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Résume en francais

Les dichalchogenures de métaux de transition semi-conducteurs (TMD) constituent un groupe
de matériaux faisant preuve de propriétés optiques singuliéres, qui en font de bons candidats
pour des applications dans le domaine de 1’optoélectronique a 1’échelle nanométrique. Bien
qu’elles aient été étudiées depuis maintenant plus d’un demi-siecle, elles ont suscité un regain
d’intérét lors de I’intense activité scientifique impulsée par la découverte du Graphéne en 2004.
Comme pour le graphite, les cristaux massifs de s-TMD sont constitués de I’empilement de
plans monocristallins liés les uns aux autres par la force de van der Waals. Le caractére direct
ou indirect du gap électronique des TMD dépend de I’épaisseur du cristal : le gap indirect
observé pour les TMD massifs évolue progressivement vers un gap direct dans le cas de la
monocouche. En 2010, il a été démontré que les monocouches de MoS; étaient bien des semi-
conducteurs de gap directs faisant preuve d’un fort couplage rayonnement maticre, résultant en
I’observation d’excitons avec une tres forte énergie de liaison. Le fort couplage spin orbite dans
ces matériaux, combiné a la physique de vallées, héritée d’une Zone de Brillouin tres similaire
a celle du graphéne, a popularisé 1’étude des monocouches et multicouches de TMD. La facilité
avec laquelle deux monocouches peuvent étre interfacées a élargi le champ d’étude aux
hétérobicouches de TMD. Ces hétérostructures de type I, dont le caractere direct ou indirect
du gap ¢électronique est conditionné par I’angle 6 entre les deux monocouches, sont le si¢ge de
recombinaisons excitoniques dont le trou et I’électron sont chacun localisés dans une couche
différente. Comme dans le cas des excitons confinés dans des doubles puits quantiques couplés,
le faible recouvrement entre les fonctions d’onde des deux particules résulte en ’accroissement
de I’énergie de liaison, ainsi qu’en un plus long temps de vie de I’exciton. De plus, I’angle 0
(ainsi que I’écart de parametre de maille entre les deux matériaux de I’hétérobicouche) induit
la formation d’un moiré atomique a I’interface de I’hétérostructure ce qui a stimulé la recherche
théorique et expérimentale visant a étudier ces excitons intercouche piégés dans le potentiel
moiré. A cet égard, la magnéto-spectroscopie est une technique de choix pour caractériser les
propriétés optiques et électroniques de ces systemes. En effet, la brisure de symétrie imposée
par le champ magnétique résulte en la levée de dégénérescence entre les énergies des deux
composantes émises par les vallées +K et —K. La différence d’énergie entre ces deux
composantes, proportionnelle au champ magnétique appliqué, définit le facteur-g dont signe et
la valeur absolue donne des informations cruciales pour 1’identification des bandes impliquées
dans les processus de recombinaison optique.

Dans ce manuscrit seront présentés les résultats d’expériences de spectroscopie et de magnéto-
spectroscopie visant a étudier les propriétés optiques et électroniques de systemes lamellaires
sous I’influence d’un fort champ magnétique.



Abstract in english

Semiconductor transition metal dichalcogenides (TMDs) are a group of materials showing
unique optical properties making them good candidates for opto-electronic applications at the
nanoscale. While these compounds have been studied for more than half a century already, they
have gained interest during the intense stimulation of scientific research on atomically thin
crystals initiated by the first isolation of graphene in 2004. Just like graphite, bulk TMD crystals
consist of a stack of atomically thin planes held together by van der Waals forces. The
momentum alignment of TMDs ‘electronic gap strongly depends on the thickness of the crystal
and transition from a momentum-indirect gap in the bulk and in few-layers systems, to a direct
momentum gap in monolayers. In 2010, MoS2 monolayers have been shown to be momentum-
direct gapped semiconductors showing a very strong coupling to light resulting in the creation
of excitons with a high binding energy. The strong spin-orbit interaction observed in these
materials, coupled to the valley physics inherited from their graphene-like Brillouin zone, has
popularized the study of monolayers and few-layers TMDs. The ability to easily stack together
TMD monolayers of different materials has resulted in the fabrication of TMD heterobilayers
showing a staggered band gap, for which the interlayer twist angle 6 tunes the momentum
alignment between the Brillouin zones of the two layers and enhances the recombination of
interlayer excitons at the K valleys of the heterostructure. Just as spatially indirect excitons
localized in coupled quantum wells, the weak overlap of the particles’ wave functions resulting
of their physical separation leads to an increase of the exciton binding energy and an
enhancement of its lifetime. Moreover, both 6 and the different lattice parameters of the two
constituent monolayers introduce a moiré pattern in the 2D heterobilayer crystal which has
stimulated the theoretical and experimental study of these moiré trapped interlayer excitons. In
this regard, magneto-spectroscopy has become a technique of choice to investigate the optical
and electronic properties of these heterostructures, as the breaking of time reversal symmetry
imposed by a magnetic field lifts the energy degeneracy between the o+ and o- polarized
emission from +K and -K valley. The resulting energy difference between the two components
is proportional to the magnetic field and defines the exciton g-factor, which sign and magnitude
gives crucial information on the spin and valley indices of the electronic sub band involved in
the recombination. In this manuscript, we will show the results of optical and magneto-optical
experiments designed to study the optical and electronic properties of lamellar systems under
high magnetic fields.



Organisation du manuscrit

Dans le Chapitre 1, nous introduirons les différents concepts nécessaires a la compréhension de
la physique des excitons dans les monocouches et les hétérobicouches de TMD a travers une
revue de 1’état-de-1art.

Dans le Chapitre 2, nous présenterons I’instrumentation utilisée dans le cadre des expériences
décrites dans la suite de cet ouvrage.

Dans le Chapitre 3, nous présenterons les résultats d’expériences visant a caractériser nos
échantillons afin de les comparer a la littérature.

Dans le Chapitre 4, nous présenterons les résultats d’expériences originales de spectroscopie et
de magnéto-spectroscopie. Nous focaliserons notre discussion sur I’influence qu’a la densité
excitonique sur la forme et 1’énergie du spectre de recombinaison des excitons intercouches.

Dans le chapitre 5, nous discuterons de la signification du signe et de la valeur du facteur-g et
présenterons un modele simple, basé sur 1’observation des facteurs-g des excitons dans les
monocouches, pour estimer le facteur-g des excitons intercouches.

Dans le chapitre 6, nous expliquerons le résultat principal de cette thése, qui est I’observation
d’une interaction exciton-phonon résonante en champ magnétique. Nous exploiterons la finesse
de cette interaction pour résoudre I’influence locale du potentiel cristallin causé par 1’angle 0
sur les propriétés de ’exciton intercouche.

Structure of the manuscript

In Chapter 1 we will introduce the different concepts necessary to understand the physics of
excitons in TMD monolayers and heterobilayers through a review of the state-of-the-art
literature.

In Chapter 2, we will present the experimental setups used to obtain the results shown in the
rest of the manuscript.

In Chapter 3, we will show the results of photoluminescence mapping and magneto-
spectroscopy experiments designed to characterize our samples

In Chapter 4, we will present the results of photoluminescence excitation experiments,
excitation power dependence and magneto-photoluminescence experiments in high magnetic
field. We will focus our discussion on the influence of the interlayer exciton density over the
interlayer exciton photoluminescence spectrum.

In Chapter 5, we will discuss the significance of the sign and magnitude of the g-factor and
present a very simple model, based on observations made in TMD monolayers, to predict the
g-factor of interlayer exciton.

In Chapter 6, we will present the main result of this manuscript, which is the observation of a
magneto-resonant exciton- chiral phonon interaction. We will then exploit the finesse of this
interaction to resolve how the underlying potential landscape caused by the twist angle between
the monolayers affects the properties of the interlayer through an energy dependent g-factor.
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Chapter 1: Introduction to TMD heterobilayers.

1.1/ Introduction:

In this chapter, we will introduce the different concepts necessary to understand the physics of
interlayer excitons in transition metal chalcogenides through a review of the literature. We will
present the crystal properties and electronic band structure of transition metal chalcogenides
from the bulk state down to the monolayer. We will discuss the interaction of these materials
with light and the resulting optical selection rules. We will catalogue the different excitonic
complexes that have been observed in TMD monolayers using optical spectroscopy techniques
such as photoluminescence, absorption and reflectance contrast spectroscopy. Finally, we will
discuss the influence of an external magnetic field on the optical properties of TMD
monolayers.

We will then shift our discussion toward TMD heterobilayers, which are van der Waals
heterostructures created by stacking together two monolayers of different materials. This leads
to the creation of a semiconductor heterostructure presenting a staggered electronic gap. The
twist angle 0 between the two constituent TMD tunes the alignment of their respective Brillouin
zone, which defines the momentum alignment of the interlayer gap. If the interlayer gap is direct
in momentum space, the heterobilayer can then host interlayer excitons, i.e. electron-hole
complexes in which the two bound particles are localized in different monolayers, similarly to
spatially indirect excitons in coupled quantum wells. Moreover, the differences in the lattice
parameters between the two constituent monolayers introduce a moiré pattern in the 2D
heterobilayer crystal and thus a moiré pattern on the potential trapping the interlayer excitons.
We will review the recent studies about these interlayer excitons trapped in the moiré potential
of TMD heterobilayers, which display properties that are very different from the ones of
excitons in TMD monolayers, defined in this case as intralayer excitons. Because of the
modulation of the potential introduced by the moiré pattern, interlayer excitons in TMD can be
seen as a quantum dots like system . We will conclude our review of interlayer excitons by a
discussion about the evidences of moiré reconstruction at the interface of TMD heterobilayers.
Recently, experimental data have questioned the moiré description that considers constituent
monolayers as completely rigid and point toward a local reconstruction into homogeneous
domains minimizing the stacking energy of the system.



1.2/ Properties of TMD:

1.2.1/General discussion on TMDs

Transition Metal Dichalcogenides (TMD) are a family of material with chemical formula MX,
where M is a transition metal atom (such as Ti,V,Mo or W) and X is one of the three chalcogens
Se,S or Te. More than 60 different TMDs are currently known and they can exhibit strikingly
different properties depending of the metal/chalcogen atom combination [Pulkin 2016]. A
common ground however can be found in the mechanical properties of these compounds in the
sense that most of the TMDs are layered materials: the bulk compound, just like graphite,
consists of a stack of monoatomic planes held together by the van der Walls (vdW) force.

Before going into the specifics of the crystal cell and band structure, it must be noted that TMDs
can be stable in several structural phases corresponding to different stacking orders. The two
common structural phases are either trigonal prismatic (2H stacking) or octahedral (1T), with
an additional but marginal rhombohedral (3R) configuration. In the 2H phases, chalcogen atoms
in every other atomic planes are located on top of each other in the ABA configuration while
1T and 3R both correlates to the ABC stacking order. Depending on the particular combination
of transition metal and chalcogen, the thermodynamically stable phase can be either 2H of 1T
(however the other configuration can still generally be found as a metastable phase). In the case
of multilayer and bulk samples, the properties of TMD can further be influenced by possible
distortions that lower the periodicity. They can for examples result in the formation of
metal-metal bonds or charge density wave phases. This gives rise to a large family of materials
with varying properties making them useful for nanoelectronics and nanophotonics applications
[Mak 2016]. In this manuscript however, we will restrict ourselves to semiconductor TMDs
and use this general term to describe only compounds with a transition metal from the VI
column of the periodic table (ie. Mo of W based) with either S or Se atoms as chalcogen,
crystallizing in the 2H/3R phases (cf Fig(1.1)).
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Figl.1 a) Atomic structure of single layers of transition metal dichalcogenides (TMD) in their trigonal
prismatic (2H), and distorted octahedral (1T) phases. Lattice vectors and the stacking of atomic planes are
indicated. b) ‘Periodic table’ of known layered TMD, organized based on the transition metal element involved,
summarizing their existing structural phases (2H, 1T or other, as in the case of Pd-based TMDCs) and
indicating the presence of distorted structural phases and observed electronic phases. Figure adapted from
[Pulkin 2016].
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1.2.2/ Crystal structure

In the crystal cell of group VI semiconductor TMDs, each metal atom is sandwiched between
two planes of three chalcogen atoms. The in-plane repetition of this cell shapes the monolayer
into three parallel atomic planes, a transition metal plane between two chalcogen. This forms a
nearly 2D (0,6 nanometer thick) hexagonal lattice, with one metal atom occupying the A site,
while the B site is occupied by two chalcogen atoms and the C site is unoccupied. This breaks
inversion symmetry in the cell (taking the metal atom as an inversion center, any chalcogen
atom is sent to an empty C site) and reduces its symmetry group from Ce to C3. The monolayer
Brillouin zone is also hexagonal (cf Fig(1.2.c)), but because of this reduced symmetry,
neighboring K points cannot be considered as equivalent, this gives rise to an alternation of +K
and -K valleys at the corners of the hexagon related by time reversal symmetry. This is
absolutely capital, as the major optical and electronic properties of TMDs monolayer discussed
in this manuscript arise from these K and —K valleys.
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Figl.2 a) Top view of group-VIB TMD monolayers. The blue and orange spheres represent M and X atoms
respectively. The light yellow diamond region is the 2D unit cell with lattice constant a. b) Trigonal prismatic
coordination geometry, corresponding to the blue triangle in top view. ¢) The first Brillouin zone. b1 and b2
are the reciprocal lattice vectors. d) Top and side views of the unit cell of bulk or bilayer of 2H stacking. €)
Unit cell of bulk group-VIB TMDs of 3R/1T stacking. Figure adapted from [Liu 2015]

As specified above, the 2H configuration correlates to the ABA stacking order, which means
that in the case of the bulk crystal structure, all neighboring monolayers are flipped by 180°
with respect to each other, as such, there is an alternation of A and B sites along the Z axis. The
3R/1T phase however exhibits a rhombohedral symmetry: in the case of a trilayer, the metal
atom at the A site of the first layer is located directly below the B site of the second layer, which
is in turn below the unoccupied C site of the third layer. The 3R bulk phase, consisting of the
repetition of these trilayers, corresponds to the ABC stacking type. It is to be noted that the
majority of naturally exfoliated TMD thin films exhibit an ABA stacking corresponding to the
2H configuration. First-principles calculations based on density functional theory shown in
[Santosh 2015] compare the relative stability of various phases of TMDs and establish that the
2H configuration minimizes the stacking energy compared to the 3R/1T configurations.

