowing
emitters to be placed in their close proximity and experience strong electric fields of the sub-
wavelength-confined modes. In contrast, plasmonic structures requires a spacer separating the
emitters in order to prevent quenching [31]. Moreover, dielectric nano-antennas can surpass
plasmonic structures for light-emitting application providing minimal losses, especially
important for quantum applications, together with the absence of free or hot electrons and
being often CMOS compatible. On the other hand, modified directionality of PL. was shown
for monolayer MoS, coupled to a Si nanowire [232]. Si nano-particles coupled to WS, were
explored for the realization of strong coupling [233]. Finally, multilayer TMDs themselves
were used to fabricate high-index nanodisks, whose resonant response could be tuned over
the visible and near-infrared ranges [234].

Here, we report large enhancements of the PL and Raman scattering intensity in mono-
(1L) and bilayer (2L) WSe, placed on top of cylindrical GaP nano-antennas (Fig.5.1a),
compared with WSe; on the planar GaP. Upon illumination, the nano-antennas scatter
radiation which is strongly confined around the pillar edges. This confinement effect is
observed in a broad spectral range, overlapping with the optical response of both mono- and
bi-layer WSe,. Our approach exploits the extreme ability of the atomically thin layers of
TMDs to stretch and conform with the nano-structured surfaces and therefore favourably align
themselves with the confined optical mode (Fig.5.1b-d). Our interpretation of the observed PL
enhancement shows that it arises from a combination of the Purcell enhancement, efficient
redirection of the emitted PL in the space above the substrate, and larger absorption of
light in the 2D layer related to the enhancement of the optical field in the confined mode.
Similarly to experiment, our model shows increase of the PL. enhancement as the pillar radius
reduces. Supporting our interpretation, time-resolved measurements show the shortening
of the PL life-time consistent with a spontaneous emission decay enhancement. We further
confirm the photonic effect of the nano-antennas by demonstrating linearly polarized PL and

enhanced Raman scattering in the coupled WSe;. Our findings show an effective approach to
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engineering light-matter coupling at the nanoscale, by exploiting the low-loss optical modes
of the dielectric nano-antennas together with the unique mechanical and optical properties
of 2D semiconductors. This work opens the way for utilization of 2D semiconductors as a

novel active medium in the emerging field of photonic meta-surfaces [201].

5.3 Results and discussion

The calculated spatial distribution of the electric field around the cylindrical double-pillar

GaP nano-antennas (Fig.5.1a, referred to as ’dimers’) is shown in Figures 5.1b and c. Light
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Fig. 5.1 (a) Schematic view of a GaP dimer nano-antenna with a height 2 = 200 nm, gap
width g and pillar radius r. (b,c) Calculated relative intensity (|E|/|Eo|)? of the light scattered
by a GaP dimer (r = 50 nm, 4 =200 nm, g = 65 nm). E (Ep) is the electric field amplitude of
the scattered light by (normally incident on) a GaP dimer. The polarization of the normally
incident wave is shown with arrows and is either along X (b) or Y (c) axes. (|E|/|Eo|)?
is calculated at the height of 200 nm, corresponding to the top surface of the dimer. The
inset shows the variation of (|E|/|Eo|)? along the horizontal and vertical dotted lines. (d)
Atomic force microscopy (AFM) image of a GaP nano-antenna (r = 500 nm) covered with a
monolayer WSe;. (e) Simulated scattering (Qs.q;) and absorption (Q,ys) efficiency integrated
over numerical aperture NA=0.9 for a GaP nano-antenna (g = 35 nm, r = 100 nm) illuminated
with a plane wave. Pink (red) dashed line Q.4 for light scattered upwards in air (downwards
into the substrate). Room temperature PL spectra are shown for 1L-WSe; (orange) and
2L-WSe; (purple).
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at a pumping wavelength of 685 nm polarized linearly along (X) and perpendicular (Y)
to the line connecting the centres of the pillars is used. (|E|/|Eo|)? is shown for the plane
containing the surface of the dimer, i.e. 200 nm above the planar substrate. Here E and
E( are the electric field amplitudes of the wave scattered by the pillars and the normally
incident wave, respectively. The two-dimensional distribution in the plane is shown as a
colour-map. In the small volume within the dimer gap an enhancement is only observed for
the X-polarization [194, 187]. The graphs shown with white lines present the variation of
(|E|/|Eo|)? along the horizontal and vertical dotted lines, revealing strong maxima at the
edges of the pillars. For the X-polarization, at this height of 200 nm, these maxima are
stronger than the (|E|/|Eo|)? values in the gap. They are also stronger than the enhancement
values at the pillar edges in the Y -polarization. In Appendix A.4 we provide the profiles for
both magnetic and electric fields at an height of 100 nm, i.e. the antenna half height. While
the magnetic field is contained inside the pillars, the electric field is instead confined at their
surface and strongly enhanced inside the gap region.

Atomic force microscopy (AFM, Fig.5.1d) shows that the transferred atomically thin
layer of WSe; closely follows the shape of the dimer, thus strongly overlapping with the
volume of the confined optical mode.

As shown in Figure 5.1e the spectral response of the nano-antenna is very broad, extending
well into the visible and near-infrared ranges, and fully overlapping with the PL profiles of
both 1L and 2L-WSe;. In Appendix A.1 we provide the scattering resonances, under the two

different orientations of the excitation source, and for nano-antennas with different radius.

5.3.1 Photoluminescence imaging

Figure 5.2a shows a PL image of 1L and 2L samples deposited on an array of GaP nano-
antennas and measured using an optical microscope. The image is recorded with a short-pass
filter in the unpolarized white light path illuminating the sample, and a long-pass filter in the
imaging path using the technique described previously in Section 4.1.2.

Bright PL replicating the shape of the dimers is visible for both 1L (yellow) and 2L
(purple), whereas the PL from WSe; on planar GaP is very weak (dark areas around the
pillars). A comparison of the intensities in the PL and dark field microscopy images is shown
in Figure 5.2b, where the intensities are measured along the dotted line shown for one of the
nano-antennas in Figure 5.2a. The PL enhancement is observed most strongly around the
edges and in the gap of the nano-antenna, where, as seen in the dark field profile, most of the

light is scattered by the pillars.
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Fig. 5.2 (a) Optical microscope image showing PL from a GaP dimer nano-antennas array
covered with 1L- and 2L-WSe, illuminated with unpolarized, broad white light excitation.
Scale bar is 10 um. The yellow lines show the boundaries between 1L- and 2L.-WSe,. PL
from 1L (2L) sample shows as false yellow (purple) colour in the image. (b) Intensity profiles
extracted from a dark-field (black) and PL (yellow) microscope images for a dimer with
r=500 nm. Both profiles are measured along the dashed line in Fig.4.2a. The intensity
profiles are overlaid with the schematic of a dimer. (c) PL imaging profiles for a single GaP
dimer nano-antenna covered with 1L.-WSe,. The PL is highly localized at the nano-antenna
edges, showing full-width half maximum (FWHM) values close to the optical microscope
resolution. (d) FWHM of the PL and dark-field (DF) profiles for different radii nano antennas,
extracted as in Fig.c. Contrary to DF imaging, for nano-antennas with r < 300 nm it is no
longer possible to clearly resolve distinct peaks in the respective PL profile.

Further comparison of the PL profile is shown in Figures 5.2c-d. Here it is possible
to observe that the linewidth of the PL profiles closely resembles that of the experimental
resolution of the optical microscope (=400-450 nm). We then compare the PL signal spatial
extent to that of the scattering response observed under dark-field imaging (Fig.5.2d). We
found that while it is still possible to extract the scattering peaks for small nano-antennas

in dark-field imaging, the PL peaks are no longer resolved when moving to antennas with
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Fig. 5.3 (a) Sub-micron resolution PL map of a row of GaP dimer nano-antennas covered
with 1L-WSe;, with radius from 500 nm to 100 nm (bottom to top). (b,c) PL spectra for
1L-WSe, (orange) and 2L-WSe; (black) placed on top of GaP nano-antennas with r = 300
nm and 100 nm, respectively. Spectra in red are measured on 1L- (a) and 2L-WSe; (b) placed
on the planar GaP. Their intensity is multiplied by 10.

radius below 300 nm. The less defined PL profile can be ascribed to the mobility of 2D
WSe; excitons and their diffusion along the antenna, leading to a broader and less defined

linewidth at small distances.

5.3.2 Photoluminescence enhancement

We have additionally carried out detailed room temperature PL. measurements in a micro-PL
setup (described in Section 4.3.1) for both 1L and 2L.-WSe, placed on GaP nano-antennas.
We use a laser with wavelength A =685 nm, which is below the GaP absorption edge and
is absorbed only in the WSe, layer. Figure 5.3a shows a sub-micron resolution PL. map
for a row of nano-antennas covered with 1L-WSe,, with radius from 500 to 100 nm (from
bottom to top). A strong PL intensity is found at the antenna location but, contrary to Figure
4.2a, here the resolution is limited by the laser spot size (r ~ 1um). In Figures 5.3b and ¢
are shown the PL spectra for 1L and 2L.-WSe; coupled to GaP nano-antennas with r =300
nm and 100 nm, respectively, and compare them with PL from the 2D layers placed on the
planar GaP. Strong enhancement of PL intensity exceeding 50 times for WSe, placed on
nano-antennas is observed. Lower PL intensity for 2L-WSe, is a consequence of its indirect
bandgap, in contrast to the 1L-WSe, having a direct band-gap. The effect of strain present
in WSe, placed on the nano-pillar is evident in the PL redshift for 1L and in the spectral

modification for 2L samples.
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5.3.3 [Experimental enhancement factor

We compare the observed PL intensity for WSe; coupled to the nano-antennas (/,,) to
that of the uncoupled WSe; on planar GaP (/,7r) by introducing the PL enhancement
factor [176, 228, 190, 209], (EF'), defined as:

laser

Ion I()ff !
EF)=—| — 5.1 ”
< > Adimer (Alaser> ( )

dimer

Here we take into account the significant difference between the PL collection area
Algser = ﬂrlzas .» defined by the excitation laser spot of 3.5 um diameter, and the geometrical
area for a given dimer, A gjper = 2 X Jtrczﬁm o We expect that A gy, 18 larger than the actual
area from where the enhanced PL is collected (effectively edges of the pillars and dimer gap),
and than the effective interaction area (A.yy), defined as the area at the top surface of the
pillars that participate in the excitation enhancement (see Appendix A.2 for more details).
Thus, (EF) calculated in this way is expected to be a lower bound estimate of the observed
effect.

Figure 5.4a shows the (EF) values extracted from the experimental data for different
nano-antennas. (EF) for IL-WSe; exhibits an increase from 10 for the large r = 500 nm
pillars to nearly 10* for » = 50 nm, whereas the variation is more significant for the 2L
samples, where (EF) changes from ~ 30 to 4 - 10*. Such large (EF) values are comparable
with the highest reported in plasmonic/TMDs systems [228].

As we show below, the observed enhancement is the consequence of the interaction of
WSe; with the optical mode of the nano-antenna. The extremely efficient overlap between
the 2D layers and the optical mode field maxima are important for enhancing the interaction
with the nano-antennas. Figure 5.4a shows that there is a variation of (EF) between the
antennas of the same size. There are several factors that can cause this. (i) Non-uniformity
of the coupling between WSe, and the nano-antennas, caused by a variety of factors such
as local contamination from the polymer used for the WSe; transfer, local deformation of
WSe,, local presence of water, etc. (i1) Non-uniformity of the structural properties of the
nano-antennas. For example, the size of the gap may vary. The quality of etching may also

vary, for example producing side-walls of the pillars, which are not perfectly vertical etc.
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A smaller value of (EF) for the 2L sample for the nano-antennas with the large radii is
probably due to its higher rigidity compared with 1L. As the radius becomes smaller the 2L
conforms more closely with the shape of the nano-antenna, and in addition the increased
strain in the crystal may lead to the indirect to direct bandgap crossover [125], yielding larger
values of (EF).

In order to compare the results with our model, we introduce an effective enhancement

factor (EF), ¢y defined as the product of three factors, as described in section 5.3.3:

’}/exc(xexc) ) q(lem) ) n(lem)
Vore(Aexe) 4°(Aem) MO(Aem)

(EF)eff o< (5.2)

Here Y./ ygxc is the ratio of the excitation rates at a wavelength A, for an emitter
coupled to the antenna (},.) and placed on the planar substrate (Y2..). Yexe o< (|E|/|Eo|)?,
for which the spatial distribution is shown in Figures 5.1b-c. Their ratio would account for
the enhancement of the incident radiation leading to stronger light absorption in WSe,. We
find that an additional increase in the },./>.. ratio arises due to the reduction of the %, for a
dipole placed 0.5 nm above the planar GaP substrate, compared to the value in free-space.
The dependence of this ratio on the pillar radius r is shown in Figure 5.4c for an electric
dipole placed 0.5 nm above the top surface of the pillars (see more details on the numerical
calculations in Appendix I). The dipole is placed at the edge of one of the pillars just outside
the gap between the two pillars. As shown in the inset in Figure 5.4d and in Appendix A.S5,
this is the position where the coupling to the optical mode of the dimer is maximized. The
data in Figures 5.4b-e, showing the individual contributions of the different terms to the
overall enhancement in Eq.5.2, are calculated for this position of the dipole.