1.2.3/ Band structure

In the rise of the research on graphene [Geim 2007], TMD have become popular materials in
the search for quasi 2D gapped systems as their mechanical properties allow for an easy
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Fig.1.3 Calculated band structures of a) bulk MoS;, b) quadrilayer MoS,, ¢) bilayer MoS;, and d) monolayer
MoS,. The solid arrows indicate the lowest energy transitions. Bulk MoS; is characterized by an indirect
bandgap. The direct excitonic transitions occur at high energies at K point. With reduced layer thickness, the
indirect bandgap becomes larger, while the direct excitonic transition barely changes. For monolayer MoS in
d), it becomes a direct bandgap semiconductor. Figure adapted from [Splendiani 2010].
exfoliation down to the monolayer. The transition from the bulk material to the monolayer form
alters the electronic band structure of TMDs from indirect gap semiconductor to direct gap
semiconductor. Fig(1.3) illustrates this transition by picturing the band structure of MoS; as a
function of the number of layers. In the case of bulk TMD, three important high symmetry
points should be considered : the I" point at the center of the Brillouin zone, the previously
mentioned K (or in that case equivalent -K) points and the Q (-Q) points, situated halfway
between I' and K. In the bulk form, the conduction band minimum is situated at the Q point,
while the top of the valence band is at the I point, which results in a momentum indirect gap.
When decreasing the number of layers, the conduction band around the Q point progressively
shifts to the higher energies (which makes the band minimum shift toward K) while the valence
band at the I" point shifts to lower energies. The conduction and valence bands around K point
are weakly affected. Finally, and only for the monolayer, both the conduction band minimum
and valence band maximum sit at K point, which results in a momentum direct gap. This is a
fundamental difference with other semiconductors like GaAs for which the electronic gap is
located at the center (I point) of the Brillouin zone [Ehrenreich 1960]. As we will see later in
this chapter, this is fundamental to the unique optical properties observed in TMD monolayers.

First principle calculations in [Cappelluti 2013] describe this change of the band structure. The
authors consider MoS; within a tight binding model, in which all electronic bands of the band
structure consist of a mix of orbitals arising from the transition metal or chalcogen atoms that
can be generalized to the other group VI TMDs. In this case, we consider the 4d orbitals from
the metal atom M and 2p orbitals from the chalcogen X. Tab(1.1) shows the orbital mix
composing the conduction and valence bands at the K,Q and I" points of interest of the
Brillouin zone. The conduction and valence bands at K point mainly involve respectively M-do
(composed of dx, dy and dxy orbitals) and M-d: (dz) orbitals with a minor presence of in-plane
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State Majority of orbitals Minority of orbitals

K M-d,: X-Px,Py

K, M'd,z yz,d,-’ X'px,p,

Qe M’dx‘ y‘vdxy M'd:‘v x'P.nPvaz
' fo M-d,: X-p.

Tabl.1 Orbital compositions of Bloch states at the conduction band critical points K and Qc, and valence band
critical points Ky and Gy in monolayer TMDs. Table adapted from [Liu 2015]

X-pxy chalcogen orbitals. Since M-do and X-pxy are in-plane components, there is no expected
overlap of these orbitals between neighboring layers. The out-of-plane orbital M-d; is also not
expected to overlap significantly due to the central position of the metal atom in the TMD
monolayer crystal plane. Thus, the orbital mix of the conduction and valence bands at K point
are not affected by the presence of neighboring layers, hence this is why the band structure at
K point is independent of the crystal thickness. In the case of the I" point , the orbital mix of
the valence band presents a non-negligible proportion of the out of plane X-p; while the
conduction band at Q point is composed of a mix of the out-of-plane X-p; and in-plane X-pxy
components. Both these orbitals arise from the chalcogen atoms at the edges of the TMD crystal
plane, and thus show an overlap with the orbitals from neighboring layers. This is especially
the case for X-p; which is an out-of-plane component and results in the shift of the band
structure at Q and I" points shown in Fig(1.3).

1.3/ Light-matter coupling in TMDs:

1.3.1/ Excitons

In 3D semiconductors, the excitation of an electron by an incident photon promotes it to the
conduction band, leaving behind an empty state surrounded by an electronic sea. This empty
state can be seen as a quasi-particle, a hole with a positive charge, which interacts with the
electron by the Coulomb interaction. The attractive Coulomb interaction is described by the
Coulomb potential:

e?

Ven(r) =

Eq(1.1)

4-7T€eff‘)"

With e the electron’s charge and &, the effective dielectric constant of the material. The

electron and the hole can exist as a bound complex inside the gap E; of the material: the exciton,
which recombines in a photon with an energy Ep, inferior to E;. The difference between E
and Ep; defines the binding energy Eg. In TMD ML, the greater spatial confinement imposed
by the reduced dimensionality of the system leads to an enhancement of the Coulomb
interaction and to the formation of excitons with a high binding energy (Ez~500 meV
[Chernikov 2014, Wang 2015] compared to Ez~21 meV in bulk GaN [Shan 1996]).

In analogy with 2D hydrogenic Rydberg series [Zaslow 1967], the exciton can be described as
a fundamental state, the 1s state, and a series of excited states denominated 2s,3s,etc... In this
model, the binding energy of the n'" excited state is written :

Me? 1

m _
Ep - 2h2eqff? (n—%)2

Eq(1.2)



With M the excitonic reduced mass 1/(m; + m;*). The radius of the electron-hole orbit of
the n state is written :

r™ = g;f;f nag Eq(1.3)
With agthe exciton Bohr radius of the hydrogenic fundamental state.

E© is the binding energy of the fundamental state and E, — Ez(> defines the optical gap i.e.
the minimum energy of the photon to excite an electron in the material.

E(™ decreases with n and the excited states can be seen, still in analogy with the hydrogen
atom, as an increasing separation between the electron and the hole. When n in infinite, the
particles of the excitons are no longer bound since the binding energy is zero and ™ is infinite.
Fig(1.4) shows the adsorption of a material dominated by the excitonic effect.
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Figl.4 Schematic illustration of the optical absorption of an ideal 2D semiconductor including the series of
bright exciton transitions below the renormalized quasiparticle band gap. In addition, the Coulomb interaction
leads to the enhancement of the continuum absorption in the energy range exceeding the exciton binding
energy. The inset shows the energy level scheme of the excitonic Rydberg series, the exited states are
designated by their principal quantum number n, with the binding energy of the exciton ground state denoted
by E; below the free-particle (FP) band gap. Figure adapted from [Wang 2018]
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Figl.5 PL spectra for mono and bilayer MoS, samples in the photon energy range from 1.3 to 2.2 eV. Inset:
PL quantity yield of thin layers for N =1-6. Figure adapted from [Mak 2010].



Evidences of the exciton recombination in TMD have first been shown in [Mak 2010,
Splendiani 2010]. In these papers, the authors present the photoluminescence spectrum of
excitons in MoS: as a function of the number of monoatomic layers in the crystal. They observe
a strong enhancement of the photoluminescence intensity between the bilayer and monolayer
samples corresponding to the transition of the electronic band structure to a direct gap
configuration (cf Fig(1.5)).

In [Chernikov 2014, He 2014], the authors probe the excitonic Rydberg series in a WS;
monolayer using reflectance contrast spectroscopy technique. Fig(1.6.a) shows the reflectance
spectrum of the fundamental state and the first four excited states. The additional feature at
lower energy corresponds to a three-particle complex in which the exciton binds a free carrier:
the trion. We will discuss the specificities of the trion later in this chapter.

The authors observe discrepancies between the energies predicted by the 2D hydrogenic
Rydberg series and the measured positions of the excitonic excited states 1s and 2s, which are
the states with the lowest spatial extent (cf Fig(1.6.b)). They fit the remaining points with the
2D hydrogenic Rydberg series from which they derive the values of the electronic bandgap and
more importantly an excitonic binding energy of E(® = 0,32 + 0,04 eV which is much higher
than the usual values found in other common semiconductors (Ez~5 meV and Ez~20 meV in
3D GaAs and 2D AlGaAs/GaAs ). This highlights the specificities of TMD excitons in which
the strong dielectric screening due to the confinement in the monolayer results in a weak
coulomb interaction between the electron and the hole and in an enhancement of the exciton
biding energy. Since the binding energy defines the stability of the exciton with respect to
temperature (an exciton is thermally stable if Ez > k, T), TMD excitons are stable even at room
temperature. Thus, the optical properties of TMD monolayers are dominated by excitonic
resonances.
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Figl.6 a) The derivative of the reflectance contrast spectrum of the WS, monolayer. The exciton ground state
and the higher excited states are labeled by their respective quantum numbers (schematically shown at the
bottom right). The spectral region around the 1s transition (AX) and the trion peak (AXT) of the A exciton is
scaled by a factor of 0.03 for clarity. The inset shows the asmeasured reflectance contrastAR = R for
comparison, allowing for the identification of the A, B,and C transitions. b) Experimentally and theoretically
obtained transition energies for the exciton states as a function of the quantum number n. The fit of the n=3,4,5
data to the 2D hydrogen model is shown for comparison. Gray bands represent uncertainty in the quasiparticle
band gap from the fitting procedure. Corresponding effective dielectric constants are shown in the inset. Figures
adapted from [Chernikov 2014].



1.3.2/ Dielectric screening in TMD monolayers

The impossibility to fully describe the excitonic Rydberg series using the 2D hydrogenic model
[MacDonald 1986] is attributed to the fact that the Coulomb potential V,, () fails to take into
account the fundamental property of TMD excitons : the electric field of the excitonic dipole
passes through the boundaries of the monolayer into the surrounding medium (cf Fig(1.7.a)).
This means that the dielectric screening is not only defined by the dielectric constant of the
material, but also by the dielectric environment at the top and bottom interfaces of the
monolayer.

Thus, a screened potential taking into account the neighboring dielectric environment is
necessary: the Rytova-Keldysh potential Vi () is better suited to describe the electrostatic
interaction of two charges e; and e, within a thin 2D dielectric continuum encased between
two top and bottom layers of dielectric constant &, and g,,.

(ett+ep) (ett+ep)
Veg (r) = e:,jz % (Ho(gtTE:r) - Yo(gtTgobr)) Eq(1.4)

Where H, and Y, are Struve and Bessel functions.

The Rytova-Keldysh potential [Rytova 1967, Keldish 1979] has been widely used to describe
the Coulomb interaction of few-body complexes in monolayer TMDs. However, this potential
also introduces a strong environmental dependence of the binding energy of the trion, which
has not been experimentally verified. Recent work [Van Tuan Dinh 2018] sought to correct this
apparent discrepancy by refining the current vision of the TMD monolayer and considering the
dielectric screening of the chalcogen planes at the boundaries of the monolayer from the central
atomic plane(cf Fig(1.7.b)). The corrected potential is coherent with the non-hydrogenic
Rydberg series of neutral excitons as well as the weak environmental dependency of the trion’s
binding energy.
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Figl.7 a) Schematic representation of electron-hole pairs forming 1s and 2s excitonic states in a non uniform
dielectric environment. Figure adapted from [Chernikov 2014]. b) The ML is modeled as three atomic sheets
with polarizabilities x+ for the central one (Mo/W) and y— for the top and bottom ones. Screening from the
chalcogen sheets helps to confine the field lines in the ML, thereby reducing the dependence on the bottom and
top materials. Figure adapted from [Van Tuan Dinh 2018].