The second term describes the enhancement of the quantum yield (g/qo) for an emitter at
a wavelength A,,,. This is achieved through the enhanced rate of spontaneous emission [190]
described by the Purcell factor F,, = ¥,/Y°, where ¥, and }° are the rates of spontaneous
emission for the emitter coupled to the antenna and placed on the planar GaP, respectively. In
our model we consider the limit of a low quantum yield for the emitter, i.e. the non-radiative
decay ¥, > F,%,, which leads to q¢/qo = F, (Vs + Yur)/ (Fp¥r + Yar) = Fp. The dependence
on r for this term is shown in Figure 5.4d.

The third term 1/ nY describes the improved collection efficiency for WSe, PL on top of
the nano-antennas (1)) compared to planar GaP (1), as the emitted radiation is coupled to
our detector using collection through numerical aperture NA=0.7 (see Appendix A.3). The

dependence on r of /1 is shown in Figure 5.4e.
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Fig. 5.4 (a) Experimental PL enhancement factor, (EF), as a function of the antenna radius,
for 1L-(orange) and 2L-WSe, (black). (b) Dependence on r of the calculated effective
enhancement factor, (EF )., defined as the product of the parameters in (c), (d) and (e)
(see Eq.5.2 and the formula on the graph). (c-e) Results of simulations showing various
parameters determining the observed PL enhancement in a dimer as a function of the pillar
radius (see Appendix 1 for further details). The values shown in the figures correspond to
the behaviour of an oscillating electric dipole placed at the edge of the gap between the two
pillars, 0.5 nm above the top of the pillar, and aligned along the line connecting the centres
of the pillars [see inset in (d)]. (c) Enhancement of the excitation, Y./ ygxc, dependent on
the electric field intensity at the antenna surface and on planar GaP substrate, (|E|/|Egap|)*.
(d) Enhancement of the radiative recombination rate, 7, /7. Inset shows variation of this
ratio as a function of the dipole position above the dimer gap. (e) Enhancement of the light
collection efficiency, 17/ nO. The values plotted in (b)-(e) are calculated for the dipole placed
at the position where 7, /y? reaches the maximum.
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Figure 5.4b shows the calculated values of the effective enhancement factor (EF), ff
taking into account the above three mechanisms [209, 190]. The dependences of (EF), ¢,
and (EF) are in a good qualitative agreement, suggesting that our model captures the main

contributing factors.

5.3.4 Polarization dependent luminescence

We find further evidence for the sensitivity of the WSe, coupling to the optical mode of the
dimer in polarization resolved PL. measurements.

The spatial asymmetry of the dimer nano-antenna and the enhanced field in the gap
between the two pillars is expected to lead to a polarization-dependent response [187, 194],
as predicted by the electromagnetic field profiles under different polarization orientation
of the exciting source (Fig.5.1b-c). Such behaviour is found in PL of WSe; coupled to
nano-antennas, as shown in Figure 5.5. Figure 5.5a shows the case for a nano-antenna
with r =400 nm and a gap g = 65 nm. It is observed that the integrated PL signal is 20%
stronger when excited with an X-polarized excitation compared to the Y-polarized (X and
Y are selected as in Figure 5.1b-c). A similar modulation is observed in dimers with other
values of r (Fig.5.5b).

The origin of this behaviour is further revealed when considering touching pillars with
no gap. The image in Figure 5.5¢ shows the dark-field microscope images of dimers without
(top) and with (bottom) a lithographically defined gap. The graphs in Figure 5.5¢ show the
extracted scattering intensities along the line connecting the centres of the pillars, revealing
the absence (left) or the presence (right) of the gap. Figure 5.5d shows the integrated
PL intensity for WSe; coupled to such dimers measured in our micro-PL set-up. In the
dimer with a gap, the PL is modulated by 20% when varying the polarization of excitation,
exhibiting higher intensity for X-polarized laser, which is due to the excitation of the optical
mode in the gap between the pillars. A negligible polarization dependence is observed in
the dimer with no defined gap, emphasizing nearly equal coupling of WSe; to the X- and

Y-polarized optical modes.

5.3.5 Radiative decay enhancement

The theoretical interpretation in Figure 5.4 demonstrates that partly the P enhancement
originates from the enhanced radiative decay rate in WSe,. We have been able to demonstrate

this experimentally by measuring PL. dynamics in WSe,.
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Fig. 5.5 (a) Photoluminescence spectra for 1L-WSe; on a GaP nano-antenna (g = 65 nm, r
=400 nm), for a laser excitation linearly polarized along X- and Y-axes of the dimer. (b)
WSe,; Integrated PL intensity as a function of the angle of the linear polarization of the
excitation laser for nano-antennas of different radii and the same gap width of g = 65 nm.
(c) Dark-field microscopy images and related scattered light intensity profiles for two GaP
nano-antennas (r = 400 nm) covered with 1L-WSe,. The scattered light intensity profiles
are taken along the long axes of the dimer as shown by the dotted lines. The top (bottom)
images and left (right) graphs correspond to the dimers without (with) a gap. (d) Comparison
of 1L-WSe, PL intensity as a function of the orientation of the linearly polarized excitation
for the nano-antennas in Figure 5.5¢c. Red (purple) shows the dependence for the dimer with
(without) a gap.

Figure 5.6 shows the PL decay for a 1IL-WSe; placed on the planar GaP (purple) compared
to the emission when it is coupled to a nano-antenna with » = 200 nm (orange). The curves
are measured using a TCSPC setup (described in Section 4.4) with a 90 ps pulsed laser
excitation at 638 nm and 80 MHz repetition rate, and detection with an avalanche photo-
diode detector. The corresponding instrument response function (IRF) is shown in Figure
5.6 as a grey shaded area. For these measurements, we used a low excitation density (0.2
W/cm?) to avoid non-radiative exciton-exciton annihilation, resulting in faster PL decays
[105, 67]. For low pumping powers, single exponential decay is usually observed, reflecting
the radiative recombination dynamics of the thermalised exciton population and the lack of

exciton-exciton annihilation effects [103, 235].
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Such behaviour is observed in Figure 5.6 for the 1L-WSe, on the planar GaP, which
shows a single-exponential PL decay with a lifetime of 7,p ~ 1.3 ns. Here, the measured
PL decay is comparable to the expected radiative lifetime predicted theoretically [104], in
the order of few nanoseconds, and confirmed in luminescence lifetimes experiments [105] in
case of small non radiative decays for monolayer WSe;. The estimate of WSe; lifetimes of
4 ns, presented in Ref.[104], is comparable to the one found in our experiments. Thus, the
radiative decay shown in Figure 5.6 for the WSe, on planar GaP substrate provides an upper
limit for the exciton non radiative channels, yielding longer decay times, in the order of few
nanoseconds, and with a single exponential decay profile, all as a results of the negligible
extrinsic non-radiative processes present at ultralow excitation.

The PL decay measured for WSe; coupled to a dimer is dominated by a fast component
with a lifetime 7y, =~ 0.2 ns. This is very similar to the fast component in the instrument
response function (IRF) of Tjgr ~ 0.16 ns. We thus conclude that the measured 7;,., ~ 0.2 ns
is a resolution-limited value. We interpret the shortening of the PL lifetime as a consequence

of the Purcell enhancement of the radiative rate. A conservative lower-bound estimate
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Fig. 5.6 PL decay traces for a WSe, monolayer placed on a planar GaP substrate (purple) and
coupled to a nano-antenna with r = 200 nm (yellow). Grey shows the instrument response
function (IRF). The PL signal is measured with a 90 ps pulsed laser, under low excitation
power of 0.2 W/cm?, to avoid exciton-exciton annihilation processes. Resolution-limited
dynamics are measured for WSe; coupled to a dimer. Dashed black lines show results of the
fitting with mono- and bi- exponential decay functions.
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Fig. 5.7 (a) Dependence of 1L-WSe; lifetime coupled to a GaP nano-antenna (g = 65 nm, r =
500 nm) for X- and Y-polarization excitation geometries. (b) 2L-WSe, photoluminescence
lifetime dependence on the nano-antenna size (collected under X-polarized excitation). For
smaller antenna (r = 100 nm) a reduction in the fast component is consistent with an increased
electric field intensity at the nano-antenna surface, leading to stronger bi-exponential character
in the PL decay profile.

of the Purcell enhancement factor is therefore ~6. This is in a good agreement with the
theoretical predictions, for which we should take into account the spatial variation of the
Purcell enhancement in the WSe; coupled to the mode.

In order to improve the temporal resolution (down to 2.4 ps in our case), we probed the
photoluminescence decay with the use of a streak camera setup and a 200 fs pulsed laser
(see Section 4.4 for a full description of the technique and setup used). Figure 5.7 shows
a ultrafast bi-exponential PL decay for 1L and 2L-WSe; coupled to the GaP nano-antenna
measured in this way. Both curves in Figure 5.7 show a double-exponential decay, caused
by the fast exciton-exciton annihilation processes due to the high power density used in the
measurement (see the discussion given in Section 2.3.3). In order to achieve a satisfactory
signal-to-noise ratio, we had to use a high excitation laser power density corresponding to
an average power of 3.4 x 103 W/cm?, introducing non-linearities in the response of the
excitonic population. Due to the low signal intensity of the WSe; on planar GaP we cannot
extract an estimate of the Purcell factor measured this way. However, these results obtained
at room temperature further confirms that a radiative decay enhancement results from the
coupling with the optical modes at the nano-antenna surface, and cannot be ascribed to the

enhanced non linearities in the 2D exciton population.
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To further confirm that the antenna near-field enhancement impacts on the TMD lumi-
nescence properties we collected the PL decays for different excitation polarization angles,
shown in Figure 5.7a. The geometry of a dimer nano-antenna can be used to shrink light to
small volumes, as in the small gap between the two nano-pillars. By exciting the antenna
with a polarization aligned to the dimer axis (X-pol) it is possible to obtain an increase in the
scattered E field intensity when compared to exciting the antenna with polarization angle
perpendicular to the dimer axis (Y-pol), as seen in Figure 5.1b-c. Figure 5.7a shows the
decays extracted from 1L-WSe; coupled to a 500 nm radii antenna for the two different
polarization geometries. The PL decays show a reduction of the PL lifetime when changing
the polarization angle of the excitation pump, as expected from an increased spontaneous
emission decay when in X-polarized geometry [187]. In this case we observed an limited
values for the fast component in the order of 1 ps, while for the long component of the decay
we could extract lifetimes in the order of 20-30 ps.

We probed also the dependence of the radiative lifetimes as a function of the nano-antenna
size by collecting the PL decay from 2L.-WSe; coupled to antennas with radius of 100 nm and
200 nm, shown in Figure 5.7b. An increment of the fast component of the decay trace when
on smaller nano-antennas (from 8.4 ps to 6.5 ps) is consistent with an enhanced excitation
rate and increased non-linear exciton dynamics in 2D-WSe;. The long component of the
decay shows lifetimes in the order of 40 ps.

From the reduction of the room temperature lifetimes of WSe; excitons, we give an
interpretation of the faster decay as a consequence of the the strongly localized field at
the nano-antenna surface. The effect of the confined electric field, on scale on the order
of tens of nanometres, results in a more efficient excitation of the higher momentum dark
excitons, together with localized exciton states, leading to the overall reduction of the room
temperature lifetimes to sub-ns decays. This can be described as a spread of the light cone in
the momentum space, leading to a more efficient excitation of the dark excitons, and relative

enhancement of the radiative recombination rate.

5.3.6 Surface enhanced Raman scattering

Further evidence for the efficient interaction of WSe; with the nano-antennas is obtained
from the observation of the enhanced Raman scattering response. This effect, typically
observed for nano-structured metals [31] and dielectric nano-particles [212], is related to the

surface localization of the electromagnetic field and, while being linearly dependent on the
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laser intensity, it shows a dependence to the fourth power of the confined electric field at the
nano-antenna surface.

We collected the Raman scattering signal for both 1L and 2L-WSe, coupled to GaP
nano-antennas, as shown in Figures 5.8a and b, where both samples are excited with a laser
at A =532 nm. The Raman scattering spectra of atomically thin WSe, show a pronounced
peak at 250 cm~! composed of two degenerate modes, the in-plane E’ for 1L and E21g for 2L
WSe;, and out-of-plane A/1 for 1L and A, for 2L WSe,.

Additionally to the degenerate peak at 250 cm™', in a bilayer sample it is possible to
resolve at 310 cm™! the Big mode, which is instead absent in bulk and monolayer but
becomes Raman active in few layers samples [236].