1.3.3/ h-BN encapsulation

The strong dependence of the excitonic Coulomb interaction on the dielectric environment of
the monolayer [Grzeszczyk 2020] has impulsed a series of efforts to engineer the dielectric
screening of TMD, notably to decouple the monolayer from its substrate. In this regard,
hexagonal Boron Nitride (h-BN) encapsulation has grown to become the most popular
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technique for protecting TMD monolayers. Originally considered as a high quality substrate for
graphene based applications [Dean 2010], h-BN shows the same mechanical properties as 2D
van der Waals crystals. The very high band gap of the material (5,97¢eV) lies far above the range
of visible light an makes it an ideal insulator [Park 2021] for other TMD monolayers. While the
lattice mismatch between h-BN (a = 0,25 nm) and group VI TMD is important (a =
0,32 nm), the atomically flat hexagonal crystal offers a smooth surface for TMD monolayers.
The dielectric constant of h-BN (e~3-4) results in a different dielectric screening of the exciton
[Raja 2017] as compared to the SiO> substrate and protects the monolayer of charge transfers
from the surrounding environment. The top layer has the added benefits of protecting the
sample against external impurities. h-BN encapsulation has rapidly become a standard of
sample fabrication and has brought unparalleled progress in the study of TMD excitons by
bringing observation and the engineering of the intrinsic properties of these materials in our
reach.

In [Cadiz 2017], the authors compare the photoluminescence spectra of non encapsulated and
encapsulated monolayers of group-VI semiconductor TMDs (cf Fig(1.8)). The effect
ofencapsulation is quite impressive! A drastic reduction of the linewidth of the exciton from a
FWHM AE~100 meV to mere AE~5 meV (cf Tab(1.2)) is observed as well as the emergence
of many additional features corresponding to exciton complexes.
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Fig 1.8 Typical PL spectra for different TMDC MLs at T = 4 K when deposited directly onto SiO2 (top) and
when capped with h-BN (bottom). Figure adapted from [Cadiz 2017].

Neutral exciton linewidth (meV)

MoS, (Commercial) 2.0-4.5
MoS, (CPT grown) 3.9-5.0
MoSe, (VPT grown) 2.4-49
WSe, (Commercial) 3942
WS, (Commercial) 4348

Tab 1.2 Neutral exciton linewidth at T=4K measured on different TMD monolayers encapsulated with hBN. Table
adapted from [Cadiz 2017].



1.4/ Fine band structure of monolayer TMDs:

1.4.1/ Spin orbit coupling

Spin-orbit coupling (SOC) couples the angular momentum L and spin S with Hgp = L.S and
can be seen as an intrinsic magnetic field splitting the spin-up and spin-down sub-band, shifting
them from the previously degenerate energy position by an energy Egy¢  k.s depending on k
the wave vector and s the spin. It is immediately visible that, depending on the valley and on
the spin indices, Eso takes negative or positive values and presents the following symmetry
relation:

Esoc(K,s) = Esoc (=K, =) = —Egoc(—K,s) = —Egoc (K, —5) Eq(1.5)

One can see the time reversal symmetry Esoc(K,s) = Egoc(—K, —s) as well as the lack of
inversion symmetry Esoc(K,s) # Esoc(—K,s). The sub-band splitting in a given valley is
written:

Asoc= Esoc (K, s) — Esoc (K, —s) = 2Egoc (K, s) Eq(1.6)

The sign of the splitting gives the band ordering (which spin sub-band lies on top of the other)
in a given valley, which, as we will see later is critical to the gap and the optical properties of a
material. It is to be noted that opposite valleys have the same splitting in absolute value but an
opposite band ordering.

The origin of the valence band SOC is well understood : as mentioned above, the valence band
states arise from an orbital mix largely dominated by the d, transition metal orbital with a
quantum orbital number m;,, = 27 = 12 depending of the valley index t with a minor
contribution of the chalcogen atom p, and p,, orbitals with m;x, = +1. Considering a,, and
aythe coefficient representing the weight of the metal and the chalcogen orbital in the band
state mix and A, /Ay the parameters representing the atomic contribution to the SOC , a
phenomenological approximation of Ag, in the valence band can be established as :

ASOCOC aMml(M)AM + ZaXml(X)AX Eq(17)

Ay (meV) Ay (meV)

MoS, 87 50
ws, 274 55
MoSe, 94 188
WSe, 261 232

Tab 1.3 Parameters of Eq(1.7) obtained by DFT calculations for different TMD monolayers. Table adapted
from [Kosmider 2013].

Both contributions have the same sign in both valleys, which explains the single ordering
configuration that is observed at K and —K regardless of the ML material. Values for the relevant
M and X atoms, extracted from [Kosmider 2013], are presented in Tab(1.3) and Tab(1.4).
Because of the dominating proportion of M orbital inthe mix, the valence band SO
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MOSE WSE MOSE‘E WSE‘Z

Myoy Myxxy Gy Qy QA Qy py Ay Ay Ay
c1 -1 -1 0.63 0.19 063 019 065 018 065 0.18
C 0 -1 0.86 0.07 090 0.05 086 0.07 089 0.05
v +2 +1 080 0.10 079 011 082 009 079 0.10
V1l +1 0 028 036 025 038 034 033 030 035

Tab 1.4 Parameters of Eq(1.7) obtained from TB for different TMD monolayers. Values from [Kosmider
2013].

splitting is almost entirely caused by the transition metal contribution, thus explaining the lower
splitting values for Mo based materials .

In the case of ML conduction band, the orbital mix does not change in proportion and is still
dominated by the contribution of metallic ions. The M orbital from which the band state arise
however is no longer M — d, but M — d, with m;(,,, = 0 which would simplify Eq(1.7) down
to the sole X contribution.

ASOC X ZaXml(X)sz _zaxTAX Eq(18)

The splitting magnitude is thus greatly reduced due to the minimal proportion of orbitals from
the chalcogen atoms in the orbital mix, roughly by an order of magnitude in fact, if one
considers the 85% metal 15% chalcogen coefficient. However, one would then expect a single
conduction band ordering configuration for all materials as the chalcogen contribution is always
negative (positive) at +K (-K) point.

An interesting way to solve this apparent discrepancy is to consider the interband coupling
between the conduction bands C and the higher order conduction C1 and valence V1 bands
using second order perturbation theory. Considering the projection of C band Bloch states onto
another band B, the energy coupling 8E¢ i, writes:

« oul(Peacsl|¥pucs)|

ECc—€B

SE¢ )b Eq(1.9)

AM|<11UC(K)|L+‘I'UB(K)>(SC|S_ |SB)|2+AM|<11UC(K) L~ |IPB(K)><SC|S+ |513>|2

= 0E™ «
C/B ec—€p

Eq(1.10)

Which takes non zero values in two cases only:

Sc=

Case 1 mycy = myp) +1=+1 and {SB

Sc
Sp

)
T

1T
Case 2 myicy =mypy —1=—1 and{ L
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Considering the values of m,; indexed in Tab(1.4), case 1 corresponds to the coupling between
the spin-down conduction sub-band and the spin-up sub-band for which m,;zy = —1i.e. the C1

spin-up sub-band, resulting in a negative energy shift SEZ ), ;5

SETM 1y ~ 251 < 0 Eq(1.11)

Ec—éc1

Similarly, case 2 couples the spin-up conduction sub-band and the spin-down V1 sub-band
resulting this time in a positive energy shift SEZ), 1):

A
5’55%/1(?) ~ ﬁ >0 Eq(1.12)
, N A A
Asoczgg(% — 555% — aytAy= t(ayAy — ayAy) with A),= EC_"ZW — gc_"zm
Eq(1.13)

This formulation, simplified compared to [Kosmider 2013], has the merit of exposing the two
opposite contributions competing in the conduction band splitting. Thus, since the valence band
ordering is always the same, two band orderings are possible depending on the material.
Tab(1.5) shows experimental values of AS3%? taken from the literature.

M052 WSZ MOSEZ WSEZ
AZY (meV) +14 +40 —14  +55

Tab 1.5 Experimental values of AS3%4. The values for MoSe, and MoS; are taken from [Robert 2020] and the
one for WSe, and WS; are taken from [Wang 2017].

The SO splitting value at K point thus classifies TMDs into two categories, depending of the
spin index of the bottom conduction sub-band and top valence sub-bands. If the SOC is
negative, the bottom conduction sub-band and top valence sub-bands have the same spin index
(i.e., spin up/down at +K/-K), the material is classified as “bright”, if the spin index is different
(positive SOC), it if classified as “dark”. Both configurations are represented on Fig(1.9).

Considering once again the a,, (mainly d,, d, and p,) orbitals involved in the mix of Bloch
band states, the wave functions a K points are invariant under the C; rotation, thus the Bloch
state is eigenstate of the C5 operator with eigenvalue:

.2mm
Cza, =e "3 a,, Eq(1.14)
It is to be noted that since valleys of opposite indices are related by time reversal symmetry, the
eigenvalue at -K point is the complex conjugate of the +K point value. From here one can very
naturally establish the coupling selection rules by determining the matrix element for the
interband optical transition between two states ¥; and ¥;.
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a) “Bright” material b) “Darkish” material
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Fig.1.9 : a) Band ordering at the +K and —K valleys of a “bright” monolayer. b) Band ordering at the +K and
—K valleys of a “darkish” monolayer. The spin down/up sub-bands are represented as dashed/straight lines.

(Wi|Pe|ws) = (#i] G5 CaPL C7 G| )
= (C3Wi|CsPoC5|C3¥)) = (C3¥i|Pe| C3¥))
= e“'z?”(’"f""iil)(wi|1>i|qu) Eq(1.15)

Since the oscillator strength |(#;|P, |#;)|”characterizes the transition coupling strenght to o +
polarized light, Eq(1.15) is only correct with nonzero (¥;|P.|¥;) if m; — m; + 1 = 0 modulo
3. The two possible values correspond to coupling with o, polarized light at the +K valley
which means that excitons in the +K/-K valleys recombine into photons with the o+/ o-
helicity. This is the valley polarization effect, which is characteristics of TMDs and has been
extensively studied [Mak 2012, Jones 2013]. From an experimental point of view, it implies
that the emission of the sample will be a mix of o, and o_polarized components (I (o, ) and
1(o_) respectively), and its polarization is quantified by the helicity coefficient p :

_ 1(0)-1(02)
p= TCRYTCE) Eq(1.16)

In the case of unpolarized or linearly polarized excitation, both valleys are excited
simultaneously and the part of I(o,) and I(o_) in the PL signal is rigorously 50/50. Results
from photoluminescence measurements presented in [Mak 2012] show that the excitonic
emission in a given valley can be quenched by exciting the TMD with light of opposite helicity.
This is showcased in Fig(1.10) where a MoS2 monolayer is excited purely with o_ polarized
light and the PL signal is almost entirely o_ polarized, showing a near unity helicity coefficient.

It is interesting to note that these selection rules are another marker of inversion symmetry
breaking, as inversion symmetry transforms effectively +K into -K but leaves the polarization
unchanged, they are however in line with time reversal symmetry since it switches both the
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Figl.10 a) o_ (black) and o,- (red) resolved photoluminescence spectra for monolayer MoS, on h-BN
(collection is polarized & ) b) Corresponding photoluminescence helicity p. Figure adapted from [Mak 2012].

valley index and the polarization. Therefore, it is expected that valley polarization is conserved
in odd layer-numbered multilayers but disappear in even layer-numbered multilayers based on
these symmetry considerations.

1.4.2/ Selection rules of optical transitions

Let us go back to the “bright” and “dark™ material denominations, Fig(1.11) shows an updated
version of Fig(1.9) where the sub-bands have been indexed with their respective angular
momentum J, calculated using the center of the hexagon as the center of rotation. Because of
time reversal symmetry, angular momentum in +K and -K takes opposite values but have the
same magnitude. The excitonic selection rules are then applied to any transition from a
conduction to a valence sub-band, regardless of the spin by calculating the change of angular
momentum 4/, :

A]z — ]Zconduction _]galence Eq(1.17)
a)  “Bright” material b) “Darkish” material
+K -K +K -K

+1/2 ’ -1/2 +1/2 N +—1/2
\ rd X /s
\\"\_,,o” \\‘h_a,’
+3/25 % N S —3/2 43/2 / -3/2
: i | \
: \i-_.-” 4 ._.-v"’

E; riplet § Esinglet Etriplet é Esinglet E—""*Blff é Etriplet Esingler é Eﬂ'fpfﬂf
A=0 ° Af,=+1 Af,=0 i 8 =—1 A=+1 ] i af=0 #z=-1 P =0
v v v v

b
'

# - s 1"“‘\
i s i h
+1/2 ’ A -1/2 +1/2 ’ ".—],"2
,«"“\.\ ,"‘u\
!1' \\ /\ /’ \\ /_\
—1_/2 ’ . +1,/2 -1/2 # v +1f2

+K -K +K -K

Figl.11 a) Band ordering at the +K and —K valleys of a “bright” monolayer. b) Band ordering at the +K and
—K valleys of a “darkish” monolayer. The “bright” optical transitions are represented by plain arrows (“dark”
transitions by dashed arrows). Each sub-band is indexed by its momentum J,.
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Looking at transitions involving sub-bands with the same spin index, such as the lowest energy
intergap transition of “bright” materials: A4/, = +1 at K point and 4/, = —1 at -K point, this
is coherent with the respective valley coupling with o, and o_polarised light. Excitons
recombining from this singlet spin state are denominated as “bright” excitons, arising from
“bright” transitions.