Figure 5.8a,b further compare the Raman spectra measured for WSe; on the planar
GaP with the spectra collected on nano-antennas with different radius. We show a notable
enhancement of the signal, but while the overall Raman signal decreases with decreasing
r, its relative strength per unit nano-antenna area is significantly enhanced. To demonstrate
this enhancement, in analogy with the discussion in section 5.3.3, we define the Raman

experimental enhancement factor, (EF)Reman:

-1

fit fit fit
<EF>Raman _ (IR;man _Irelf> Irelf (5.3)
Adimer Alaser .

The Raman signals are analysed by fitting the two WSe, Raman peaks with Gaussian
functions, following a background subtraction. The 250 cm~! peak intensities extracted in
this way are used to calculate the Raman enhancement factor in Eq.5.3. In this equation
I};Zm n 18 the Raman intensity for WSe; coupled to a dimer and Ife’} is for the reference WSe,
on the planar GaP. We determined experimentally that A4, = 16.8 um? in the micro-Raman
set-up. Figure 5.8c shows the experimental extracted (EF )R exhibiting an increment
when reducing the nano-antenna radius, reaching values up to 103 in dimers with » = 50 nm.
Interestingly, these are values comparable with previous experiments on GaP nano-particles

[237].

5.4 Conclusions

The reported enhancement in the PL emission and Raman signal intensities, and shortening of
the radiative lifetime in 2D WSe; coupled to GaP nano-antennas, shows that nano-structured
high-index dielectrics can be an efficient alternative to plasmonic structures as a platform to

engineer light-matter interaction at the nano-scale.
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Fig. 5.8 (a) Raman scattering spectra for 1L-WSe, placed on GaP nano-antennas (green)
and on the planar GaP (red). (b) Raman scattering spectra for 2L.-WSe; on a ¥=200 nm GaP
nano-antenna (orange) and on the planar GaP (blue). (c¢) Experimental Raman enhancement
factor, (EF )R"m“” (see Eq.5.3), obtained (after background subtraction) for the 250 cm™!
peak in 1L- and 2L.-WSe, coupled to nano-antennas with different radius.

Importantly, we show that the coupling to nano-antennas can be used to significantly
enhance the quantum yield in TMDs via the enhancement of the radiative decay rate, empha-
sizing the potential of this approach for light-emitting applications. The PL enhancements,
which we report are of the order or exceed those recently reported in TMDs coupled to
metallic plasmonic nano-antennas, showing the viability of our approach in a broader nano-
photonics context. Our approach could be expanded to arrays of dielectric nano-structures,
or meta-surfaces, an emerging field of nano-photonics [201] and for integration with novel
van der Waals nano-photonics structures made from multilayer TMDs [234], with poten-

tial in a wide range of applications, such as quantum optics, photovoltaics and imaging.
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This approaches can also be implemented in the field of strain-induced single photon emit-

ters [157, 156] for applications exploiting quantum light generation.



Chapter 6

Dielectric nano-antennas for

strain-engineering in 2D-TMDs

6.1 Motivation

Transition metal dichalcogenides are two-dimensional semiconductors with large deformation
thresholds, offering a promising route for control of their optical and electronic properties
via strain [111]. However, most optical cavities require flat interfaces to efficiently confine
light, hindering the possibility to implement strain in TMDs interfaced with nano-photonic
devices.

In this chapter, we demonstrate that a gallium phosphide (GaP) nano-antenna, described
in Chapter 5, can be used to tune the optical properties of mono- and bilayer TMD WSe,
via strain. The nano-structures vertically displace the atomically thin layers from the planar
substrate, while providing sub-wavelength optical modes enhancing the local PL emission.

We describe the position-dependent strain topography with a continuum-mechanical
theoretical description [124] and show that strain can be controlled by tailoring the nano-
antenna radial dimension. Furthermore, from our model we calculate the distortion potential
induced in the TMD band structure under the local deformation introduced by the nano-
structure, which is expected to result in the exciton funnelling effect [127].

We provide experimental evidences of the strain-tuning, in agreement with our model, by
observing the optical response of stretched TMDs at room temperature and we show exciton
confinement into strain-induced potential wells at cryogenic temperature, consistent with the

description provided by our theory.
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These results are relevant for both all-dielectric or metallic nano-photonic structures and
provide a novel approach to control strain in two dimensional semiconductors, opening to an

additional degree of freedom in engineering light-matter interaction at the nano-scale.

6.2 Introduction

Single atomic layers of TMDs, only three atoms thick, are the most flexible semiconductors
up to date, exhibiting large elastic thresholds (>10%) [53] offering a unique possibility to
engineer their electronic band structure via strain [123, 238, 57, 239]. This approach have
been successfully applied for tuning the optical properties [121, 113, 240-242], together with
carrier mobilities [243], charge transport [244, 129] and piezoelectric response [120, 244].
Moreover, by relying on the carefully design strain patterns introduced in 2D-TMDs by
underlying nano-structures, artificial periodic arrays [114] and quantum emitter positioning
[156, 157] have been demonstrated.

While first applications of strained 2D semiconductors in electronic devices have been
achieved [243, 245], the use of strain in TMDs integrated with nanophotonic systems
have not been reported [246]. This can be related to the fact that most high-quality factor
optical cavities, such as Fabry-Pérot and photonic crystal cavities, although offering a
reliable platform to improve light-matter interaction, limit the application of strain in 2D
semiconductors since they mostly employ planar interfaces [247]. An alternative approach
to engineer light-matter interaction at the nano-scale relies on resonant nano-antennas [167,
163], which can overcome high-quality factor optical cavities due to the confinement of
strong electromagnetic fields at their surfaces. With this approach, dielectric nano-structures
with sub-wavelength dimensions improve the light-matter interaction of closely coupled
luminescent emitters, such as excitons in a 2D semiconductor [248], as described in Chapter
5.

Common approaches for introducing strain in a 2D crystal relies on a mechanical bending
apparatus or piezoelectric substrates [111]. While the first offers a reliable way to introduce
strain in the 2D membrane, they cannot be implemented in current technologies [121].
Piezoelectric substrates instead have widespread applications in semiconductor industry, as
in surface acoustic wave (SAW) sensors, but can offer very small amount of deformation
(< 1%). Here, we demonstrate that a single nano-antenna can be used to introduce an
out-of-plane deformation in a 2D semiconductor, resulting in tensile strain of 1-3 %, by
displacing the layer from the substrate, while at the same time obtaining an enhancement of

the PL emission efficiency from the strained area.
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We transferred single (1L) and double (2L) layers of WSe, on top of gallium phosphide
(GaP) nano-antennas [194] (Fig.6.1) and describe the strain topography with a continuum-
mechanical theoretical model [124]. The full description of the model developed by M.
Brooks (University of Konstanz) is given in Appendix B.

The co-location between the tensile deformation in WSe, and the nano-antenna confined
field maxima, both located at the topmost edge of each dimer nano-antenna (Fig.6.1b,e), al-
lows to observe the strain-induced band structure renormalization from the relative signatures
in the enhanced 2D-WSe, PL emission. From our theoretical description and experiments,
we demonstrate that by tailoring the nano-antenna radial dimension it is possible to modify
the amount of tensile strain induced in the TMD layers. With this approach, we observe the
tuning of WSe, monolayer excitonic resonance exceeding 50 meV, corresponding to strain
values above > 1%. In bilayers, we found larger strain than in monolayers under the same
deformation geometry, due to a higher rigidity (see Appendix B Eqn.B.2), resulting in the
transition to direct bandgap at high strain values, which we estimate to be > 3%.

Moreover, from the calculated topography model we extracted a distortion potential
profile induced in the WSe, band structure, and predict an inhomogeneous landscape which
can trap excitons into strain-induced potential wells at the nano-pillar edges, where tensile
strain is maximized (see Appendix B Fig.B.1). This behaviour is confirmed in the cryogenic
PL signal of 2L-WSe; which exhibits a clear localization in the neutral exciton PL emission,
consistent with the predicted potential shape.

Our findings present dielectric nano-antennas as a valuable tool for tailoring the optical
properties of 2D semiconductors via strain and for the confinement of 2D excitonic species
into strain-induced potential wells, where strong interaction with the confined optical modes

18 achieved.

6.3 Results and discussion

6.3.1 Strained 2D-WSe, topography on GaP dimer nano-antennas

Figure 6.1a shows a schematic section of a WSe; single layer (0.7 nm thick) transferred
on top of a GaP dimer nano-antenna (200 nm tall) with a radius ». Owing to its elasticity,
the thin semiconductor crystal stretches from the substrate up to the topmost edge of the
nano-antenna, resulting in a local compressive (orange) or tensile (blue) stress, following to

the large height mismatch.
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Fig. 6.1 (a) Schematic of a GaP dimer nano-antenna (in red) with a transferred single layer
of WSe, on top. The WSe, layer stretches above the dimer nano-structure (200 nm height)
without fracturing. The area of high compressive (tensile) strain is highlighted in orange
(blue). (b,c) Intensity of the scattered electric field (E) over the incident field amplitude (Ey)
for a GaP dimer nano-antenna (r = 50 nm) under unpolarized excitation. Scale bar: 100 nm.
The top view field distribution is calculated at the topmost edge of the dimer (H=200 nm),
the side view along the dashed line connecting the centre of the two pillars. (d) Secondary
electron microscope (SEM) image of a 400 nm radius GaP dimer nano-antenna covered with
2L-WSe;. (e) Theoretical modelling of the WSe; strain (€) topography on top of a dimer
nano-structure with » = 500 nm.

Under illumination, the dimer nano-antenna exhibits confined optical resonances leading
to a strongly increased scattered near-field amplitude [248]. Figures 6.1b-c show the electric
field distribution, (|E|/|Eo|)?, for a GaP dimer nano-antenna under unpolarized excitation,
where E is the field scattered by the nano-antenna and Ej the electric field of the plane
wave illuminating the dimer. Due to the antenna geometry, the maxima of the scattered
field intensity, i.e. of the largest light-matter coupling, are located at the edges of each
nano-pillar (Fig.6.1b) and inside the gap region between them (Fig.6.1c). As seen from the
electron microscopy image (SEM) shown in Fig.6.1d, the atomically thin semiconductor
layer stretches atop the resonant nano-structure, without compromising its integrity, fully
overlapping with the confined optical modes at the nano-antenna edges.

We describe the nano-scale distortions in the 2D layer with a continuum-mechanical
theoretical approach [124] by modelling the pressure experienced by the stretched semicon-
ductor in the out-of-plane direction (see Appendix B). From the relative displacement of
the WSe; layer from the substrate, we calculated the height topography, {(r), by using an

appropriate pressure model [124]. From the analytically calculated function for a single
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Fig. 6.2 (a) Real space photoluminescence imaging of a GaP nano-antenna (» = 300 nm) cov-
ered with 1L-WSe;, exhibiting an enhanced emission intensity located where the maximum
of tensile strain and photonic enhancement are expected. Scale bar 600 nm. (b) Sub-micron
resolution mapping of 1L.-WSe; PL intensity on a GaP nano-antenna (» = 300 nm). (c)
Relative emission intensity energy maxima of 1L-WSe; exciton resonance, extracted from
the same PL map shown in Fig.6.2b. A clear emission energy red-shift is related to the
strain-induced reduction of 1L-WSe; bandgap energy under tensile stress.

pillar we interpolate the low-symmetric dimer structure and obtain a numerical solution of
the height topography. From this estimate, the spatial strain distribution introduced in the
deformed 2D semiconductor can be calculated (see Appendix B for more details). The strain
topography resulting from our numerical calculations for a 1L-WSe; stretched onto a dimer
nano-antenna (r = 500 nm) is shown in Fig.6.1e. Here, a maximum of tensile strain is located
at the topmost edge of each nano-pillar, at z= 200 nm, which correspond to the strongest
near-field enhancement offered by the underlying nano-antenna optical modes. As expected,
a main region of compressive strain is located where the 2D layer meets the substrate, at

7 =0, and a similar trend is found in the dimer gap region.

6.3.2 Strain-tuning in monolayer WSe,

A microscope image of 1L-WSe, PL emission on top of a single GaP dimer nano-antenna,
with r = 300 nm, is shown in Figure 6.2a (see section 4.1.2 and Ref.[217] for more details).
Here, it is possible to resolve the spatial distribution of the PL signal which closely resembles
that of the dimer nano-antenna scattered field amplitude (Fig.6.1b).

We studied the emission from the same nano-antenna in a -PL mapping setup, as shown
in Figure 6.2b. The sample is excited at A, = 685 nm, below the absorption edge of GaP,
and light is absorbed only by the WSe; layer. As expected, a large enhancement in the
overall PL intensity is correlated with the location of the nano-antenna. Here, the resolution
is limited by our excitation spot size (r ~ 1 um).
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As shown in Figure 6.2c, we extracted the emission peak maxima from the relative
position in the PLL map and found a prominent red-shift of the exciton emission peak on
the nano-antenna, as expected from the reduction of the optical bandgap in 2D-WSe; under
mechanical deformation. As discussed in Chapter 2, for WSe,, and for most single layer
TMDs [57, 238], the direct optical transition is located at the K(K”) point of the Brillouin
zone and expected to reduce its energy under increasing tensile strain (Fig.6.3b), leading to
the observed red-shift of the excitonic resonance.