Now let us take a look at the lowest energy interband transition in “dark” materials which is a
“spin dark” triplet state transition. In this case, the change of angular momentum is 4/, = 0 in
both valleys. This means that excitons recombining from these spin triplet state transitions do
not carry angular momentum along the z axis and are thus denominated “dark excitons”. Note
that W based compounds are not called “dark” materials because they do not couple to light,
but because their ground state, the lowest energy transition, is a spin triplet state. As such,
features usually observed on the PL spectra of “darkish” materials (such as in Fig(1.8)) do not
arise from the ground state, but from the singlet state transition at higher energy. Dark excitons
are optically active, as evidenced in [Wang 2017] , the emission from this “forbidden” state can
be observed by collecting light in the in-plane direction, as opposite to the out-of-plane direction
for “bright” excitons. Several experiments have sought to “brighten” these transitions by
external means, such as coupling to polaritons [Zhou 2017] or by using magnetic fields [Molas
2017] to force the emission in the direction perpendicular to the monolayer plane, the latter will
be discussed in this chapter as part of the effect of magnetic field on TMD excitons.

To conclude on the different band orderings of the conduction sub-bands in different materials,
the value of conduction band splittings can either be positive and negative and divides the TMD
family into “bright” and “dark’ materials. This SOC value stems from the orbital mix involved
in the band Bloch state which is most heavily impacted by the d-orbital of the Metal atoms.
Therefore it would seem logical to divide TMD between bright Mo based and dark W based
materials as deduced from theoretical calculation from
[Kosmider 2013]. Optical measurements on MoSe», WSe; and
WS also support this claim, but the case of MoS; came under
scrutiny because of the small predicted value of its conduction

band splitting. In fact, results from several experiments clearly Epno Eg "
showed that the spin singlet state was lying at a lower energy  1issinglet
compared to the triplet [Molas 2017, Robert 2020]. Recentab ~ W = = = == 1s triplet

initio calculation [Bieniek 2020], bring theoretical input to

these claims and explain the peculiar case of MoS; by a
determinant effect of effective mass on the band ordering. The /\
main proposition of this paper can be seen in Fig(1.12). While

the majority of the spin-up sub-band lies above its spin-down  Figl.12 Band ordering between

. _ . . the spin-up (straight lines) and
counterpart, the higher sub-band curvature (i.e. the higher spin-down (dashed lines) sub-

electron effective mass) results in a higher binding energy for  band in ML MoS,. Because of the
the triplet spin state. Therefore, although the bottom of the di;f;rli?ce Sitlgliffeﬂive mass,
spin-down conduction sub-band is below the bottom of the £z >Ep " and the spin

. . . .. triplet state appears below the
spin-up conduction sub-band, the differences of binding  energy of the spin singlet state.
energy result in the opposite ordering for the excitonic state. ~ Figure inspired from [Bieniek

To illustrate this effect, we present the brightening of the spin 2020].
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triplet state i.e. the “dark” exciton in a MoS2 ML by the effect of a magnetic field applied in the
plane of the ML [Robert 2020]. This result, presented in Fig(1.13), shows that the spin triplet
state appears at a lower energy than the spin singlet state, similarly to what is observed in W
based materials [Molas 2017, Zhou 2017, Zhang 2017].

30

'1.0

20

Laser

0.5

10 -

Magnetic field B, (T)

I
1.90 1.92 1.94 1.96
Energy (eV)
Figl1.13 Color map of the variation of the PL intensity in MoS; as a function of B//. The dark exciton Xis

brightened by the magnetic field and appears below the energy position of the bright exciton X (the PL
intensity of the bright exciton has been normalized at each field). Figure adapted from [Robert 2020].

1.56 1.58 1.60 1.62 1.64 1.66 1.68 1.70 1.72 1.74 1.90 1.92 1.94 1.96 1.98 2.00 2.02 2.04 2.06 2.08 2.10
E(eV) E(eV)

Fig 1.14 Typical PL spectra for different TMDC MLs at T = 4 K when encapsulated with h-BN. The samples
were measured with an excitation energy of E = 2,41 eV and an excitation power of P = 50 uyW. We have
indexed the PL spectra with X the “bright” exciton, To the trion, Ty Ts the triplet/singlet trions, Xqthe “dark”
exciton and XX the charged biexcitons based on value found in the literature (see Tab(1.6)).
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1.5/ Photoluminescence and magneto-photoluminescence of TMD excitons:

1.5.1/ General discussion

Let us go back to the zoology of excitonic complexes in TMD monolayers. We will start by
describing the “bright” photoluminescence spectrum of group-VI1 TMD monolayers such as the
one shown in Fig(1.8). In Fig(1.14) we have plotted PL spectra measured on our own TMD
monolayers samples and assigned the observed PL peaks to optical transitions based on their
relative energy position to the bright exciton (cf Tab(1.6)). We will now discuss the origin of
the PL peaks corresponding to Mo based monolayers. In a second time, we will do the same
for the PL spectrum of W based monolayers.

Xy(eV) XXq(meV)  Ty/T:(meV) T,(meV) X (meV) XX (melV))
MoSe, 1.651 - —25l1] — — —
MoS, 1.939 - —2gl1l — - -
WSe; 1.731 —17121 —29(2] —35(2] —4302 —5pl2
ws, 2.058 - —311081 —38l3] —50l4l -

Tab 1.6 Absolute (for the bright exciton) and relative (for the other transitions) energy position of the Pl peaks
observed on Fig(1.14). The transitions have been assigned by comparing the relative energy positions from [1]
[Robert 2020] [2] [Barbone 2018] [3] [Vaclavkova 2018] [4] [Wang 2017].

1.5.2/ Photoluminescence spectra of TMD monolayers

In the case of Mo based TMD, the
photoluminescence spectrum consists of two peaks.
The high energy peak (1,65eV and 1,95eV for
MoSe> and MoS,) corresponds to the spin bright
exciton we mentioned previously. The lower energy
peak (1,62 eV and 1,93 eV for MoSe2 and MoS,)
corresponds to a trion : athree particle bound state in
which an exciton couples to a free carrier. The carrier
can either be an electron (negative trion X-) or a hole
(positive trion X+). A trion recombines by emitting a
photon and the final state is a free carrier in the
valence band or the conduction band and the energy
difference between the two peaks corresponds to the

Energy (eV)

-60

-30 0 30 60
V,v)

Figl.15 MoSe2 PL (color scale in counts)

binding energy of the trion. This binding energy is
one order of magnitude lower than the binding energy
of the exciton (a few tens of meV) and is it is still
high enough for the trion to remain stable at room
temperature but can only be separated from the
neutral exciton at low temperature. Because it
involves a free carrier, the trion is sensitive to the
doping of the sample. In [Ross 2013],
photoluminescence experiment on a gated MoSe>

plotted as a function of back-gate voltage.
Near zero doping, we observe mostly neutral
and impurity-trapped excitons. With large
electron  (hole)  doping, negatively
(positively) charged excitons dominate the
spectrum. Figure adapted from [Ross 2013].
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monolayer shows that tuning the samples doping between the n doped and p doped regime
effectively switches the trion emission between the X- and X+ states (cf Fig(1.15))

In comparison the photoluminescence spectrum of the W based TMDs shows more peaks.
Unlike MoSez in which the highest energy sub-band is depleted a T = 4 K, both conduction
sub-bands can be populated (the sub-band with the highest energy is the optically bright state)
which results in two possible configurations for the trions (cf [Vaclavkova 2018]). Fig(1.16)
shows these two configurations : the spin singlet trion binds two electrons with different spin
states, while the spin triplet trion (intervalley trion) binds two electrons with different spin states
(and different valleys due to the exclusion principle). Due to the momentum separation between
the +K and —K valleys, the recombination of the triplet spin trion is an intravalley process
[Kapuscinski 2020] and has the same selection rules as the exciton. The photoluminescence
spectra also exhibit multi excitonic complexes : the biexcitons XX and the charged biexciton
XX- peaks resulting from the recombination of four-particles complexes.

a) 1 I bt !
S T S

Iy

Figl.16 Schematic illustration of the circularly-polarized a) c+ and b) o—singlet (TS) and triplet (TT) trions
formed at K+ and K—points of the Brillouin. The red (blue) curves indicate the spin-up (spin-down) sub-bands.
The electrons (holes) in the conduction (valence) band are represented by closed (open) circles. Saturation of
green and violet colors is related to the probability of trions formation. Figure adapted from [Kapuscinski 2020]

1.5.3/ Photoluminescence of momentum forbidden or spin forbidden excitons

Before discussing the case of spin dark excitons, we will present the case of a momentum dark
transition (or intervalley transition). Transitions between the conduction band and the valence
band of valleys are normally forbidden because of the large momentum separation. However in
[He 2020], the authors observe the brightening of a normally momentum dark intervalley
transition by phonon emission. This is different from phonon replica seen in [Li 2019] which
does not result in an intervalley recombination. The phonons mediating this recombination are
chiral phonons [Zhang 2015 at the high symmetry points of the Brillouin zone, carrying a
pseudo angular momentum PAM = +1. They have been reported to couple to trions in WS>
ML [Zinkiewicz 2021], to quantum dots in WSe2 monolayers [Chen 2019] as well as mediating
the intervalley transfer of holes in the same material [Zhu 2018]. The brightening process of
the intervalley transition is shown in Fig(1.17) : instead of relaxing non radiatively to the bottom
of the conduction band of the +K valley, the electron relaxes to the bottom of the conduction
band in the —K valley by the emission of a phonon with a large momentumk .
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Momentum-dark intervalley exciton in
WSe, brightened via chiral phonon emission
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Figl.17 Band structure of monolayer WSe; at +K and —K valleys. Spin-up sub-bands at +K/-K point are shown
as red/blue plain lines (spin-down sub -ands at +K/-K point as red/blue dashed lines). Each sub-band is indexed
by its angular momentum J;  defined modulo 3. Black arrows represent the recombination path of the intervalley
spin singlet state exciton. The red and blue dotted lines represent the intervalley transfer of the electron and
they are indexed by the PAM of the chiral phonon. Figure inspired by [He 2020].

As we have explained earlier, the spin dark exciton recombination emits in the in-plane
direction (cf Fig(1.18)) of the monolayer and is typically absent in the PL spectra measured
with an out-of-plane collection. However, using a collection lens or an objective with a
sufficiently high numerical aperture, it is possible to collect the photoluminescence of the dark
exciton from the edges of its emission cone (cf the WSe, and WS, PL spectra shown in
Fig(1.14), measured with lenses with NA=0,56 and an objective with NA=0,62 ,respectively).
The

T T T T T K
_ 40 meV -
a) b WSe, o
‘c Detection
=] Polarization .
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Energy (eV)

Figl1.18 a) Schematics of the excitation or detection geometry of the PL for light light propagating parallel to
the ML plane, detection of the PL from the edge of the sample b) Detection of the PL from the edge of the
sample. The polarization of the detected light is in the ML plane (x direction), green line, or perpendicular to
it (z direction), red line. ) the green and red arrows show the transitions optically active for x-polarized and z-
polarized light, respectively (light propagating parallel to the ML plane). Figure adapted from [Wang 2017].

19



signature of dark excitons is a supplementary peak in the PL spectrum, centered 43 meV and
50 meV below the bright exciton in WSe; and WS> [Molas 2017, Wang 2017]. This emission
can be observed directly in monolayers of darkish materials, as the conduction band of the spin
triplet state is always populated. In monolayers of “bright” materials, the lowest energy state is
the spin singlet state and the spin orbit splitting, which is higher than the thermal fluctuation at
low temperature, quenches the dark emission. We will show how an external magnetic field
applied in the plane of the monolayer both brightens the emission of the “dark” exciton and
forces its emission in the direction perpendicular to the ML plane regardless of the material.

1.6/ Optical properties of TMDs under a magnetic field:

1.6.1/ General discussion.

In this section, we will describe the influence of a magnetic field on the optical properties of
TMD monolayers through the results of different experiments. We will start by presenting the
Zeeman valley splitting of TMD excitons and will then explain the diamagnetic shift of the
excited states excitonic Rydberg series. We will then focus our discussion on the brightening
process of the “dark” exciton as well as the diamagnetic shift of the “dark™ excitonic Rydberg
series.
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Figl1.19 a) and b) False color representation of the ¢ and o— polarized PL spectra of monolayer MoSe; in the
low doping regime as a function of the strength of the applied perpendicular magnetic field. The spectra for
fields of B = +10 T are presented below the color map. The spectra are normalized to yield the same integrated
intensity for the neutral and charged excitons, with a smooth background subtracted. ¢) and d) Extracted
Zeeman shift of the neutral and trion energies for o+. Figure adapted from [Li 2015].
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1.6.2/ Valley Zeeman effect

In [Li 2015], the authors investigate the effect of an out-of-plane magnetic field on the
photoluminescence spectrum of a MoSe, monolayer. The results of their polarization resolved
measurements, reproduced in Fig(1.19), show that the energy position of the two oppositely
polarized components of the photoluminescence spectrum shift toward opposite energies. More
precisely, the energy position of the o+ polarized components of the WSe, bright exciton,
resulting from the recombination in the +K valleys, linearly shifts toward lower energies with
a rate of 0,12 meVT™!. Symmetrically, the o- polarized components resulting from the
recombination in the —K valley linearly shift toward higher energies at the same rate.

This is the valley Zeeman effect [Srivastava 2015, MacNeill 2015], which reflects the energy
shift of the sub-bands involved in the recombination process according to their magnetic
momentum (cf Fig(1.20)). The correction to the energy of an optical transition is :

E(B) = Ey — (hcy — My )UpB Eq(1.18)

Where up is the Bohr magneton up = 5,788 eV.T~! and ., the out-of-plane magnetic
momentum of the conduction/valence sub-band involved in the recombination process.

MoSe, ML +K MoSe, ML-K
B=0 B>0
K -K

-1/2 \/ : -1/2
ﬂuﬂﬂB\/

Fig1.20 Shift of the band structure of MoSe, with the magnetic field B in the valley +K and -K Spin-down

sub-bands in the +K valley are shown as red dashed lines (spin-up sub-bands as red straight lines). Spin-down
sub-bands in the -K valley are shown as blue dashed lines (spin-up sub-bands as blue straight lines) Each sub-
band is indexed by its angular momentum J, and its shift with the magnetic field in eV as a function of uiﬁu

the out-of-plane magnetic moment of the spin down/up conduction/valence sub-band .
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It is already apparent that the magnitude of the Zeeman shift of an optical transition can be used
to obtain experimental estimations of the magnetic momentum of the bands involved in the
recombination processes. Practically, the Zeeman shift of the components of an optical
transition in a monolayer TMD is expressed as a function of ug and characterized by the Landé
g-factor :

__ E(ot+)-E(0-)

— Eq(1.19)

g

Where E(o t) is the energy of the o+ polarized component. It is to be noted that the sign of
the g-factor is defined according to the selection rules of the transition. As an example : In
Fig(1.19), the o + polarized emission redshift and the o —polarized emission blueshifts which
means that the g factors of the bright exciton and of the trion in MoSe; are negative. We have
compiled the g-factors from the literature of the bright excitonic and trionic transitions in
Tab(1.7).

Xo To/T: T, X, X,
MoSe, —4201_4 of2] —3.71 - 86301 —
MoS, —1.801-1.8F] —3.10] - —6.51% -
—46l]
—1.7181_4,of®]
W Se, —4.30 376 —4.4B] —4.506] —9.4031  1206]
ws, —4.001 —4.1(PL)H] —41(PL)B 94l —
—3.0(RC)H —4.7(RC)E]

Tabl.7 Typical values of the g- factor found in the literature for different optical transitions. The values have
been extracted from [1] [Koperski 2018] [2] [Robert 2020] [3] [Li 2019] [4] [Kapuscinsky 2020] [5] [Klein
2021] (values considered near the charge neutrality point) [6] [He 2020] [7] [Cadiz 2017] [8] [Goryca 2019].

Remarkably, these transitions have all a negative g-factor, with the exception of the momentum
dark intervalley exciton which means that in the case of zero momentum recombination, the
optical gap in the +K valley decreases while the one in the —K valley increases. This highlights
the property of the band structure of monolayer TMDs : the magnetic moment of the valence
band is greater than the one of the conduction band. Similarly, the higher magnitude of the g-
factors measured for the spin dark and momentum dark transitions give us a first evidence of
the spin and valleys contributions to the g-factor but we will discuss this at length in Chapter 5.

The wide range of reported values for the g-factor of the “bright” exciton Xo in M0oS, ML
evidences the g-factor is not only a property of the bands involved in the optical process and
that other parameters affect its value. To illustrate this, we present in Fig(1.21) the results of
optical experiments PL on a gated MoS, ML aiming at investigating the effect of the free carrier
concentration in the ML on the experimentally measured exciton g-factor [Klein 2021]. In this
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figure, we can clearly see that the measured exciton g-factor (black points in Fig(1.21)) changes

when the free carrier density is tuned away from zero.
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Figl.21 Carrier density dependent g-factors of X, (black and gray data), the negatively (red and blue data) and
positively(green data) charged excitons X~ and X*. Figure adapted from [Klein 2021].

1.6.3/ Effect of the magnetic field on the excitonic excited states.

To illustrate the effect of the magnetic field on the excitonic
Rydberg series, we present the results of a magneto-PL
experiment on an h-BN encapsulated WSe, monolayer.
Fig(1.22) shows the energy position of the fundamental state
(1s) and the first excited state (2s). We observe that the
energy shift of these states show a quadratic component with
the magnetic field. In the case of the fundamental state, this
quadratic component is small next to the linear Zeeman shift
but this is clearly not the case for the first excited state. This
quadratic component is the diamagnetic shift u,, the second
order term of the action of the magnetic field on the exciton.
Taking the expression of the diamagnetic coefficient of
excitons in quantum wells in [Walck 1998], we write :

K2 = Gue2

(r?) Eq(1.21)

Where (r2) is a square length describing the extent of the

excitonic state in the in-plane direction (practically /(r?) is
the electron-hole distance). According to the 2D hydrogenic

model, /(r?) is expected to increase linearly with n (cf
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Figl.22 Central energy position of
A exciton 1s and 2s states as a
function of the magnetic field for
the two polarizations. The solid
black lines are the results of fits
including both the valley Zeeman
effect and the diamagnetic shift.
Figure adapted from [Delhomme
2019].
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Eq(1.3)), therefore the diamagnetic shift is expected to increase quadratically with n. In [Stier
2016], the authors measure the absorption spectrum of a h-BN encapsulated WSe, exfoliated
directly over the 3.5 um core of an optical fiber. They achieve to resolve separately the first
four states of the bright excitonic Rydberg series and measure their energy position with a
polarized collection under a pulsed magnetic field swept between +65 T and —65 T. They
observe an increasingly quadratic shift corresponding to the increase of the excitonic radius
[Zipfel 2018].

1.6.4/ Brightening of the spin dark excitons.

In [Molas 2017] the authors explain how applying an in-plane magnetic field results in the
brightening (the increase of the intensity with the magnetic field) of the spin dark exciton of a
WSe, monolayer. They consider a WSe, monolayer under a magnetic field B = (B,, B, 0).
They consider the Zeeman term of the Hamiltonian acting on the conduction band state :

1
Hy = E/’lcllﬂB (0xBy + a'yBy) Eq(1.20)

They express the Hamiltonian in the basis of the excitonic states {|z, d), |z, b)} with 7 the valley
index and d/ b the dark/bright character of the transition i.e. the spin index in relation with .
(I, d) correspond to |+,!) and |—, T) and |+, T) and |—, |) correspond to |z, b)). They find the
eigenstates which are mixed states written:

lT.b) _ MaipBiclT,d)

1, mix) =
L, ) 1+w/2 20554
Eq(1.22)
2 .o\ lTd) UcitBB—7|T,b)
|2, mix) = - cond
1+w/2 20597

2
With w = (M) &« 1 a parameter describing the mixing between the dark and bright

cond
24s0c

excitonic states, and with By, = B, * iB,T .

Since w increases quadratically with B, the intensity of the dark state increases due to its
crescent admixture with the bright exciton which forces the emission in the direction
perpendicular to the monolayer plane. This effect allowed for the observation of the dark
excitons in WSe; [Molas 2017, Zhang 2017, Molas 2019, Robert 2017] and WS;, the “darkish”
materials, but also in MoS; and in MoSe, [Robert 2020] as we have shown in Fig(1.13).

Very recently, the excitonic Rydberg series of the “dark” exciton have been observed in a WSe>
ML. In [Kapuscinsky 2021], these “dark” excited states are brightened under a magnetic field
in the-plane of the monolayer (cf Fig(1.23)) and the first four states of both the bright and dark
excitonic Rydberg series can be resolved. It is observed that while the energy separation
between the successive excited states of the “bright” excitonic Rydberg series is not the same
as that of the “dark” excitonic Rydberg series, this can be strictly explained [Molas 2019 by
differences of relative mass. The fit of the energy position of both series gives an experimental
estimation of the SOC of ML WSe; 4, = 14 meV.
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Figl.23 a) The energy diagram of excitonic transitions: Rydberg series of bright (ns®) and dark (ns®)
resonances. The horizontal red and dark grey lines represent bright and dark excitonic levels, respectively. The

light grey arrows represent the band gaps for bright and dark excitons (E;/D) and the binding energies of the

ground states of bright and dark excitons (Ef/D). The energy splitting between ground states of bright and dark
excitons (App) and the conduction band spin-orbit splitting (A.)) are represented by the green arrows. b)Low-
temperature  photoluminescence  spectra measured at selected in-plane  magnetic  fields
in the energy region of both ground (left panel) and excited states (right panel). Spectra were shifted
for clarity and normalized to the 1sB feature in the lower energy region and to the 2s® feature in the
higher energy region. Note that the intensity scales differ for these two regions. The inset schematically
shows the “back scattering” geometry used in the experiment, where the excitation and the collected
light beams are quasi-perpendicular to the sample surface. Figure adapted from [Kapuscinsky 2021].

1.7/ TMD heterobilayers:

1.7.1/ General discussion.

We will conclude this chapter by a discussion on the main optical properties of TMD
heterobilayers which consist in type-Il heterostructures fabricated by interfacing together two
TMD monolayers of different materials [Geim 2013]. The basis of the optical properties of
these samples are largely derived from those of its constituent monolayers but we will see that
the crystalline environment at the interface of the two MLs, if engineered correctly, results in
the appearance of very original effects. We will first talk about the band gap alignment of the
heterobilayer by comparing the energy of the bands of different materials. Then, we will focus
on the momentum separation between the CB minimum and the VB maximum, which as we
will show is dependent of the twist angle 6 between the crystal axis of the monolayer. We will
show that the control of this alignment angle can give rise to different type of excitons than the
one we have presented until now : the interlayer exciton.

Then, we will shift our discussion on the formation of moiré patterns in the crystalline potential
of the heterostructure due to both the alignment angle or/and the lattice mismatch of the two
constituent layers, which results in the appearance of a long range order in the HBL on the scale
of hundreds of nanometers. This moiré description of the HBL potential has been widely used
to explain the optical properties of TMD heterobilayers, but we will see that recent evidences
of lattice reconstruction i.e local realignment between the two monolayers question the reality
of the coincidence between crystalline moiré pattern and interlayer exciton recombination. We
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will then discuss the main optical properties of interlayer excitons : their formation process
through the real space interlayer transfer of carriers from the ML bright excitons as well as the
influence of the excitation power over the interlayer exciton lineshape. Finally, we will discuss
the behavior of these interlayer excitons in an out-of-plane magnetic field by presenting a
compilation of the magneto-PL results commonly found in the literature.

It is to be noted that the description of interlayer excitons in TMD heterobilayers has evolved
concomitantly to the work presented in this manuscript, and that this evolution has largely
inspired the discussions of results presented in the following chapters. Thus, in this literature
review, we will present the foundation of the optical properties of TMD interlayer excitons
while leaving some elements to be discussed in next chapters .

1.7.2/ The band gap of a TMD heterobilayer.

As we have briefly mentioned above, TMD heterobilayers are fabricated by stacking together
two different TMD monolayers. In [Kang 2013], the authors have investigated the band
alignment in heterostructures fabricated with group-VI semiconductors TMD. They perform
the ab initio calculations of many structural parameters of these materials, including the energy
position of the conduction and valence bands. This calculation is represented on Fig(1.24),
which evidences that most heterobilayers built with a combination of group-1V TMDs (with S,
Se and Te as a chalcogen and W and Mo as a metal) results in a staggered gap i.e. a type Il
heterostructure.

This configuration of the band structures [Ponomarev 2018] results in the possibility for TMD
heterobilayers to host low energy interlayer excitons i.e. excitons for which the two bound
particles are physically localized in different monolayers, similarly to spatially indirect excitons
in coupled quantum wells. As an example : in the case of a MoSe/WSe> heterobilayer and
according to Fig(1.23), the lowest energy optical transition recombination path is between the
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Figl.24 Calculated band alignment for MX; monolayers. The dotted lines indicate the water reduction (H*/H,)
and oxidation (H,0/0,) potentials. The vacuum level is taken as zero reference. Figure adapted from [Kang
2013].
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bottom of the conduction band of MoSe>, which would thus host the electron, and the top of the
valence band of WSe: (which would host the hole). However, this recombination of interlayer
emission can only be realistically envisaged if the interlayer gap is momentum direct. This is
where a second parameter, the angle 0 between the crystalline axes of both materials, comes
into play [Grzeszczyk 2021].

One of the greatest assets of TMD is the possibility to engineer the optical and dielectric
properties of a sample by playing on many degrees of customization opened by the layered
properties of 2D van der Waals crystals (control of the thickness, encapsulation, etc...). One of
these degrees of freedom is the angle 0 between the crystallographic axis of the two constituent
monolayers. Fig(1.24) shows the basis of this interlayer gap valley alignment : in real space,
rotating the top monolayer of the heterostructure by an angle 6 also tunes the alignment of the
Brillouin zones of the two materials. In this representation, we consider a simplified vision of
the heterobilayers in which both materials have the same lattice parameters.