From our theoretical description we have shown a dependence of tensile strain maximum,
located at the nano-pillar edges, on the nano-antenna size (as shown in Fig.B.1a). We found
that reducing the nano-pillar radius allows to introduce an increased amount of strain in
the 2D layer. This trend is confirmed experimentally. Figure 6.3a shows the normalized
1L-WSe; PL spectra for the TMD coupled to nano-antennas of different radii, and compare
them to that of WSe, on planar GaP substrate (where the excitonic resonance peak is marked
by a dashed line). When reducing the nano-pillar radius, the larger red-shift in the excitonic
resonance confirms that the semiconducting layer is experiencing an increased strain, as
predicted by our model.

By using an experimental gauge value for the WSe, A exciton red-shift under mechanical
stress (—49 2 meV/%)[249], we extracted the uniaxial tensile strain magnitude from the
exciton resonance energy found for coupled WSe, on the nano-antenna with different radius.
The extracted strain values are shown in Figure 6.3c. We find tensile strain values up to
1.3% from the exciton resonance energy as the nano-antenna radius is decreased. This
value is comparable to the estimate of our theoretical model (see AppendixB). In case of
nano-antennas with radius of 50 nm, we observe that the resulting strain magnitude is lower
than expected. This effect can be attributed to the non-uniform coverage of the antenna
surface by the monolayer and from disorder (wrinkles, folding, etc.) in the WSe; layer. The
agreement of our model with the experimental results let us expect that such description will

work even in the case for strained bilayer WSe;.

6.3.3 Direct bandgap transition in bilayer WSe,

As schematically shown in Figure 6.4a, contrary to the monolayer case a WSe, bilayer
is an indirect bandgap semiconductor. It exhibits two main recombination pathways at
room temperature, a direct and indirect transition, respectively at the K and Q point of
the conduction band [123]. For unstrained 2L-WSe, (black dashed line) the lowest energy
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Fig. 6.3 (a) Normalized 1L-WSe; PL emission as collected on top of different dimer nano-
antennas with variable radius (r). When reducing the nano-antenna dimension, a shift of the
emission peak to lower energy correspond to an increasing amount of tensile strain introduced
in the 2D layer. (b) Schematics of the band structure re-normalization under tensile strain
(red) from unstrained 1L-WSe, (dashed black line). The direct optical recombination,
located at the K/K’ point of the Brillouin zone, is reduced in energy under increasing tensile
deformation. (¢) Uniaxial strain values extracted from the maxima of 1L-WSe; emission
on top of nano-antennas with different radius, by using an experimental gauge factor from
Ref.[249], and compared with the calculated expected values (dashed line) from our model
(see Appendix B).
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transition is the phonon-assisted recombination between the conduction band minimum at
the Q point and the valence band maximum at the K point in the momentum space.

Under tensile stress (solid colour lines) the reduction in the energy of both the K and
Q point minimum follows from the changes in the inter-atomic distance, i.e. the orbitals
overlap, as expected in 2D-WSe,; under strain (see section 2.4). As discussed in section 2.2,
the transition metal d, orbital are the main component in the conduction band minimum at
the K point in momentum space, and the modification of their overlap via strain is expected
to have a large impact on the optical properties [57]. Following this picture, we expect a
stronger band-shift at the K point compared to the one at the Q valley, which instead is
mainly formed by the in-plane orbitals which are less sensitive to low strain levels. This
effect has been previously related to a transition from indirect to direct band-gap in strained
2L-WSe, [125, 126].

Figure 6.4b shows the PL spectrum of the unstrained 2L-WSe, placed on the planar GaP
substrate. In contrast to what was found for monolayers, the bilayer spectrum exhibits a broad
luminescence which can be fitted with two emission peaks. As previously discussed, these
features have been attributed to the indirect (Ej, zirec; = 1.63 €V) and direct (Epjrec: = 1.55
eV) optical transitions [123, 250].

In analogy with the analysis carried out for WSe; monolayers, we collected the PL
emission of the strained bilayer on top of the nano-antennas with different radii. The
normalized PL spectra as a function of the nano-antenna radius are shown in Figure 6.4c.

In case of a strained bilayer, the presence of two nearly degenerate transition leads to
a more difficult derivation of the strain from the PL spectra. However, we observe a clear
reduction in the overall linewidth when the 2D layer is deposited on the nano-antennas, an
effect which can be related to the reduction of the exciton-phonon coupling in WSe; under
strain [249]. By comparing the spectral shape to that of the unstrained case, we observe that
the higher energy side of the spectrum exhibits a shift to lower energies as we reduce the
nano-antenna radius. We ascribe this effect to the reduction of the energy of the K — K
transition, as previously found in the monolayer case. Moreover, the PL spectral profile
exhibits an abrupt change in its shape when the 2L.-WSe; is deposited on top of a GaP dimer
nano-antenna with 7 = 50 nm. This spectral shape and peak position resemble those reported
in Ref.[125, 126] and attributed to a transition to direct bandgap, occurring due to the shift of
the high-energy Ep;r.c; peak.

From our theoretical model, we predict strain values > 3% for 2L-WSe, on top of nano-
antennas with » = 50 nm (see AppendixB). This value is comparable with the reported direct

gap transition threshold observed in encapsulated WSe, bilayer samples [126].
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Fig. 6.4 (a) Schematic of the band structure re-normalization under tensile deformation
for unstrained 2L.-WSe; (dashed line). In colour, the relative changes under increasing
strain of the two optical recombination processes. (b) Unstrained 2L.-WSe, PL emission
spectra on planar GaP substrate. In orange the emission peak associated with the indirect
transition Q — K (Ej,girect), 1n purple the one related to the direct transition K — K (Epjrect)-
(c) Normalized 2L-WSe, PL spectra collected GaP nano-antennas with different radius.
Contrary to the monolayer case, the spectral shape of 2L.-WSe, under strain exhibits a
reduction in the high energy side of the spectrum, with a district shape in the case of
nano-antennas with » = 50 nm where a transition to direct bandgap is observed.
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Note, that under the same deformation geometry we found that in the bilayer case a
higher strain is introduced in the semiconducting layer due to a larger rigidity and a larger
mass of the layer. In the bilayer this induces a stronger bandgap tuning. A similar effect has
been observed in 1L- and 2L.-MoS, under strain [244].

To elucidate the relative role of the competing valleys in the transition to the direct
bandgap, we extracted the relative emission peaks positions for 2L.-WSe; deposited on
nano-antennas with different radius (Fig.6.5a). We observe that the high-energy peak shifts
to lower energies as the radius is reduced, corresponding to higher strain values. We have
extracted the relative energy difference between the two peaks, AEp_; = Epirect — Endirect» S
a function of the nano-antennas radii. As shown in Figure 6.5b, for unstrained bilayer on GaP
substrate we found the largest difference between the direct and indirect peaks AEp_; ~ 80
meV. When stretched above the nano-antennas, AEp_; exhibits an initial reduction form the
unstrained values, further exhibiting a shift of > 30 meV when approaching the smallest
nano-antenna.

Figures 6.5c-d show the position of the indirect and direct optical transition as extracted
from the PL spectra on nano-antennas with different radius. When reducing the size, i.e.
increasing strain, the Ej,4ir., does not exhibits a clear shift in its position when compared
to the unstrained case (red dot). On the other hand, we found a large shift of the Ep;,ec, of
approximately 100 meV from the unstrained case. This behaviour confirms predominant role
of the K — K optical recombination pathway in the transition to direct bandgap in 2L-WSe;

under strain.

6.3.4 Exciton confinement in strain-induced distortion potentials

Owing to their large sensitivity to strain, controlled nano-scale deformations, such as those
obtained by tip indentation [244] or substrate pattering [114], lead to the control of exciton
motion in 2D semiconductors by means of band structure re-normalization [127, 128].

As discussed in Chapter 2, for WSe; the application of tensile strain results in the simul-
taneous reduction of the conduction band minimum and lift in the valence band maximum at
the K point [239]. This effect leads to a Type I funnelling mechanism [124, 127] where the
inhomogeneous strain gradient efficiently confines the excitonic population into potential
wells. Moreover, this effect is expected to induce single photon emitters in strained WSe; at
low temperatures [156].

From our strain topography model, it is possible to calculate the deformation potential

gradient even for complex geometries of the TMD/nano-antenna system. We found that
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Fig. 6.5 (a) 2L-WSe; PL spectra for nano-antenna with different radius, fitted with two
Gaussian functions relative to the direct (purple) and indirect (orange) exciton transitions. (b)
Energy difference (AEp—; = Epirect — Enairec:) between of the two emission peaks maxima,
as a function of the antenna radius. In red the value extracted from unstrained 2L-WSe; on
flat GaP. The dashed line marks the transition to direct bandgap. (c,d) Direct and indirect
recombination PL peak position extracted from the spectra on different radius nano-antennas
(in red for unstrained 2L.-WSe;). While no evident changes are seen for the Ej,girec; peak
(c), a stronger modulation in the Epj..; position (d) confirms that the transition to direct
bandgap is related to the energy reduction of the conduction band minimum at the K point in
the 2L.-WSe, band structure.

strain-induced potential wells are located at the nano-pillars edges, where tensile strain is
maximized. Instead, when strain becomes compressive, i.e. where the layer touches the
substrate, we observe the presence of potential barriers due to the opposite effect which leads
to an increase of the bandgap energy (see Fig.B.1 in Appendix B).

In order to elucidate the role of strain confinement, we probed the spatial dependence of
the PL emission of 2L.-WSe;, at cryogenic temperature, due to its larger strain sensitivity
that in monolayers, leading to deeper potential wells which can trap excitons more efficiently.
Figure 6.6a shows the profile of strained 2L-WSe, (dashed line) on top of a dimer nano-
antenna with r = 500 nm (red squares). The TMD profile is calculated for a cross section
along the x—axis (as defined in Fig.le), where x = 0 is the centre of the dimer gap, and we
correlate the local strain deformation to the changes in the energy of the conduction band

minimum (V,;,), calculated for the K valley. A reduction in V., is located at the nano-pillars



102 Dielectric nano-antennas for strain-engineering in 2D-TMDs

edges where tensile strain is maximum, resulting in confinement potential wells for carriers
(shaded areas). Where the layer touches the substrate, strain becomes compressive resulting
in an increase of V. In such a potential landscape, excitons are pushed towards the nano-
structure edges, concentrating the population at the strongest light-matter interaction points
offered by the nano-antenna optical modes.

Figure 6.6b shows a reference PL spectrum of 2L.-WSe;, at 4 K, collected on planar
GaP (black) and on a dimer nano-antenna (r = 500 nm, in orange). The position of the
neutral exciton (X°) on the planar GaP substrate (Inset Fig.6.6b) is found to be at 1.7 eV,
approximately 45 meV higher than the position of the strained exciton on the nano-antenna
(X), at 1.655 eV. Following the previous description of the strain-induced modulation of the
band structure at room temperature, from this energy shift we extract a value of ~ 0.9% of
tensile strain, consistent with our theoretical model predictions (see Fig.B.1a). As discussed
in section 2.3.2, the low temperature PL emission of atomically thin WSe; is dominated by a
broad side-band, reflecting the presence of a hierarchy of momentum-indirect recombination
pathways due to the complex bright/dark sates ordering present in 2L.-WSe, band structure
[94]. The strained exciton emission, arising from the direct optical recombination process,
is located at higher energy than the momentum-dark indirect transitions which appear as
phonon replicas in the lower energy side of the PL spectrum. Together with localized bound
excitons [154], these phonon assisted recombination processes lead to the formation of a
low-energy side-band in the cryogenic PL emission of atomically thin WSe, [94, 101].

Figure 6.6c shows a one-dimensional hyper-spectral PL image of 2L-WSe, on top of
four GaP nano-antennas (r = 500 nm and increasing gap size between 100 and 150 nm , left
to right). The PL image is collected by scanning our collection/excitation spot along the
nano-antenna x-axis (see Fig.6.1e for the axis denomination), while on the figure vertical
axis we report the spectral distribution of the collected PL emission.

An increased PL intensity correspond to the enhanced 2L.-WSe; emission when on top
of the dimer nano-antennas (orange), with negligible signal when on flat GaP (black areas
in between). The spatial distribution of the strained exciton PL emission, two order of
magnitude less intense than the side-band, exhibits a clear localization in the two maxima,
less evident in the broad emission band between 1.53-1.6 €V and appearing again below 1.53
eV. As expected from our deformation potential model, this localization corresponds to the
outer edges of the underlying nano-structure, i.e. the strain-induced potential well locations.

Figure 6.6d shows the integrated PL intensity as a function of the position for the free
exciton emission, in black, compared with that of the phonon side-band, in purple. The

profile relative to the direct optical transition exhibits a clear localization in two distinct
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Fig. 6.6 (a) Cross-section, along the dimer central x-axis, of the profile for 2L-WSe, (dashed
line) on top of a dimer nano-structure (in red, H = 200 nm, r = 500 nm) and the relative
strain induced potential profile (V,;), calculated for the K point of the conduction band.
(b) 2L-WSe, PL emission at a temperature of 4 K, collected on top of the dimer nano-
antenna (r = 500 nm, in orange) and in the area between them (black). The PL profile is
dominated by the phonon related side-band, red-shifted from the strained exciton peak at
1.655 eV. Inset: 2L-WSe, neutral exciton emission on planar GaP substrate (1.7 eV). (c)
One-dimensional hyper-spectral imaging of 2L.-WSe, PL deposited on top of four dimer
nano-antennas (r = 500 nm) distanced ~ 10 um. The spatial distribution of the neutral
exciton shows a clear localization in two distinct emission maxima, as predicted by the
calculated distortion potential profile in Fig.4a. (d) Integrated PL intensity profile, as a
function of the x-axis position, for the neutral exciton (integration limits: 1.65-1.66 V) and
for the phonon side-band (integration limits: 1.56-1.58 eV).
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maxima, with negligible signal intensity in between the nano-antennas. For the side-band,
we found a similar enhancement at the nano-antenna sites, with signatures of a preferential
localization where the neutral exciton emission exhibits a maximum.

Note, as we have showed in Chapter 5, a maximum in the PL emission intensity is
expected at the dimer gap region due to the increased coupling and field strength, arising
from the hybridization of the optical modes of each single nano-pillar [248]. This effect
is observed in the spatial distribution of the 2L.-WSe, side-band emission, while the free
excitons show a preferential recombination at the outer edges of the nano-antenna. Moreover,
as the dimer gap width of the underlying nano-structure is increased (left to right in Fig.6.6¢),
hence the field strength at the centre of the nano-antenna is reduced, we observe a more
pronounced localization at the outer part of the structure even in the sideband emission. This
effect allows to rule out the photonic enhancement as the source of the localized PL emission.
Instead, we ascribe this spatial distribution of the strained excitons PL to the distortion
potential wells at the outer edges of the nano-antennas, induced by the tensile strain in the
2D layer as predicted by the calculated potential profile shown in Figure 6.6a.

The PL spectrum of 2L-WSe; at low temperature is highly sensitive to the layer morphol-
ogy and environment. The dominance of the side-band in 2L-WSe; cryogenic PL have been
recently interpreted as the result of phonon mediated momentum-indirect recombination
processes, and intra-valley scattering between competing valleys, which can be heavily modi-
fied by the local topography [94]. Following this interpretation, a more pronounced spatial
confinement of the free excitons can be ascribed to the their ability to diffuse under a strain

gradient, providing evidence of the exciton funnelling effect in strained 2D semiconductors.

6.4 Conclusions

In summary, we have demonstrated the strain-tuning of the electronic band structure in 2D
semiconductors by employing pre-patterned dielectric nano-antennas, acting as a deformation
centres. This work opens the way for strain as an additional degree of freedom in the light-
matter engineering with 2D materials. By coupling with the optical modes confined at
the surface of the nano-antenna, we obtain an enhancement in the 2D-TMDs PL emission
from the strained area. This effect results in the observation of the strain-induced band-
structure renormalization from the signatures in the TMDs optical spectra. We obtained
a tuning of WSe, monolayers excitonic resonance exceeding 50 meV, corresponding to
~ 1.3% of tensile strain. For bilayers, we predict a higher level of strain than monolayers

and observe a transition to direct bandgap when our model predict ~ 3% of tensile strain.



6.4 Conclusions 105

Moreover, we show at cryogenic temperature the presence of confined excitons into strain-
induced potential wells, as predicted by our theoretical model, an evidence of the exciton
funnelling effect in 2D semiconductors. These results could find applications for studying
2D excitonic species in confined potentials and advances in positioning of strain-induced
WSe, quantum emitters[157, 156], as well in Bose-Einstein condensation of interlayer
excitons in TMDs heterostructures[16]. Additionally, our continuum-mechanical theoretical
approach can be expanded to describe the strain distribution and resulting distortion potential
for 2D-TMDs coupled to low-symmetric and more complex nano-structures geometries.
Note, that this approach does not discriminate the material of the structure itself but the
geometry, thus is relevant even for plasmonic nano-antennas. These results open the ways
for designing optically active nano-photonic platforms interfaced with strained 2D materials
and their heterostructures, with prospects in photodetection, light emission and photovoltaics

applications.






Chapter 7

2D-WSe, single photon emitters

positioning on GaP nano-antennas

7.1 Motivation

Single photon emitters (SPEs) in mono and bilayer WSe; can be deterministically created on
top of nano-structures, opening a route for control over their optical properties. This property
has been previously related to strain-induced gradients in the local WSe; band structure
[156, 157], where photo-generated excitons are trapped into potential wells. However,
SPEs obtained with the current approaches exhibit reduced quality than other more mature
technologies, such as diamond colour centres or III-V semiconductors quantum dots, showing
low emission intensity and a difficult reproducibility of the emitters characteristics.

In this chapter, we show that GaP nano-antennas can be used to act both as a positioning
site for SPEs in monolayer WSe, and an optical cavity, improving the overall photon
collection efficiency. We observe bright photoluminescence intensity from the SPEs at the
nano-antenna location, with count rates up to 30 kHz at saturation, more than one order
of magnitudes larger than those reported for plasmonic nano-structures [146]. Moreover,
we observe reproducible characteristics in their emission properties, demonstrating a finer
control than previous approaches [155, 154, 157, 156].

We analysed a large number of emitters in terms of time- and polarization-resolved
luminescence and, based on the previous works described in section 2.5, we ascribe these
emitters to two classes of SPEs. The first, with emission energy between —50 to —100 meV
to that of neutral exciton, exhibits a single emission peak with fine structure splitting (FSS),
long radiative decay lifetimes and a specific rise time, related to the capture of a free neutral

exciton into a localized state. A second class of emitters exhibits a large number of peaks at
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lower energies, between —100 and —150 meV, all showing the same polarization axis, no
fine structure splitting and faster recombination.

We describe these trends in terms of quantum confined WSe, excitons in finite potential
wells, where the size and depth of the strain-induced distortion potential determines the two
different kind of emission. Moreover, consistent with the discussion given in Chapter 6, we
observe a dependence of the SPEs emission energy with the strain introduced in the WSe,
layers. Although the current fabrication methods of polymer transfer lack a fine control
over the position and emission properties of strain-induced SPEs in WSe;, we observe the
reproducibility of the SPEs spectral features described in our analysis. This work establish
an efficient route to improve their optical properties and hold promise for their integration in

photonic devices.

7.2 Introduction

Quantum emitters integration with on-chip photonic architectures offers potential applications
in quantum optics and quantum information processing [251]. The discovery of strain-
induced SPEs in single- and double-layer WSe, opened the way to harness the unique
mechanical properties of 2D semiconductors. However, WSe, SPEs exhibit large variations
in the optical properties and low photoluminescence intensities, owing to the lack of control
over their fabrication process.

Most of the peaks in monolayer WSe, PL emission at cryogenic temperature have been
identified [92, 252] (see Fig.2.6), but relatively little is still understood about the localized
states giving rise to the single photon emission. Many theoretical approaches have been
proposed to explain the presence of such SPEs in the cryogenic PL spectra of W-based
TMDs, for instance due to the presence of dark-momentum states [94], localized inter-valley
defects [161], trapping potential wells [159] or single structural defects [149, 151]. While
their nature is still under debate, localized strain textures introduced with SiO; and polymer
pillars [156, 157], were found to play a fundamental role for the deterministic positioning of
SPEs on the nano-scale.

Here, we use high-index (n > 3) dielectric GaP nano-antennas (height = 200 nm, radius
=150,200,250,300 nm and gap width ~ 50 nm) with a transferred monolayer WSe, on top,
in analogy with the work described in the previous chapters. The sample is kept at cryogenic
temperatures in a gas exchange cryostat, in the setup described in section 4.3.2. We observe
the presence of bright single photon emitters where the TMD layer stretches on top of the
nano-antennas, with bright PL count up to 30 kHz at saturation (Fig.7.1a). We attribute such
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large improvement in the overall PL efficiency to an efficient coupling to the optical modes of
the nano-antennas, in analogy with what described in Chapter 5. We studied a large number
of emitters in polarization- and time-resolved spectroscopy. From this analysis we ascribe
distinct features in the SPE PL spectra to the free exciton funnelling into finite potential
wells, leading to the creation of bound exciton states.

In agreement with a particle in a box model, as recently reported in a theoretical analysis
[159], when the distortion potential have small extent in the real space relative to the free
exciton Bohr radius, the SPE emission is centred at higher energy closer to the free neutral
exciton peak. These emitters exhibits long decay lifetimes (> 10 ns) accompanied with a
rise times (< 1 ns), which are reminiscent to a behaviour of an impurity bound exciton state
[253]. Moreover, these emitters usually present a fine structure split doublet at zero field,
of 0.6-0.8 meV, related to a symmetry breaking due to the anisotropy of the confinement
potential, similarly to what seen in III-V semiconductors quantum dots [254].

On the other hand, a second class of SPEs exhibit a manifold of peaks at lower emission
energies which we attribute to a larger confinement potential spatial profile, hence accommo-
dating a higher number of states. All these emitters share the same polarization axis and are
accompanied with faster lifetimes (< 10 ns), ultra-fast rise times at excitation powers close
to saturation, and the absence of a FSS, Indicating faster capture rate than the first class of
emitters.

We show the reproducibility of such SPEs emission characteristics for nano-antennas
with three different radii, confirming that these trends are not only dependent on the local
disorder or fabrication methods but are correlated to the intrinsic nature of the quantum
emission. Moreover, we observe a persistent tuning of the emitters emission energy as
a function of the nano-antenna radius, which can be attributed to the tuning of the band
structure in WSe; layers under increasing tensile strain, as recently reported for different
experimental approaches [255, 256].

7.3 Results and discussion

7.3.1 Nano-scale positioning of bright WSe, quantum emitters

Figure 7.1a shows a PL spectrum of a monolayer WSe;, collected on top of a GaP dimer
nano-antenna (r = 300 nm). As expected, due to the strain in the 2D layer the WSe; emission
shows the presence of narrow peaks at cryogenic temperatures, recently shown to correspond

to single photon emitting centres [25]. We observe at high energy a bright single peak ( at
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Fig. 7.1 (a) Photoluminescence emission of a strained monolayer WSe; on top of a GaP
nano-antenna (r = 300 nm). The spectrum is acquired at 4 K with 638 nm, 80 MHz pulsed
excitation at 500 nW. The spectral profile exhibits a higher energy peak (with fine structure
splitting) and a series of side peaks at lower energy. (b) Photon correlation measurement on
the high energy peak, showing a reduction in the peak at zero delay indicating a single photon
emission. (c) PL linear scan above the nano-antenna position along the axis connecting
the dimer nano-pillars, exhibiting a spatial correlation between the emission lines shown in
Fig.7.1a. The white inset shows the scan direction relative to the dimer nano-antenna. (d)
Spectral wandering of the emitter in Fig.a showing the stability of spectral emission over
time, as expected form highly strained quantum emitters.
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1.665 eV, which we labelled 'main’) which is accompanied with a series of low energy peaks,
labelled ’satellite’ peaks, below 1.65 eV. The PL emission intensity for the main peak reaches
high count rate up to 30 kHz under non-resonant pulsed (80 MHz) excitation, with linewidths
down to 260 ueV.

We probed the photon emission statistics of the high energy peak in Figure 7.1a with
photon autocorrelation measurements, in a Hanbury-Brown-Twiss setup (described in section
4.4.2). As shown in Figure 7.1b, it is possible to see that the central peak, at zero time delay,
shows a clear anti bunching dip in the coincidence counts, confirming the nature of single
photon emission from the bright WSe, peak. The presence of a residual background from
2D excitons and a closely spaced FSS doublet, as shown in Figure 7.4, can be related to the
high multi-photon events recorded at t = 0.

The SPE emission lines show a spatial correlation with the nano-antenna position, with
no PL signal detected from the free exciton of WSe, monolayer surrounding the area around
the antenna, due to the low excitation power used. This is shown in Figure 7.1c, acquired
by scanning our excitation/collection spot along the axis connecting the dimer nano-pillars
(white line) where it is possible to observe a clear correlation between the antenna position and
the localized emitters. While the resolution of the system is not high enough to discriminate
the position of each single peak, we observe small shifts in the relative emission intensity
as a function of the position, which led us to conclude that the manifold of peaks is not
related to a single bound state, but rather the presence of multiple potential wells in the
inhomogeneously strained WSe,; monolayer. Although the relative position is not resolved,
we observe that all these lines exhibit low spectral wandering, as shown in Fig.7.1d, and
stability over months at cryogenic temperature. These results are consistent of an improved
stability for strain-induced SPEs deterministically created on top of high aspect ratio nano-
pillars made of high-quality semiconducting material GaP. In our sample the single pillar

aspect ratio is between 0.66 and 0.33, higher than in previous works [156, 157].