Because of the C3 symmetry characteristic of TMD monolayers, there are two angles that result
in the direct momentum alignment between the high symmetry points of the Brillouin zones.
These two angles are 6=0° (H type stacking), for which the +K valleys of the first monolayer
are aligned on the +K valleys of the second monolayers, and 6=60° (R type stacking) for which
the +K valleys of the first monolayer are aligned on the +K valleys of the second monolayer.
There is also a third angle 6=20° for which the valley alignment of the ML is momentum
indirect in the first Brillouin zone but momentum direct in the second Brillouin zone in the +K
on + configuration . It is to be noted that the difference between the 6=0° and 6=60° alignments
lies not in the width of the optical gap, but in the spin ordering of the heterobilayer band
structure. Fig(1.25) shows the band structure of a MoSe2/WSe> heterobilayer for both
configurations : for 6=60°, the lowest energy optical transition is a singlet spin state while it is
a spin triplet state for the 6=60°. We will discuss the selection rules of these two configurations
in Chapter 5.

a)

MoSe2

N ’
\

Figl.25 Heterobilayer valley alignment by the twist angle 6 between the two materials. a) The 6 =0° alignment
result in a +K on +K momentum alignment for the heterobilayer gap and the lowest energy optical transition
path is a spin singler state state. b) The 6 =60° alignment result in a +K on -K momentum alignment for the
heterobilayer gap and the lowest energy optical transition path is a spin triplet state.
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1.7.3/ TMD heterobilayer moiré crystal lattice.

In [Lu 2019], the authors model the crystal lattice of a MoSe2/WSe, heterobilayer for twist
angles close the H and R types stacking (6=0+6° and 6=60+06°) , as represented in Fig(1.26).
This results in the momentum misalignment of the Brillouin zones of both monolayers by an
angle & which increases to 25 for the second Brillouin 36 for the third etc... Thus, the K points
of both monolayers are momentum misaligned until the point where the cumulative
misalignments nd = 60°. In this case the valley alignment becomes the opposite to that of the
original configuration. The original configuration is reestablished for a cumulative
misalignment of n§ = 120°. In the real space, this results in the detuning of the crystal cell of

the monolayers by a distance d written :
d=4a /1 - cos(g)2 Eq(1.23)

Where a is the lattice parameter considered identical for both monolayers. This distance d is
also cumulative until the local order is restored when nd = a.

Figl.26 The schematic plots of two main types of twisting MoSe, /WSe; bilayer heterostructures. a) is the H-
type twisting structure rotated from the AA’ stacking style, and b) is the R-type twisting structure rotated from
the AA stacking style. Six local stacking styles (atomic registries) are identified and amplified with top and
side views. Figure adapted from [Lu 2019].
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This means that the lattice structure of the heterobilayer can only be described on the scale of
2—: by the periodicity of a moiré supercell, which is delimited by the dotted lines on Fig(1.25).

In reality, even in the case of a perfect alignment (6=0), the difference of lattice parameters
between the monolayer TMDs results in the apparition of a moiré pattern. Inside the supercell,
different atomic alignment coexist and a complex optical response can be expected. However,
it is considered that the direct neighborhood of the high symmetry points of the supercell,
defined in [Yu 2017] as the atomic registries of the supercell are homogeneously stacked.
Furthermore, the authors perform GW calculations of the interlayer band gap and the oscillator
strength of the interlayer excitons’ out-of-plane dipole and remark that there is a dependence
of both parameters on the interlayer registries (cf Fig( 1.27)). They observe a clear maximum
of the oscillator strength on the H and R registries corresponding to the case of perfect H (0°)
and R (60°) type atomic alignment respectively. This points toward a single atomic registry as
the origin of interlayer excitonic recombination in moiré TMD heterobilayers Tran[2019].
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Figl.27 a)and b) are the interpolated dipole oscillator strength of the Htype and R-type twisted MoSe; /WSe;
bilayers, respectively. c) and d) are the interpolated interlayer exciton energy of the H-type and R-type twisted
bilayers, respectively. The lattice mismatch and SOC are included. Figures adapted from [Lu 2019].

1.7.4/ TMD interlayer excitons photoluminescence and magneto-photoluminescence.

Before discussing the evidences of interface reconstruction in TMD heterobilayers, we will
present the observed properties of interlayer excitons through a short review of the literature,
as the moiré theory presented previously has been the general vision of interlayer excitons up
to until recently. The PL signature of interlayer exciton recombination, which is the apparition
of a PL peak at the low energy of the interlayer band gap, has been observed in heterobilayers
constituted of many different materials. In Tab(1.8), we have compiled the different reported
energy values of the interlayer gap as a function of the heterobilayer constituent materials. Most
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of the literature detailing the PL and magneto PL spectra of interlayer excitons have been
measured in heterobilayers of MoSe>/WSe, however it would seem that the values of the
intralayer gap is quite consistently reported to be around E = 1,4 eV regardless of the material

X;(eV) 2] g
MoSe,/W Se, 1.4001 60 -15
1.273-1.4002 60 -
1.35-1.400! 0 to 60 -
1.39111.33M 0 +6.7
20 —15.9
60 —-15.9
1.36%11.335! - +6.06
-10.06
1401 60 10.7
15.2
1.35"! - -
1.39! - 158
1.4.2¢1 - 16.2
1400101 56.4 +122
~-16.0
1.3714 0 +5.2
1.39011] 60 —14.4
1.3712 - -
MoS, /W Se, 1.003] 2.2 -
MoSe,/MoS- 1.35014 0 to 60 -
WSe, /WS, 1.4 50 15.4
11.8
1.45 — 1.5506] 0 -
14071 0 -

Tabl.8 Typical values of the g- factor found in the literature for different optical transitions. The values have
been extracted from [1] [Nagler 2017] [2] [Rivera 2015] [3] [Nayak 2017] [4] [Seyler 2017] [5] [Joe 2019]
[6] [Wang 2019] [7] [Jauregui 2018] [8] [Brotons-Gisbert 2020] [9] [Baek 2020] [10] [Brotons-Gisbert
2021] [11] [Holler 2021] [12] [Nagler 2017'] [13] [Karni 2021] [14] [Zhang 2018] [15] [Montblanch 2021]
[16] [Jin 2019] [17] [Yuan 2020]. Ifthere is no sign before the value of the g factors, it means that it was not
mentioned specifically in the reference.

(with the only exception of WSe2/MoS; [Karni 2021]. In [Nayak 2017], the authors study the
PL spectra of interlayer excitons as a function of the twist angle in heterobilayers of
MoSe2/WSe». They show that the PL peak of interlayer excitons is quenched if the twist angle
is not close to either 0° or 60° (cf Fig(1.28)) which is consistent with the idea of an interlayer
gap valley alignment by layer twisting. We will not elaborate about the specificities of each
magneto-PL report cited in Tab(1.8), as the discussions of the results presented in Chapter 5
and Chapter 6 will already draw from the contemporary literature. Instead, we would like to
extract a general consensus from this table to which we can refer later. The general tendency is
that regardless of the materials, heterobilayers aligned with 6=0° exhibit a positive g-factor g =
+6 (cf [Seyler 2017] and [Holler 2021]) which is already higher than what is observed in
regular TMD monolayers. The positive sign is also intriguing since the lowest energy transition
in a 0° aligned monolayer is a “bright” spin state which always results in a negative g factor in
TMD monolayers. In the case of the H (60°) stacked heterobilayers however, the magnitudes
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of the g-factor are higher than any other g factor measured in 2D vdW materials with consistent
reports of g=-16 for the interlayer exciton. Furthermore, [Brotons-Gisbert 2021] reports on the
observation of an interlayer exciton split into two peaks, one which exhibits the large negative
g factor g=-16 and the other which exhibits the large positive g-factor g=+12. A similar case is
recently reported in [Montblanch 2021] and while the authors do not specify the sign of the g
factors, the figures in the paper hints that, the two peaks shift toward opposite energies with the
magnetic field. In [Wang 2017], the magneto PL measurement is not polarization resolved but
the magnitudes of the two g factors match the one in the two previous references.

PL Intensity (a. u.)

1.4 1.6

1.8 20
Energy (eV)

Figl.28 Room-temperature PL spectra of MoSe, / WSe; , HSs for various twist angles (0 to 60°) under p50 W
laser excitation at 2.54 eV (488 nm laser). The direct excitonic peak positions for MoSe; (1.57 eV) and WSe;
(1.66 eV) are marked with vertical black dashed lines. While the interlayer exciton appear at 1.35 eV for twist

angles close to 0° and 60°. Figure adapted from [Nayak 2017].

1.7.5/ Interlayer exciton formation process and decay

In [Jin 2019] the authors investigate the
photoluminescence of interlayer excitons in a
WSe2/WS; heterobilayer. They perform at PLE
experiment on the interlayer peak and scan the
excitation energy over the energy range of the WSe;
intralayer exciton. They observe that the integrated
intensity of the interlayer exciton PL peak increases
drastically when the excitation energy is tuned into
resonance with features originating from the
intralayer PL (cf Fig(1.29)). Moreover, the intensity
of the interlayer exciton completely collapses (by
three orders of magnitude) when the excitation
energy is lower than the energy range of the intralayer

Integrated photoluminescence
counts (10%)

165 170 175 180 185 1.90
Excitation energy (eV)

Figl.29 PLE spectra of a WSe)/WS;
heterobilayer measured by monitoring the
o+ and o— emission intensity of the 1.43 eV
emission peak. Figures adapted from [Jin
2019].
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spectrum. This means that it is very inefficient to excite directly the interlayer gap, and that
interlayer excitons originate from the excitation of intralayer optical transitions.

The interlayer formation process is schematized in Fig(1.30)
and was first described in [Hong 2014]. It consists in the
ultrafast (¢~100 fs) interlayer transfer of particles
originating from the intralayer exciton which then form
interlayer excitons [Cebalos 2014]. The lifetime of these 1X
has been studied through numerous time decay
measurements and the lowest reported values are of the order
of a couple nanoseconds in non-encapsulated samples (cf
[Rivera 2015], which is already three orders of magnitudes
higher than the reported decay times of intralayer excitons.
Reported decay times in encapsulated heterobilayers are of
the order of tens of nanoseconds [Nagler 2017 ,Joe 2019,
Montblanch 2021] with sometime long lived components of
a few hundreds nanoseconds [Holler 2021, Jauregui 2018,
Miller 2017]. This high lifetime is attributed to the physical
separation between the two particles of the interlayer
exciton, which results in a weak overlap of their
wavefunctions (cf [Lu 2019]) thus, a weak oscillator strength
of the optical dipole and thus, an enhanced lifetime.

1.7.6/ Influence of the excitation power on the interlayer PL
spectrum

A well-known property of the interlayer exciton PL spectrum
is the influence of the excitation power over its energy
position. [Nagler 2017°] and [Brotons-Gisbert 2020] report a
blue shift of the interlayer PL peak with an increasing
excitation power. The reported magnitude of these shifts is
of 10 meV between P =1puW and P =100 yW and a
shift of 10 meV between P =2 uW and P = 90 uW,
respectively. This is described as the evidence of a repulsive
dipole-dipole interaction between interlayer excitons [Li
2020]. [Nagler 2017°] describes this interaction using a
model of spatially indirect excitons in coupled quantum
wells shown in [Laikhtman 2009].

Fig(1.31) shows a side view of excitons confined in coupled
quantum wells separated by a distance d. In the case of our
heterobilayers, d is the interlayer distance which is of the
order of a few tenth of an angstrom for the supercell atomic
registries according to [Yu 2017]. The spatial separation
between the electron and the hole creates an out-of-plane
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Fig1.30 Schematic of the interlayer
formation process in a MoS»/WS;
heterostructure, Optical excitation
of the MoS2 A-exciton will lead to
layer-separated electron (e—) and
hole (h+) carriers. Figure adapted
from [Hong 2014].
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Figl.31 a) PL spectra of the IX
measured at 4.5 K as a function of
excitation power. The vertical line
serves as guide to the eye. Figure
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32



electric dipole, which induces a difference of potential A® between the two TMD monolayers:

A = rnixed Eq(1.24)
Eo&r
With ¢, the permittivity of the material. The repulsive dipole-dipole interaction is considered
as the mean field approximation of the action of the interlayer collective on a single dipole,
whose expression is similar to the energy stored in a plate capacitor:
2
AE = *rnuxetd Eq(1.25)

Eoér

This approximation, requires two conditions. First, it requires that the dipole-dipole repulsion
be inferior to the electron-hole attractive interaction, which is necessary for the formation of
interlayer exciton. This means that the average distance between interlayer excitons must be
large before the interlayer distance. This imposes a first condition on the interlayer density n;y:

TlLXCiZ <1 l?q(:l.Z(S)

The second condition to mean field approximation is that correlations between excitons can be
neglected i.e that the inter-excitons distance is large with respect to the exciton thermal

2mh?
MkgT

second condition on n;y is written:

with 1/M = (m,~" + m,,~1) the reduced mass of the exciton. This

wavelength A;;, =

Nyx A’ < 1 Eq(1.27)

For atemperature of T = 4,5 K, the thermal wavelength of the interlayer exciton can be of the
order of A;, = 10 nm. In [Nagler 2017°], the authors reverse the formula of Eq(1.25) and use
the measured redshift as a parameter to estimate the interlayer exciton concentration in their
samples.
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Fig1.32 Comparison of interlayer exciton photoluminescence from a heterobilayer with a 2° twist angle at
excitation powers of 10 pW (dark red) and 20 nW (blue). Inset, a Lorentzian fit to a representative
photoluminescence peak indicates a linewidth of approximately 100 peV. Figure adapted from [Seyler 2017].
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The second characteristic effect of the excitation power is the change in line shape of the
interlayer PL spectrum when the excitation power is reduced below the uW. This effect is
notably reported in [Seyler 2017] and shows that the main PL peak of the photoluminescence
spectrum becomes a series of sharp (FWHM~100 peV) features (cf Fig(1.32)). Magneto PL
experiments show that every sharp peak exhibit the same g factors, and time correlation
measurements shown in [Baek 2020] evidences that these peaks emissions correspond to single
photon emissions. Thus, an explanation is that the PL spectrum of interlayer excitons at low
excitation power originates from individual excitons trapped close to the dominant atomic
registry of the moiré supercell in analogy to the PL properties of ensembles of quantum-dots
when reducing the number of emitting Qdots [Marzin 94].
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Figl.33 a) Interlayer stacking energy as a function of stacking orientation along the atomic registry centers

of the supercell. AB (H,’f) and BA (H,’f’) are degenerate global minima, which suggests that AB and BA
regions will grow to form larger domains. A diagram indicating the direction of the expected AB and BA
domain expansion is shown in the inset. b) Conductive AFM (CAFM) image of a 0°+d heterostructure
showing alternating triangular domains of different conductivity. We estimate & = 0.4° for this structure
The existence of two distinct types of domains is consistent with the prediction of atomic reconstruction
of the lattice two degenerate low energy stackings shown in b). ¢) Interlayer stacking energy as a function
of stacking orientation along the atomic registry centers of the supercell.. ABBA (R,’{) structure is the global
minimum, which suggests that ABBA regions will grow to form larger domains. A diagram indicating the
direction of the expected ABBA domain expansion is shown in the inset. d) CAFM image of a 60°+5
heterostructure showing hexagonal domains of the same conductivity separated by domain boundaries
of different conductivity. We estimate & = 0.5 - 0.8° for this sample. Figures adapted from [Rosenberger 2020].

1.7.7/ Evidences of moiré domain reconstruction.

This theory of the moiré supercell has been widely used to explain the properties of TMD
heterobilayers, but it has recently been questioned by evidences of lattice reconstruction in
TMD heterobilayers. In [Rosenberger 2020], the authors calculate the energies of the different
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atomic staking configuration predicted in the moiré supercell for both the H and R alignments.
The resulting stacking energies are shown in Fig(1.33.a) and Fig(1.33.c). The H stacking
configuration (0°) exhibits two degenerate minima corresponding to the H¥ and H}! atomic
registries while the R stacked configuration (60°) has a single minimum corresponding to the
RI* atomic register i.e. the perfect +K on —K stacking. They perform conductive Atomic Force
Microscopy and observe that, contrarily to the moiré supercell picture, the two TMD
monolayers reconstruct their interface to maximize the area of favorably staked domains. The
heterobilayer can thus be considered as homogeneously stacked domains separated by strained
borders. Similar STEM measurements shown in [Weston 2021] also describe this interface
reconstruction and DFT calculation of the interlayer gap band structure for different stacking
types, shown in [Phillips 2021] also point toward the existence of favorable stacking
configurations. However, this recombination was only observed for small deviation of the
perfect H or R alignment (§~3°) which did not perfectly match the PL angle dependence shown
in [Nayak 2017] (6 up to 10° for a complete exctinction of the interlayer PL). In [Parzefall
2021], the authors present compelling evidences that interlayer exciton recombination are
correlated to reconstructed domains. These results are shown in Fig(1.34) : the authors map
both the interlayer exciton PL and the low energy Raman Stokes and anti-Stokes spectra of an
encapsulated MoSe2/WSe; heterobilayer. In the areas affected by domain reconstruction, the
Raman peaks corresponding to the breathing modes of both monolayers disappear and a new
peak is observed. The mapping of this Raman signature of domain reconstruction reveal that
the interlayer PL peak is only observed at reconstructed domains which is a complete change
of perspective in the vision that we have of the crystal potential of TMD heterobilayers.
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Figl.34 a) Stokes/antistokes spectra from the region, indicated by a green circle in ¢). The arrows mark
positions of moiré phonons, BM labels the breathing mode of the bilayer. b) Stokes/antistokes spectra from
the region inside the yellow hexagon in c). An interlayer shear mode ISM can be observed in this region. c)
Color map of low temperature u PL intensities in the spectral region of the interlayer exciton, around 1390
meV. d) PL spectrum from the region marked with a green circle in (c). e) PL spectrum from the region, marked
with a yellow hexagon in (c). The yellow-shaded region highlights the interlayer exciton. Figure adapted from
[Parzefall 2021] 35



1.8/ Conclusion:

In this chapter, we have introduced the different concepts necessary to understand the physics
of interlayer excitons in transition metal chalcogenides through a review of the literature. We
have decribed the crystal structure of TMDs and explained how the electronic gap of these
materials switches from momentum indirect in bulk and few layers state to momentum direct
in the monolayer. We have discussed the coupling of the +K and — K valleys of the Brillouin
zone to light through the recombination of valley polarized excitons. We then have listed the
different features observed in the PL spectra of “bright” and “dark™ materials and discussed
the effect of an external magnetic field on these optical transitions.

Finally, we have focused our discussion on TMD heterobilayers which are van der Waals
heterostructures created by stacking together two monolayers of different TMD materials. We
have discussed the momentum alignment of the staggered interlayer gap and the emergence of
the moiré pattern in the crystal lattice. We have presented an overview of the reported g factors
in TMD heterobilayers and quickly discussed the interlayer exciton dynamics. Finally, we have
discussed the recent evidences of moiré domain reconstruction in TMD heterobilayers.
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Chapter 2: Experimental techniques

2.1/ Introduction:

In this chapter, we will present the different experimental setups and techniques used to obtain
the results shown in the following chapters. We will start with the instrumentation : first, will
present a room temperature set up which has been used for the characterization of our samples.
We will then show the low temperature setup which have been used to perform the spatial
mapping of the PL of our samples shown in Chapter 3, as well as the power dependence and
the photoluminescence excitation experiment shown in Chapter 4. Finally, we will describe the
setups that have been used to perform the magneto-PL and magneto-Raman scattering
experiments shown in Chapter 6. For each of these platforms, we will detail the excitation
sources used, the spectrometers, the optics and in the case of the magneto-PL setups, we will
describe the two types of probes used to position the sample in the center of the magnetic field

Then, we will discuss the experimental techniques used to obtain the results presented in the
next chapters. These techniques are principally the photoluminescence techniques (PL,
magneto PL, PLE) as well as the Raman spectroscopy technique. For the magneto-
photoluminescence technique, we will detail how we have extracted the sign and the magnitude
of the interlayer exciton’s g-factor presented in later chapters.
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2.2/ Zero magnetic field setup at room temperature

This setup, schematized in Fig(2.1), allows for room temperature measurement without the use
of a magnetic field. The sample is placed on a microscope platform and is illuminated by a
halogen lamp while a camera is used to acquire the image of the sample below the microscope
objective. The sample is placed under the focus point of the laser using moving stages, a stack
of piezo-electric motors can be used to attain micrometric control of the samples’ position as
the area of the samples can be as small as a few square micrometers. The sample is excited by
a HeNe 633nm laser with a spot diameter of 1um at its focus point, while several density filters
are used to control the excitation laser power. The sample’s emission is collected by the
objective and the backscattered laser is blocked by a high-pass 633 nm filter. The emission is
focused in the slit of a diffraction spectrometer. Inside the spectrometer, a carousel can switch
between three different gratings ( 300, 600 of 1500 g/mm) depending of the needed spectral
resolution and spectral window. The emission is finally reflected to a 1340X100 pixels nitrogen
cooled CCD camera. The setup is ideal for sample fabrication as it allows to quickly
characterize materials exfoliated onto PDMS and decide which can be used to fabricate a vdW
heterostructure.  More generally, it is adapted for room temperature spatial mapping
measurements.

Laser A=633 nm

Camera

DF

CccD

Halogen |
lamp

BS

Ohjective

L

Fig2.1 Experimental setup used for ambient temperature characterization. BS are beam splitters, DF is a
density filter and HP is a 633 nm short pass filter, FL is a focalization lens.
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2.3/ Modular spectroscopy set up

2.3.1/ General discussion

With the exception of the previous setup, the instrumentation is very modular, excitation
sources and spectrometers are fixed on moving tables and can be switched depending
of the need of the experiment. This allows the realization of diverse spectroscopy measurements
(PL, Raman scattering and reflectivity) in a large range of excitation and collection
energy. Additional experimental modules can be added to explore other degree of freedom
(temperature control, carrier density, pressure etc...). The excitation sources and spectrometers
are used between two platforms : a low temperature/ zero magnetic field setup and the magneto-
optical experiment setup i.e. the magnets.

2.3.2/ Excitation sources

When a resonant excitation is not necessary, such as in the characterization experiments shown
in the next chapter, we use an Argon-ion continuous wave laser with an excitation energy of
E = 2.41 eV, well above the optical bandgap of any group IV TMD. For Raman scattering
spectroscopy experiment, a series of three volumic Bragg filters are placed in the collection
path, before the spectrometer, to reject the backscattered laser, this prevents CCD saturation as
well as laser scattering inside the spectrometer. This allows for the visualization of low intensity
features (100 cm™1) on the Raman scattering spectrum.

In the cases of experiments with resonant excitation, we have used two sources with tunable
excitation. First, a Titanium-sapphire (Ti:sapph) laser tunable between 690nm and 1100nm.
This laser is used to tune the excitation to the energy of optical transitions of Se based TMD
monolayers (such as the “bright” exactions of MoSez and WSe, ML). The laser is pumped by
a 532 nm semiconductor diode and its emission is cleaned by a prism-based monochromator.
If the need arises, we use a quartz-wedge achromatic depolarizer to depolarize the laser
emission. The second energy tunable source is a dye laser also pumped with a 532 nm
semiconductor diode. We have used this laser with a rhodamine dye and tuned the excitation
energy between 560 nm and 625 nm. This allowed us to excite resonantly with the B excitons
of Se based TMDs . Similarly to the Ti:sapph , the laser emission is cleaned by a prism based
monochromator.

In the case of PLE experiments and resonant Raman scattering experiments, we have used pairs
of low-pass/high-pass tunable filters to clean the emission and reflect backscattered laser . Both
of these tunable excitation sources can either be used as free beam excitation or injected in
optical fibers thought FC/PC or SMA connectors.

2.3.3/ Collection

Two types of spectrometers can be used for collection. The first one is a single grating
spectrometer, similar to the one shown in Fig(2.1), which can switch between three gratings of
300,600 and 1800 g/mm. High spectral resolution is privileged for Raman spectroscopy while
large acquisition windows are necessary for large spectral feature.

The second type of spectrometer is a triple grating spectrometer consisting of three successive
stages. It can be used just like a single grating spectrometer (in this case the polychromatic light
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pass only through the third stage) with the possibility to switch between three gratings of
500,1500 and 2000 g/mm. It can also be used in the triple triple configuration (the
polychromatic light passes trough the three stages successively). This configuration can be
used in two modes : additive and subtractive. In the additive mode, all three stages contribute
to the dispersion of the light. In the subtractive mode, which is the mode we used for the
resonant Raman scattering experiment shown in Chapter 6 : the polychromatic light is dispersed
by the grating of the first stage, then reflected to the second stage while a slit between the first
and second stage acts as a band pass filter. The dispersed light is then recombined by the grating
of the second stage and reflected into the third stage in which it is dispersed again and projected
onto the CCD. This allows for an efficient rejection of the scattered laser.

2.3.4/ Low temperature, zero magnetic field platform

The design of this platform is the same as the one shown in Fig(2.1), with the added possibility
to use any of the excitation sources and spectrometers mentioned above, and the addition of a
cold finger cryostat, a photograph is shown in Fig(2.2). The sample is fixed on top the cold
finger and the chamber is pumped down to 5,10~% mBar to avoid condensation on the sample’s
surface. Liquid helium trickles through a parallel circulation system to cool the sample by
conduction down to 4,5 K. The cold finger cryostat incorporates a heater, piloted by a controller,
that can regulate the temperature of the sample from 4,5 K to 300 K, and wires inside the
chamber can be used to control any additional devices (additional in situ temperature
measurement or electrical gating for example.. The excitation power is controlled by an optical
density wheel and the beam is focused on the sample by an X50 Apochromatic 0.65 NA
objective ina 1 um diameter spot through the glass cap of the cryostat.

Fig2.2 Cold finger cryostat fixed onto movable stages. The chamber is connected by two parallel circuits to a
pumping blocs seen in the background and to a He vessel, on the right. The Lakeshore temperature controller
can be seen at the bottom left of the picture.

2.3.5/ Magneto-optical experiment setup

LNCMI Grenoble is a service laboratory that focuses on experiments in a high magnetic field,
the magneto spectroscopy team disposes of two sources of magnetic field: the usual “low field”
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source is a superconductive coil cooled at liquid Helium temperature. This magnet can apply
up to + 14 T and has a 50 mm bore radius. High magnetic fields up to +30 T are applied using
resistive magnets also used in the 50 mm bore radius configuration. The dimensions of the
magnets impose a spatial constrain upon the experimental setups: the field center is located
~450 mm from the top of the magnet, and the instrumentation has to be adapted to the magnet
bore radius. This means that the sample is fixed at the bottom of a probe i.e. a sealed, non-
magnetic, metallic tube that has been alternatively pumped and flushed with gaseous helium to
prevent unwanted gas condensation. The probe is then inserted in a helium bath cryostat
extending thought the magnet’s cavity to reach the center of the magnetic field. An atmosphere
of gaseous helium (of the order of 100 mBar) is left inside the probe prior to the insertion to
act as the exchange gas between the helium bath and the sample.