7.3.2 SPE emission intensity saturation

Following the high efficiency extraction of SPEs luminescence signal, we investigated the
power dependences for the two classes of emitters using a pulsed diode laser at 638 nm
and 80 MHz repetition rate. As shown in Figure 7.2, we collected the PL emission as a
function of the excitation power, for both the main peak (Fig.7.2a-b) and the satellite peaks
(Fig.7.2c-d). The integrated PL intensity signal is fitted with the following saturation curve

function:
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Fig. 7.2 (a,b) PL emission spectra of the high energy main peak (a) and relative integrated
intensity curve as a function of the excitation power (b). (c,d) PL emission spectra of the
lower energy satellite peaks (c) and the relative integrated intensity curve as a function of the
excitation power (d). (e) Comparison of the two integrated intensity curved in Fig.b,d with a
logarithmic scale for the x-axis. A change of linear slope is shown for the threshold power at

10 nW.

Pexc
I =Ly—— 7.1
B (7.1)

where Iy, is the integrated intensity value at saturation, P,y the excitation power and Fj is the
normalized power value, defined as the excitation power at which the integrated PL intensity
becomes half of I,.

As shown in Figure 7.2b and d, Py found for the two class of emitters shows similar
values, with a faster saturation in the case of the satellite peaks. We then compare both PL
intensity dependence as a function of power as shown in Figure 7.2e. At low power densities,
below 10 nW, both emitters show a slow increment in the PL intensity. This situation changes
as we approach higher excitation power, closer to Py, where a clear shift in the linear slope

is found above 10 nW. Interestingly, while the PL intensity does not show large differences
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between the two class of emitters, the main discrepancies between the two classes arise when

looking at the relative time resolved luminescence, as described below.

7.3.3 Power dependence of the decay and rise time of SPEs lumines-

cence

To gain more insight of the nature of the quantum emission, we probed the photoluminescence
dynamics for both the main peak at the higher energy (Fig.7.3a) and of the satellite peaks at
the lower energy (Fig.7.3b) as a function of the excitation power.

As shown in Figure 7.3, for low power densities it is possible to observe that in the
luminescence traces a clearly resolvable rise time is present in the signal of both classes of
emitters. This delayed luminescence is related to the formation time of the quantum emitter
state, dependent on the diffusion and subsequent capture of a single neutral exciton into
a strain-induced distortion potential well, in analogy with time resolved spectroscopy of
impurity bound excitons in diamond [253] and nitrides [257].

We fit the luminescence decay traces with a combined exponential growth and decay

function, defined as:

I+Aq+A, (e*% - e*#) 1<t
I— ! (7.2)

Io+Age t> 1.

where ¢ and A are the time and coefficient for the rise time (subscript r) and decay time
(subscript d), while 7. is the onset time, i.e. the point where the luminescence decay starts.
Such separate treatment of the rise and decay time is possible because ¢, is found to be two
orders of magnitude shorter than 7;. As shown in the inset of Figure 7.3a, we found that the
onset of the decay is reduced at higher excitation powers, corresponding to a decrease in the
rise time, i.e. a faster capture rate of the neutral exciton. The values of the fit parameters
extracted from the data shown in Figure 7.3 are reported in Table 7.1.

From the comparison between the two types of SPEs, it is clear that the main peak
exhibits a longer rise and decay time, leading to a delayed luminescence present at even high
power densities (103 nW). This indicates that the emission is related to trap states, where
relaxation to lower energy leads to a slow build up of the population. In case of the satellite
peaks, the rise time becomes very short, below resolution, at already intermediate power

(102 nW), similar to those found for the main emission for power densities of one order of
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Fig. 7.3 (a) Luminescence decay trace for the main emission peak (Fig.7.2a) for increasing
excitation power. The decay shows a clear rise time in the luminescence, leading to a delayed
decay of the luminescence signal. This delay can be interpreted as the formation time of
the confined state, correlated to the capture of a single exciton in the distortion potential
well. Inset: reduction of the rise time as a function of increasing power. The solid line
is the fit of the experimental data with Equation 7.2. (b) Luminescence decay trace for
the satellite emission peaks (Fig.7.2b) for different excitation power. While for low pump
intensity the decay show a delayed luminescence, at higher power the emission shifts to a
single exponential decay. The fitting values for both figures are reported in Table 7.1.

Power (nW) | " (ns) | £7*" (ns) | 1" (ns) | £ (ns) | £ (ns) | 2 (ns)
1 0.58 9.8 4.3 - - -
10 - - - 0.33 7.1 2.7
100 0.33 8.7 2.6 - 4.2 -
1000 0.24 7.3 1.9 - - -

Table 7.1 Rise time (¢,), decay time (¢;) and onset time (¢.) for the PL decay traces for the
main peak (") and satellite peaks (+**) shown in Fig.7.3

magnitude higher. From this difference, the satellite peaks could be described in terms of
larger potential traps, where a faster capture and release of the excitation is expected.

Both luminescence traces in Figure 7.3 show a reduction in the rise time with increasing
power, which we relate to a higher exciton density and consequently faster rate of the trap
state filling, or exciton capture. In the case of the satellite peak emission, the rise time
vanishes, indicating a more efficient capture of the free excitons. Even in the decay times
we observe a reduction for increasing powers, with a more pronounced effects in the case of

the satellite peaks. This reduction can be explained by taking into account the larger non-
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radiative recombination pathways for instance exciton-exciton annihilation, in the case of a
higher excitonic population, or residual charges, which are crucial effects in the luminescence
dynamics of 2D semiconductors [105].

The luminescence decay values extracted from the two different SPE classes show long
lifetimes, with larger values for the higher energy emitters, as expected in the case of more
confined excitonic species. Although the luminescence of these SPEs is high, the emitters are
accompanied with longer radiative lifetimes than for those reported in literature (in the order
of 1-10 ns). However, the radiative lifetime of SPEs in WSe; is still an open question, with
reports of luminescence lifetimes which can reach values up to more than 200 ns [151]. This
issue hinders a clear definition of a Purcell enhancement factor in these confined systems,
which would be highly dependent on the SPE confinement potential well and the emitter
position relative to the maximum of the field at the surface of the nano-antenna. All these
factors requires a high spatial resolution and a finer control of the SPE position than what

our experimental and fabrication techniques offer.

7.3.4 Polarization properties

As previously described in section 2.5, localized SPEs in WSe, exhibit unusual polarization
characteristics. While no complete understanding exist, confined excitons in WSe, exhibit
various polarization properties for example the presence, or absence, of a FSS even under
high magnetic field [150]. This variance in the presence of observable FSS supports the idea
that strain has a fundamental impact on the potential well shape and depth. In analogy with
self-assembled quantum dots in III-V semiconductors, the splitting in the emission line of
a confined exciton is caused by a combination of the underlying anisotropy of the crystal,
which can be heavily modified by the local strain [258], together with the effects of spin-orbit
interaction and the electron-hole exchange interaction [152].

Figure 7.4 shows the polarization properties of the WSe, SPE previously described in
Figure 7.1. Here, we illuminate the sample with a linearly polarized pulsed excitation, kept
constant during all the measurements, while the light emitted by the SPE is detected with
a rotating halfwave plate in the collection part, as described in Chapter 4. As shown in
Figure 7.4a, under perpendicular polarization detection angles, at 90 degrees difference (here
arbitrarily labelled H and V selected where the relative intensity is maximized), the main
peak at higher energy shows the presence of a FSS doublet with a splitting of ~ 720 ueV,
consistent with previous reports [133]. The inset in Figure 7.4a shows the polar plot of the

PL intensity for the two peaks, marked by the lines of the same colour in the PL spectra, as a
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Fig. 7.4 (a) Polarization properties of the main SPE peak. The sample is excited with a
linearly polarized laser beam, and the detection is done by collecting the emitted light in a
horizontal (H) and vertical (V) geometry, as a function of the half-wave plate rotation angle
in the collection path. The main peak exhibits a doublet, with a fine structure splitting of
~ 700 ueV. The inset shows the polar plot of the normalized PL intensity of the two peaks
(as indicated by the dashed lines) as a function of the half wave plate detection angle. The
two peaks shows a relative polarization angle difference of about 15 degrees, ascribed to
strain effects. (b) Polarization of the satellite peaks, showing a near unity degree of linear
polarization and the same polarization axis for all the different emission peaks. (c) PL
intensity as a function of the detection angle for the full SPEs emission spectrum. Slight
changes in the relative orientation of the polarization axis can be due to the different amount
of strain experienced by each emitter.
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function of the halfwave plate detection angle. Here, we found a small shift in the relative
polarization axis angle of the two emission lines of approximately 15 degrees.

When looking at the manifold of emission peaks present in the lower energy side of the
SPE spectrum (Fig.7.4b), we found the absence of any fine structure splitting. Moreover, the
peaks all share the same polarization axis (Inset Fig.7.4b) with a near unity degree of linear
polarization. Figure 7.4c shows the PL emission of the full SPE spectrum as a function of
the polarization detection angle. We observe slight differences in the polarization orientation
for the two classes of emitters, and in other samples even between emitters with similar
peak energies, which might indicate the role of a variation in the local strain magnitude, and
relative changes in the confinement potential geometry. Moreover, strain-induced changes
in the crystal symmetry of the 2D membrane can be responsible for the rotation of the
polarization axis of confined excitons (due to folding, wrinkles etc.), in analogy with the
description in self-assembled quantum dots [259]. From this trends, we conclude that these
states are confined to a larger potential well than the main peak which, following a particle-
in-a-box model, can host a larger number of bound states. Moreover, the absence of the FSS
can be related to the fact that in large size potentials the mutual exchange interaction of the

carriers is not strong enough to introduce the FSS.

7.3.5 Reproducibility in SPEs emission characteristics

In this section we show that the properties of strain-induced SPEs described so far (on antenna
with radius of » = 300 nm) are replicated in emitters positioned on top of nano-antennas
with different geometry. For both antennas with radius of » = 250 nm (Fig.7.5) and r = 200
nm (Fig.7.6), we could observe similar optical properties to those found in the SPE on top
of r =300 nm. A high energy peak with the clear FSS doublet is followed at lower energy
by a manifold of peaks that share the same polarization axis and no FSS. As discussed
luminescence lifetimes show a similar pattern, with longer decay values for the high energy
peak and shorter decays for the low energy peaks. Note, we probed also many other antennas
covered with 1L-WSe; and observed a variety of peaks which falls in one or the other class.
We present here only those that exhibit SPEs of both classes. More rigorous statistics of
these emitters are given in the following section.

In the case of antennas with » = 250 nm (Fig.7.6), we observed a single isolated peak
exhibiting a low saturation power (P = 26 nW) and an increase in the linewidth, from 500 to
700 pueV, under increasing power (Insets Fig.7.5a). Interestingly, as we rotate the polarization

detection angle, a manifold of peaks appears at lower energies (Fig.7.5b), while the isolated
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peak disappears. The radiative lifetimes show a similar trend to the ones described in
Fig.7.3, where the high energy peak exhibits a longer decay time than the ones found for the
satellite peaks at lower energies (Fig.7.5¢c). Moreover, even the polarization characteristics
are reproduced, the satellite peaks all share the same polarization axis, with a near unity
degree of linear polarization (Fig.7.5d), while the main peak at higher energy exhibits a cross
polarized doublet (Fig.7.5¢e).

These spectral features are found to be replicated also in SPEs located on top of a nano-
antennas with » = 250 nm (Fig.7.6). Even here, the PL spectrum (Fig.7.6a), time resolved
luminescence (Fig.7.6b) and relative polarization characteristics (Fig.7.6c-f) reproduce the

ones reported so far in Figure 7.3 and 7.5.
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Fig. 7.5 (a) WSe, SPEs on top of a nano-antenna with r = 250 nm, showing a single isolated
peak, power saturation of 26 nW and a linewidth of approximately 500 peV which increases
to 700 ueV at saturation. (b) PL spectrum at different detection angles, shifted by 90 degrees,
exhibiting the appearance of a manifold of peaks at lower energies. (¢) Luminescence decay
traces for the main (blue) and the satellite peaks (red), confirming a longer lifetime values
for the FSS peak. (d) Polarization plot of the PL intensity as a function of the polarization
angle, the the satellite peaks at low energy shows a similar polarization axis, while the main
peak below 1.65 eV shows cross polarized polarization axis (as shown in Fig. b).
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Fig. 7.6 (a) WSe; PL spectrum collected on top of a » = 200 nm GaP nano-antenna. The
narrow peaks exhibit a similar structure to that observed for other SPEs. (b) Luminescence
decay traces for the two class of emitters, corresponding to the same colour of the shaded
areas in Fig.a. (c-d) Polarization properties of the high energy peak, showing a FSS doublet (¢)
for perpendicular polarization detection angles, which exhibits a difference of approximately
90 degrees between the two peaks (d) . (e-f) Polarization properties of the low energy side
of the SPE spectrum, with a manifold of collinear peaks in the PL emission (e) with a near
unity degree of linear polarization (f).

Although the control of the TMD layer deposition does not allow us to discern the relative
changes in the 2D semiconductor nano-scale morphology, the reproducibility in the optical

properties of SPEs led us to believe that these are linked to a similar confining potential.

7.3.6 Strain dependence of SPEs luminescence

Following the description given in Chapter 6, we looked at the cryogenic PL emission of
the WSe; SPEs to find if the strain tuning of the WSe, band structure, observed at room
temperature, is detectable from the localized emitters properties. In Figure 7.7 are shown
the position of the SPE emission energy in strained WSe, as collected on different radius
nano-antennas, and at low power densities.

As evidenced in the dispersion of the SPE emission energies (black dots) we observe a
gradual red-shift in the energy as we approach smaller radius nano-antennas. This behaviour

is consistent with the red-shift of the neutral exciton energy under increasing strain (crosses),
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related to a rigid shift in the band structure of WSe; when approaching higher strain values

as described in the theoretical model in Appendix B.
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Fig. 7.7 Strain-dependence on the emission energy of monolayer WSe; single photon emitters.
The localized narrow emitters collected on different GaP nano-antennas (black dots) show
a dependence on the antenna radius. In agreement with the red-shift of the neutral exciton
(X9) for smaller radius nano-antennas (purple crosses), related to an increased strain value
introduced in the semiconducting membrane, we expect a rigidly shift of the emission
energy to lower values for increasing tensile strain. The neutral exciton emission energies
are calculated from the unstrained value (see Fig.2.6) and obtained by interpolating the
theoretical curve, described in Appendix B, with the experimental gauge of -49 meV/% under
tensile strain for the neutral exciton at room temperature [249].

7.3.7 WSe; quantum emitters statistics

We now address the statistics of the strain induced WSe, SPEs collected in our experimental
work. With this effort we try to give a more broad understanding on the nature of these
quantum emission by correlating the various properties described in the previous sections.

As shown in Figure 7.8a, we collected a large number of localized emitters and plot
the relative SPEs emission energy as a function of the distance from the unstrained bright
exciton energy (Eyo). The distribution shows a maximum in its occurrence at -100 meV,
corresponding to approximately 1.65 eV, in analogy with what was found in previous studies
[156].

As discussed in section 2.3.2, the band structure of atomically thin WSe, have a funda-

mental dark energy state (X7, dashed line in Fig.7.8a) located at approximately —40 meV
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Fig. 7.8 (a) Statistics of the emission energy for a large number of quantum emitters found
in strained single layer WSe, on top of GaP dimer nano-antennas. The energy is also given
as a function of the distance from the unstrained bright exciton energy (X°, where the grey
shaded area defines the linewidth of ~ 9 meV) and that of the dark exciton energy (X?).
The SPEs distribution shows a maximum at -100 meV from the neutral exciton energy. (b)
Lifetimes values of WSe;, SPEs excited with low power densities (< 200 nW). The emitters
above 1.65 eV shows an increased lifetime value compared to the ones below this energy
value. (c) Statistics of the fine structure splitting (FSS) energy found at zero magnetic field
for various SPEs. No fine structure split emitter is found at energy lower than 1.65 eV.



122 2D-WSe, single photon emitters positioning on GaP nano-antennas

from the bright exciton energy (X°, grey shaded area in Fig.7.8a) [96]. We found that all the
SPEs in strained WSe; on GaP nano-antennas appear below the dark exciton energy which, if
we take into account the strain-induced shift, it would be fount at lower energies, in analogy
to the behaviour of the neutral exciton. This cut-off in the SPEs emission energy could be
related to the recombination of dark excitons via phonon assisted processes or to the presence
of additional momentum-dark transitions in the WSe, band structure, for instance due to
inter-valley coupling. The disorder introduced by strain could reduce the valley degeneracy
and lead to inter-valley mixing and, consequently, a way for the dark exciton reservoir to
recombine more efficiently. From this picture, if we take into account the shift of the X"
energy due to strain, which in our case we observe up to 1.3% in monolayers (see Chapter 6)
and corresponding to a red shift of ~ 65 meV [249], the maximum of the SPEs distribution
at —100 meV could be related to the tuning of the dark exciton energy level via strain.
Figure 7.8b reports the luminescence decay lifetimes for many SPEs, all excited with low
power densities (< 200 nW). The distribution shows that for the SPEs above 1.65 eV the
lifetimes value tends to be longer, up to few tens of ns, while for those below this value the
observed lifetimes are found to be faster, and hardly exceed the value of 10 ns.
Furthermore, the appearance of a FSS in the SPE spectra could be linked to a strong
confinement and help in the description of the reported lifetimes. As shown in Figure 7.8c,
the values for all the SPEs collected on different radius nano-antennas which exhibits the
FSS, show a tendency in the FSS appearance to be related to higher energy SPEs. We note
that no FSS doublet is observed in SPEs emitting at energies below 1.65 eV, leading us to
believe that the higher energy side of the emission statistics in Figure 7.8a, and the longer
lifetimes in this range in Figure 7.8b, can be related to emitters confined in small potential
wells. On the other hand, the SPEs in the lower energy side of the distribution in Figure
7.8a experience broader potential wells. This picture is consistent with a particle-in-a-box
model, as recently described in a theoretical model for confined excitons in WSe;, where a
larger width of the confined potential is predicted to shift the SPEs emission energy at lower
frequencies [159]. Moreover, the shared polarization axis in the emission of the second class
of SPEs, could be attributed to the local nano-scale deformations in the WSe, layer which

selectively orient the exciton polarization along a certain direction of the crystal.

7.4 Conclusions

In conclusions, we have shown the positioning of strain-induced SPEs in 2D -WSe; on

dielectric nano-antennas. Moreover, the confined optical modes at the nano-antenna surface
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lead to an increased photon extraction of the SPEs PL emission, allowing to access the optical
signatures of the underlying nature of these quantum emitters.

By accessing bright luminescence at ultra-low power densities, we resolved recurring
optical properties in the emission spectrum of the strain-induced SPEs which can be explained
in terms of localized excitons into strain-induced distortion potentials. The presence of a
growth in the emission intensity of many SPEs, as shown in time resolved luminescence
experiments, let us conclude that these narrow emission lines are related to the capture of
free neutral excitons, as previously shown in PLE experiments [25], by confinement potential
in analogy with the process of exciton trapped by impurities in bulk materials.

Moreover, by looking at the differences in their time and polarization resolved optical
properties we are able to distinguish two classes of emitters. The first class appears at higher
energies (between —50 and —100 meV from the neutral exciton luminescence) and exhibits
long radiative decay times (> 10 ns) and are commonly associated with a fine structure
splitting at zero magnetic field. These properties are related to excitons confined in potential
wells with narrow spatial extent. The second class of emitters appears at lower emission
energies, exhibits faster decay lifetimes and no FSS. Moreover, these emitters exhibit a
manifold of peaks which all shares the same polarization axis. These emitters can be ascribed
to excitons confined in laerger potential wells, leading to faster exciton capture rates and
hosting a larger number of bound states. This can be deduced from the dependence of the
energy states in an infinite potential well model, where the confined particle energy states
scales as Ej, o< 1/ L%, where L is the potential well width.

Quantum emitters in 2D semiconductors are an attractive platform to study the physics of
excitonic species in confinement potential. However, the deterministic creation of such states
is dependent on a multitude of degrees of freedoms, such as strain, disorder or contaminations.
These factors are tightly linked to the local 2D crystal morphology at the nano-scale, which
turn out difficult to control precisely. The optical proprieties of such states will remain poorly
understood unless a more deterministic way of fabrication, and theoretical understanding,
is developed. Here we have shown that the use of dielectric nano-antenna can be a fruitful
platform to study 2D SPEs. The use of finer spectroscopy techniques , accessing nano-scale
resolution of the SPEs emission, together with non-invasive characterization of the local
TMD morphology, could open to a more profound understanding of these quantum states

and their integration in next generation quantum technologies.






Chapter 8

Conclusions

8.1 Summary

In this thesis I have explored the light and matter interaction between high-refractive index
dielectric nano-antennas and two-dimensional semiconductors. Both of these systems are
novel platform in the fields of nano-photonics and nano-materials, respectively, and their
integration can be fruitful in the understanding of their physical properties and to demonstrate
novel photonic applications.

The physical properties of 2D semiconductors, and in particular the family of transition
metal dichalcogenides, are introduced in Chapter 2. Their optical and electronic properties,
and favourable integration approaches, have already made them one of the most flourishing
platform for photonics in the last decade, leading to numerous studies on the coupling of 2D
materials and light in different photonic architectures. On the other hand, dielectric nano-
antennas are a novel platform in the field of nano-photonics, sharing many similarities with
that of plasmonic excitations in noble metals. A description of the application of optical nano-
antennas and the light-matter interaction between luminescent emitters and nano-antennas,
and the relative figures of merit, is given in Chapter 3. Dielectric nano-antennas offer new
perspectives in the engineering of light-matter interaction at the nano-scale, most of which
have been readily demonstrated in the field of meta-surfaces. Here, arrays of transparent
high-index nano-structures interacting between each other have been employed to tune the
properties of the transmitted or reflected light. Another way to harness the optical properties
of dielectric nano-structures is to engineer their interaction with luminescent emitters.

As discussed in Chapter 5, I have showed that such dielectric nano-structures can be
readily used to enhance the PL, Raman scattering and radiative lifetime of coupled 2D

semiconductors. This is achieved by closely placing an atomic layer of WSe; to the antenna
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surface, by deterministic transfer of the 2D material on top of GaP nano-antennas. This
improvement in the optical properties of 2D-TMDs at room temperature, related to an overall
increase in their quantum efficiency, can be used in the enhancement of light emission and
absorption in devices comprising atomically thin semiconductors and their heterostructures.
Moreover, these results highlight high-index dielectrics as an efficient alternative to plasmonic
structures for engineer light-matter coupling on the nano-scale, a field of research that is very
young and where the integration with 2D materials have been demonstrated only recently
[229, 260].

By exploiting the property of 2D materials, allowing their transfer on arbitrary substrates
and onto non-planar structures, I have extended this study to the strain properties of 2D-
TMDs interfaced with nano-photonic devices. The unique ability of a 2D crystals to stretch
at almost 10% of their length is one of the most appealing properties of these class of
materials. However, the platform used to study these effects shows either difficult integration
in devices, or low strain values. In Chapter 6 I show how a nano-structure can be used
to introduce strain in a 2D layer, and describe this deformation via a mechanical theory,
starting from a classical picture of a deflected membrane. Via the optical signatures in the
TMD photoluminescence I was able to demonstrate that even such a simple mechanical
approximation can be used to describe the effect of strain in this system, allowing the tuning
of their excitonic resonances and, moreover, a transition to direct band gap in bilayer TMDs.
The most striking features of this approach is that the geometry of the nano-structure can be
used to induce a controlled amount of strain, by tailoring its radius, leading to the possibility
of engineering the deformation in a 2D membrane from the design of an underlying nano-
structure. Moreover, I have proven that a bilayer does experience a larger strain that in the
case of a monolayer, related to the higher rigidity, which results in a stronger deformation
of the crystal structure when under the same distortion geometry, as in the case of tenting
on the same size nano-antennas. An additional features of strained 2D semiconductors
is the possibility of tuning the exciton motions by means of an inhomogeneous bandgap
profile, resulting in the controlled motion and confinement of the luminescent species. |
give evidences in the spatial distribution of the luminescence of coupled TMD/dielectric
nano-antenna system where is confirmed that free excitons are captured into confinement
potentials, in good agreement with the proposed theoretical model.

This approach to introduce strain in a 2D crystal demonstrated its potential in the creation
of single photon emitters in atomically thin WSe; at cryogenic temperatures, as discussed
in Chapter 7. These results open the way to the use of dielectric nano-antennas as a novel

substrate for the creation of 2D quantum emitters, and to study their light-matter interaction.
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While being a promising platform for quantum light emission, the lack of control over the
optical properties is a standing problem in the development of 2D single photons. Here, we
showed how a photonic nano-structure can be used to both position the quantum emitter and
place it in very close proximity to confined electromagnetic modes in order to enhance their
optical properties. However, for a more throughout study of these luminescent species a
higher resolution in both the spectroscopy and morphology analysis is needed. For instance
the implementation of AFM with near-field optics spectroscopic techniques could expand the

understanding of such quantum emission and relate it to the local nano-scale morphology.

8.2 Outlook

The field of 2D materials is one of the most flourishing and fast-pacing research in the latest
decade. The amount of future plans and possible applications increase every years, with
possibly more to come in the future. This section will expand the results of this thesis work

in the frame of more exciting prospects from the ones described in this work.

8.2.1 Dielectric nano-photonics and 2D materials

The research on dielectric nano-antenna is one of the youngest fields in nano-photonics and
many of their qualities and applications are yet to be described. Coupling to the near-field of
nano-antennas can be used to significantly enhance the quantum yield of 2D semiconductors,
with potential for light emission and absorption enhancement in atomically thin structures
made of van der Waals materials. Moreover, the presence of both an electric and magnetic
response in dielectric nano-antennas can be theoretically use to promote dark transition which
shows magnetic moments, as in spin forbidden transition in dark TMDs, a research path
which has not been explored yet. The appealing spin-coupled valley degree of freedom in
2D-TMDs could also benefit in the integration with dielectric nano-photonics, as it have been
recently shown in case of plasmonic nano-structures [229]. This approach could be expanded
to dielectric nano-structures made of different high-index materials and coupling to more
2D materials compounds. This can be achieved by carefully engineering the resonances of
nano-antennas together with the optical responses of the selected atomically thin structures.
As previously stated, this approach can then be expanded to meta-surfaces where the 2D
layers can be integrated as a gain medium for novel photonic applications. Novel van der

Waals nano-photonics structures made from high refractive index multilayer TMDs [234]
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could also be used in the coupling with 2D excitons, for the development of novel photonic

application only with layered van der Waals nano-materials.

8.2.2 Strain effects induced by nano-photonic structures

The use of strain in a semiconductor coupled with nano-photonic structures is a novel concept
which can implemented as an additional degree of freedom in the light-matter engineering
with 2D materials. This approach could be readily used in studying 2D excitonic species
in confined potentials, which theoretically could be expanded to host single excitons in a
potential well, opening to novel physical insights as in strongly interacting excitons. On
another hand, the presence of indirect excitons in heterostructures made from different TMD
layers, could find applications in the use of both strain confinement and coupling to strong
electromagnetic fields, in order to push the exciton population into localized sites and achieve
Bose-Einstein condensation of the confined excitonic species. The continuum mechanical
theoretical approach we have used shows a great feasibility and could be expanded to
describe strain distributions, and relative distortion potential, for 2D-TMDs coupled to lower
symmetric and more complex nano-structures geometries. By carefully designing the strain
profiles of 2D crystals on complex nano-structures it is possible to tailor the local bandgap
profile of the 2D layer, introducing interfaces which could be used for charge separation or

even waveguiding excitons species via the funnel effect.

8.2.3 Quantum emission in 2D materials

Quantum emitters in 2D semiconductors are an attractive platform to study quantum physics
at a single exciton level. However, the understating of their nature and the control over their
optical properties is still the main obstacle when compared to more mature technologies and
the required properties of single photon sources for real life quantum applications. Nonethe-
less, research is indeed meant to advance our understanding and provide new approaches in
the study of nano-scale phenomena. The use of dielectric nano-antennas for positioning of
single photon emitters in 2D TMDs shows promising results as in the ease of fabrication and
possibility of tailoring many degree of freedom in the system, for instance optical resonances,
strain magnitude and shape. The effort of developing more controllable fabrication schemes
and higher resolution spectroscopy could lead to advances in this field and make 2D quantum

emitters more competitive in the overall framework of quantum technologies.






Appendix A
GaP dimer nano-antennas simulations

This section covers the simulation of the GaP nano-antennas used throughout this work. The
simulation were carried with a finite-difference time-domain (FDTD) method (Lumerical
software) by Sandro Mignuzzi and Javier Cambiasso from the group of Riccardo Sapienza
and Stefan A. Maier at Imperial College London.
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A.1 Scattering cross sections

The scattering cross section of a nano-particle can be defined as the ratio between the power
radiated by the nano-antenna over the incident power [165] Cycart (®) = Wy (@) /Loy (®).
The corresponding absorption efficiency can be estimated as O,y = Oy — Oscarr, Where
O,y 18 the extinction cross section. The relative efficiency, Qqcarr(Qups), is calculated as
the ratio between the relative cross section divided by the geometric area of the dimer,
given by Ageom = 2 X 7r?, where r is the nano-pillar radius. Fig.A.1 shows the calculated
scattering efficiency for different radii GaP dimer nano-antennas, and for X and Y polarization
geometries. As shown, the scattering response fully overlaps with the PL emission profile of

monolayer WSe,.
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Fig. A.1 Simulated scattering cross section (Qyqqr) for different radii GaP dimer nano-
antennas, with 65 nm gap width and excited at A, = 685 nm, under different polarization
geometries.
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A.2 Calculation of the effective interaction area

The effective interaction area of the antenna near-field, A, s f(QLexc), for different radius dimer
antennas with 2= 200 nm and g = 65 nm excited at A, = 685 nm, is calculated by integrating
a volume element over the regions of space where the electric field amplitude was enhanced,
following the method outlined in Ref.[190]. Note, this does not mean that the whole top
surface of the pillars contributes to the enhanced PL in the same way, as shown in the PL
imaging in Chapter 5 where most of the emission is found to be localized around the edges
and in the dimer gap. The effective interaction area is calculated where the field enhancement
is larger than a threshold relative to the electric field maximum (|EM|2), set equal to 1/2, on
the topmost surface of the nano-antennas. With this threshold conditions, only the excitons
inside this area experience the excitation enhancement, thus contributing to the effective
PL enhancement, while the emitters outside this region are omitted due to the negligible
contribution in the excitation enhancement. The effective area for the two pillars is calculated

with the following formula:

(,0,0; Aexe) |2
[Ep|?

R 2 |E
Aeff()texc) =2x 7.L'rgffot'exc) =2x /0 /0 ®[| —1/2]rdrd6 (A.1)
here, ® represent the Heaviside step function (1 for x > 0, O for x < 0). The values of
Ac sy calculated using this method are shown in Fig.A.2, where they are compared with the
geometric area of the dimers (A jjyer = 2 X mtr?). As can be seen, both values have very close

coincidence, with the only difference for the smallest pillar, where A4y, is larger than A,z ¢.
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Fig. A.2 Comparison between the geometrical area of the top surface of a dimer (A jj,e,) and
the effective interaction area (A.zy).
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A.3 Radiative emission pattern

Al wop g=65nm

GaP R=500nm
H=200nm
A=750nm

Fig. A.3 Radiative emission pattern for a dipole placed on planar GaP (left) and above
the middle of the gap of a dimer nano-antenna (right) for a direction parallel (green) and
perpendicular (black) to the line connecting the two nano-pillars. Although most of the
emitted light is directed into the higher index substrate, the emission in air is strongly
increased due to the presence of the dimer nano-structure.
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A.4 Electric and magnetic field profiles
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Fig. A.4 Electric (E) and magnetic (H) field distributions calculated for a GaP dimer nano-
antenna (height 200 nm, radius 50 nm, gap 65 nm) illuminated with a normally incident plane
wave (Aq = 685 nm). Relative field amplitudes are shown normalised by the amplitudes

of the electric (Ep) and magnetic (Hy) fields in the incident wave. The polarisation of the

incident light is shown with arrows. The distributions are calculated at half-height of the
nano-antenna (z = 100 nm)




134 GaP dimer nano-antennas simulations

A.5 Purcell factor

The Purcell enhancement is calculated as the decay rate 7, of an emitter coupled to the GaP
nano-antenna, normalised with the decay rate y? of an emitter on a planar GaP substrate.
The decay rate enhancement ¥, /9 corresponds to the enhancement of the rate of energy
dissipation P/Py. We have calculated the power P radiated by an electric dipole at 0.5 nm
distance from the top surface of the GaP pillars, for different positions over the dimer, and
compared that to the power Py radiated by the same dipole placed 0.5 nm above the surface
of the planar substrate. In order to model our experimental system where photoluminescence
in WSe; originates from the in-plane excitons, the dipole is placed parallel to the surface
of the pillars or the substrate, polarised along the direction parallel or perpendicular to the
dimer axis. Fig. A.5a plots the 2D maps of the Purcell enhancement around the dimer, for
the two dipole orientations as indicated by the white arrow. In Fig. A.5b a dependence of
%,/7° on the position in the dimer gap is shown for a dimer with 7=50 nm. Strong maxima
are observed close to the edges of the pillars (marked with dotted lines in Fig. A.5a) with
the Purcell enhancement values reaching 15. As Fig.A.5c shows, the maximum Purcell
enhancement values increase as r is varied from 500 to 50 nm, while their positions remain

the same in the proximity of the pillar edges.
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Fig. A.5 (a) Maps showing decay rate enhancement ¥, /7" for a dipolar emitter orientated
parallel and perpendicular to the dimer axis, with pillars of radius ¥=50 nm. Scale bar is
50 nm. Dependence of 7,/ yﬁ) within the dimer gap for a dipolar emitter oriented parallel to
the dimer axis shown by the dotted line in (a). The dotted line in (b) marks the edges of the
pillars. (c) Dependences of /7 as in (b) plotted for dimers with different r, with gap fixed
at 65 nm.
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Theoretical description of strained 2D

layers

In this section is described the continuum theoretical model for the TMDs strain topography
on top of dielectric nano-pillars used in the description of the results in Chapter 6. The model
have been developed by Matthew Brooks from the group of Guido Burgkard at the University
of Konstanz, based on the approach described in Ref.[124].

B.1 Strain topography theoretical modelling

The strain topography of stretched TMD layers is achieved by modelling the out-of-plane
displacement relative to the underlying substrate. We applied a continuum-mechanical plate-
theory approach [124] with the following reduced form of the Foppl-von Karman equations,

valid for such passively strained low-dimensional systems [261]:
DA’ —P=0 (B.1)

where P is the pressure the atomic layer experiences, { is the height field, A? is the biharmonic
operator, given by the square of the Laplacian A, and D is the flexural rigidity of the TMD
layer defined as:

ER

here E is the Young’s modulus, ¢ is the Poisson’s ratio and £ is the TMD layer thickness.
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Fig. B.1 (a) Theoretical values of uniaxial tensile strain for single and double layer WSe, as
a function of the dimer nano-pillar radius. The uniaxial tensile strain values are calculated
around the topmost edge of a dimer nano-antenna (H = 200 nm), for both single and double
layer WSe,. (b) Theoretical model of the distortion potential profile. Top: Height field profile
(black dashed line) for a dimer with H = 200 nm and R, = 50 nm, schematically shown in
red. Bottom: Value of the conduction band potential minimum (V,;), at the K point of the
Brillouin zone, calculated for both single (1L) and double (2L) layer WSe», relative the same
height field profile shown on top. The compressive (tensile) strain region is correlated to an
increase (decrease) in the V,;, value.
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To model the WSe; strain topography above the dimer structure, we found a solution to
Eq.B.1. The model of pressure adopted here, consistent with the microscopy measurements,
is the P = 0 model [124] with boundary conditions:

Cp—o(Rm) =H (B.3)
Cpr=0(R) =0 (B.4)
d.Cp—olr,,g =0 (B.5)

where H is the height of the dimer antenna, R,, is the nano-pillar radius and R is the tenting
radius, the distance between the antenna pillars at the point where the WSe; meets the
substrate at H = 0. We obtain the following analytical solution for the height field, relative

to a single pillar, in rotational symmetry:

H
(R?—R2)2 — 4R?R2 In® [

Cpo(r) = - } {2R2 In[R)] (R; +2R%1n {%] - r2) (B.6)
R

+(r* —R?) (R2,+2R%In[R,) —R*)  (B.7)
+21n7] <r2 (R*—Ry,) +2R*R;,In {Rﬂ} > } (B.8)

m

Taking this approximation as a starting point, we obtain a numerically averaged height
field over the dimer geometry by taking values of R from microscopy measurements, and
interpolation in the gap region where the rational symmetry of the approximate model is
violated. From a satisfactory model of the height field, the strain component responsible for

the band gap renormalization is given by the trace Z of the strain tensor €;;, given as [262]:

(20 —1)h

@:Tl’[&j]: —o

AL (B.9)

We resolved a relationship between the tensile strain maximum and the nano-pillars
radius. Fig.B.1a shows the calculated strain values at the topmost edge of a nano-antenna
(H =200 nm), as a function of the nano-pillar radius. For both 1L and 2L-WSe; we observe
an increased strain value as the nano-antenna radius decreases, with a stronger magnitude for

the bilayer. This trend can be explained as the assumed model approaches a deflection of a
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Dirac-delta like deformation, when r — 0, giving an undefined pole in the strain value. An

increased strain in bilayers is directly related to its larger rigidity (D).

B.2 Strain-induced deformation potential

After defining a strain topography, it is possible to calculate a strain-induced deformation
potential in the WSe, band structure, following a tight-binding approach [262, 124], as:

V= &7 0 (B.10)
0 6.9

where J, and 9, are the parameters governing the strain response for the conduction and
valence band at the K/K’ point, respectively. In Fig.B.1b is shown the calculated valence
band deformation potential, calculated for both 1L and 2L-WSe,, on a dimer structure with
r = 50 nm, along the line connecting the centre of the two nano-pillars. We found a stronger
modulation for the bilayer, as expected from the higher strain values shown in Fig.B.1a.
The potential profile is correlated with the local reduction (increase) of WSe, bandgap
under tensile (compressive) strain. As such, the maximum tensile deformation, located at
the nano-antenna edges (x = 100 nm), corresponds to a decrease in the conduction band
minimum. In correspondence with the compressive strain area, where the layers meet the
substrate (x = 500 nm), the bandgap energy is increased, due to the lifting of V,;, resulting
in a potential barrier for trapped excitons. Due to the expected confinement of optically
generated excitons in such a potential landscape, this modulation of the local WSe, band

structure can trap excitons via the funnelling effect [128].
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