We have used two different type of probes : a fiber optics probe, and a free beam probe. In
both cases, the samples are fixed on top of a piezo-electric motor stack with a sub-micrometer
spatial resolution and a 5 mm amplitude in the three directions, allowing for a very precise
positioning of the sample below the 1 um diameter excitation spot. Two motors (X and Y axis)
are equipped with position encoders which allow a precise mapping of the sample’s properties.

As we have seen in Chapter 1, an out-of-plane magnetic field lifts the valley degeneracy and
shifts the band structure of the ML according to the spin and valley indices of the sub-band, this
is the Zeeman effect. Alternatively, a magnetic field applied in the plane of the monolayer mixes
the states of the “dark™ exciton with the one of the “bright” exciton, forcing its emission in a
direction perpendicular to the monolayer. Fig(2.3) pictures the sample holders used to position
the ML in relation to the magnetic field. In the configuration for which the magnetic field if
perpendicular to the incidence of the light (Faraday geometry), the sample holder is a simple
non magnetic metallic support that can be fixed on top of the piezo stack. In the configuration
for which the magnetic field is perpendicular to the incident light (Voigt geometry), the sample
is fixed vertically and the light is reflected by a mirror at a 45° angle.

a) b)
B B

Fig2.3 Sample holders for the a) Faraday geometry, the direction of the magnetic field is parallel to the incident
light b) Voigt geometry, the direction of the magnetic field is perpendicular to the incident light.

The fiber optics based probe (cf Fig(2.4)) relies on optical fibers for both the excitation and the
collection. The excitation fiber guides the beam from the excitation source to the bottom of the
probe. As such, the free optical path of the path of the excitation beam to the sample is only a
few centimeters long. The excitation beam is collimated by a lens, reflected by a mirror onto a
dichroic beam splitter and focused on the sample by a second lens. The sample’s emission and
the backscattered laser are collected and guided out of the probe by the collection fiber.
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Fig2.4.a) Picture of the bottom of the fiber optics based probe. The excitation/collection fibers are the
black/metallic clad fibers. The sample is fixed on top of three piezo electric motors (left side, above piezo
protection shell) connected to a piezo-controller by the yellow and copper wires b) Schematic of the optics at
the bottom of the probe for a typical polarization resolved PL measurement. The excitation beam (green line)
is focused by a lens (FCL), cleaned by a laser line filter (LLF), reflected on a tunable mirror (RM) and a 50/50
beam splitter (BS) and focused on the sample by a lens (FL). The emission signal (red line) is collected by a
lens and circularly analyzed by the succession of a quarter wave platen (QWP) and a linear polarizer (LP).
The reflected laser is blocked by a notch filter (NF). A collection focalization lens (CFL) focuses the emission
in the collection fiber.

Relevant optical elements are positioned along the excitation and collection paths in the head
of the probe. Fig(2.4.b) pictures the optics installed for a typical polarization resolved
measurement.

Since all the optics are located at the bottom of the sealed probe, it is not possible to correct
misalignments of the injection and collection paths during the measurement. Such
misalignments are likely to happen during the cooling down of the probe, as the metallic holders
of the mirror, dichroic beam splitter and the three lenses expand and contract during the cooling
process. These misalignments can reduce the collected signal intensity by one to two orders of
magnitude. It is also not possible to change the polarization optics without opening the probe.
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In the case of the free beam probe, the path of the beam is free between the top of the probe, on
which all the optical element are placed, and the spectrometer. Fig(2.5.b) shows a top view
schematic of the top of the probe. The excitation beam is guided from the source to the top of
the probe by an optical fiber in order to minimize the effect of magnet vibrations on the
excitation. These vibrations are important in the case of restive magnets due to large flow of
deionized water (up to 1000 m3h™?) involved in the cooling of the installation. The beam
passes through a collimating lens and is reflected by a volumic Bragg filter (for laser excitation)
or a mirror (in the case of a white light source). Polarization optics or optical filters can be
placed

) b) PIH CL
BF/M | ' l—-—i
X
BS §
. -

Fig2.5 a) Photograph of the top of the free beam probe. b) Top view schematic of the optical path of the
excitation beam. The beam passes through a collimating lens (CL) and is reflected by a volumic Bragg filter
or a mirror (BF/M). The beam is then reflected onto the central beam splitter BS and is sent at the bottom of
the probe.

in the path of the beam, which is reflected by a beam splitter to the bottom of the probe through
a glass window, and focused on the sample by an apochromatic objective, which is the only
optics inside of the probe. The sample’s emission and the backscattered laser are collected and
focused to a mirror at the top the probe and reflected to the spectrometer (cf Fig(2.6)). The free
path of the collected light represents a distance of several meters. The objective can be changed
depending of the wavelength of the emission.

Contrarily to the fibered probe, it is possible to correct misalignments and change the optics at
will during measurement. This allows the experimentalist to switch filters, polarization optics
and even excitation sources during measurement without having to remove the probe from its
cryostat. The only optical element inside the probe is an apochromatic objective, of which the
focal distance is stable for a large range of wavelength. Several of these objectives can be
interchanged depending of the experimenter’s need (high or low NA, optimal wavelength range,
etc...).
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Fig2.6 Side view of the excitation and collection paths for a typical polarization resolved magneto-PL
measurement. The optics on top of the probe (i.e. the optics in Fig(2.4)) are not shown.

2.4/ Experimental techniques

2.4.1/ Photoluminescence spectroscopy

In luminescence spectroscopy, we probe the populations of the different excited optical
transitions [Shree 2020]. Thus, photoluminescence is a technique of choice to probe interlayer
excitons, as they are low energy transitions with a formation process involving the intralayer
transfer of particle created by the excitation of the intralayer gap [Hong 2014]. Nevertheless,
photoluminescence can still be used to probe the absorption properties of a sample through a
photoluminescence excitation experiment (PLE) in which the intensity of a chosen transition is
recorded while the excitation energy is tuned across other optical transitions. This probes both
the absorption of the recorded state and the relaxation efficiency between the excited and
recorded states. The results of such an experiment are shown in Chapter 4.

In the following chapters, we will show magneto-PL spectra of interlayer excitons and we will
put a great emphasis on the sign and magnitude of the g-factor. Thus we will now discuss how
we have extracted these two parameters. Usually, the Zeeman energy is defined as the energy
difference between the energy positions of the o+ and o- polarized emissions at the same value
of the magnetic field. However, since the Zeeman shift is proportional to the magnetic field,
the energy position of the o + polarized component for a magnetic field +B is the same as the
energy position of the ¢ — polarized component for a magnetic field —B. In other words
: E(6+,B) = E(o0—,—B). Thus in polarization resolved magneto-PL, we calculate the Zeeman
energy of the exciton from as single component (either polarized o + or — ) between its energy
position at a magnetic field +B and at a magnetic field —B. This is schematized on Fig(2.7).
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Fig2.7 a) Polarization unresolved magneto-Pl measurement, the Zeeman energy is defined as the energy
difference between energy of the o+ and o- polarized emissions at the same value of B b) polarization resolved
measurement, the Zeeman energy of the exciton is calculated from energy positions of a single component by
the energy difference between its position + B and -B.

In polarization resolved magneto-PL experiments, it is difficult to know precisely which
polarization is selected by the polarization optics. In practice, we do so by considering the shift
of the “bright” intralayer excitons, which show a negative g-factor. If the energy position of the
exciton blueshift with an increasingly positive magnetic field, the polarization that is selected
by the optics is o — (and o + if the intralayer excitons redshift). Thus, for the interlayer
excitons, the sign of the g-factor is determined by comparing the Zeeman shift of the interlayer
and of the intralayer excitons. If both shift in the same direction, the g-factor of the interlayer
excitons is negative (positive for a shift in the opposite direction). This is schematized in
Fig(2.8).
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Fig2.8 Polarization resolved measurement, the selected polarization is o- . @) the energy positions of the
interlayer and intralayer excitons blueshift with the magnetic field : the g-factor of the interlayer exciton is
negative b) the energy position of the interlayer exciton redshifts with B while the one of the intralayer excitons
blueshifts : the g-factor of the interlayer exciton is positive.

2.4.2/ Raman scattering spectroscopy

Raman scattering spectroscopy is an experimental technique relying on the inelastic scattering
of excitation photons with a very well defined energy onto the vibrational energy states of the
system. In TMD monolayers, these states are the phonon modes. In the Raman scattering
process, an incident photon of the laser can absorb or emit a phonon of the crystal therefore
losing (Stokes) or gaining (anti-Stokes) an energy corresponding to the energy of the phonon
mode. The photon is scattered and can then be collected and analyzed. This Raman scattering
process can either involve one or two phonons. In the case of the one phonon process, the

45



condition of momentum conservation imposes that the emitted/absorbed phonon originates
from the center of the Brillouin zone (q = 0) [Zhang 2015]. In the two phonon Raman scattering
processes, the phonons must have opposite wavectors but can then originate from the edges of
the Brillouin zone. The excitation energy is important in the process of Raman scattering, when
the excitation energy is tuned in resonance with the energy of an optical transition of the system,
the enhancement of the signal leads to the appearance of new peaks in the resonant Raman
scattering spectrum. Such spectrum is shown in Chapter 6.

2.5/ Conclusion

In this chapter, we have detailed the experimental set ups used in the study of interlayer
excitons in TMD heterobilayers. We have shown the room temperature and low temperature
set up that we have used to characterize our samples at zero magnetic field. We have presented
the two different probe designs used in magneto-spectroscopy experiments. Then, we have
presented the experimental techniques that have been used to obtain the results presented in the
next chapters.
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Chapter 3: Sample characterization.

3.1/ Introduction:

In this chapter, we will present the h-BN encapsulated MoSe2/\WSe> heterobilayers that we have
studied using the experimental setups presented in Chapter 2. As we have seen in Chapter 1,
the long range order introduced by the moiré pattern is inversely proportional to the value of
either the misalignment angle & or the lattice parameter mismatch between the two
heterobilayers. Since WSe, and MoSe, have very close lattice parameters (0,328 nm and
0,329 nm respectively), the size of the moiré supercell is predicted to be of the order of a few
hundreds nanometers. Furthermore, a small lattice parameter mismatch means that the angles
corresponding to a momentum direct gap in the +K on +K and +K on -K stacking configurations
are close to 6 =0° and 6 =60°, respectively. The fabrication of these heterostructures relies on
conventional techniques that are commonly employed to manipulate 2D materials. Atomically
thin layers of TMDs are obtained by mechanical exfoliation of bulk crystals: this mechanical
cleaving technique is a staple of the sample fabrication of atomically thin crystals, including
graphene, and is described in [Yi 2015]. The exfoliated crystals have been transferred onto
Si/SiO; substrates and suitable flakes have been identified by their optical contrast under an
optical microscope. The heterostructures have been assembled in the same glove box with a
conventional pick-up and release technique [Castellanos-Gomez 2014] based on either
PPC/PDMS (Polypropylene carbonate /polydimethylsiloxane) or PC/PDMS (polycarbonate)
polymer stacks placed on glass slides. The MoSe2 monolayer has been stacked on top of WSe2
and the constituent monolayers have been aligned so the edges of their respective flakes
superimpose which produces a structure with an alignment angle close to either 6=0° or 6=60°
due to the C3 symmetry of TMD monolayers. Finally, the heterobilayers have been
encapsulated between bulk flakes of h-BN. In this chapter, we will show the results of
photoluminescence and magneto-photoluminescence spectroscopy experiments that aim at
characterizing the optical and magneto-optical properties of four different heterosctructures.
This characterization mainly consists in the spatial mapping of the photoluminescence emitted
by the intralayer excitons of the constituent MoSe, and WSe, monolayers, as well as the
photoluminescence signature of the interlayer exciton. These heterostructures have been
fabricated by Nicolas Ubrig of the Department of Quantum Matter Physics of the University of
Geneva as part as a collaboration with the group of Prof. Alberto Morpurgo.
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3.2/ Optical characterization MoSe,/WSe; heterobilayers

3.2.1/ General discussion

The first step of sample characterization consists in mapping the photoluminescence signal of
the structures. As we have mentioned in Chapter 1, the line shape of the intralayer excitons are
a good indication of the quality of the materials, the efficiency of the encapsulation and the
appearance of defects during the fabrication process. Fig(3.1) shows a photograph of the four
samples under an optical microscope objective with a X100 magnification, the borders of the
MoSe, and WSe, monolayers are traced with red and yellow lines respectively . The bottom
and top bulk h-BN layers appear as large multicolored flakes, the different colors correspond
to different thicknesses of the bulk. Because the exfoliated flakes of WSe, and MoSe: rarely
have the same size, there will generally be three different domains in the structure: one domain
consisting of an encapsulated WSe> monolayer, a second consisting of an encapsulated MoSe;
monolayer and the third domain of the encapsulated heterobilayer within which both
monolayers overlap. Accordingly, the PL spectrum of our samples will present three main
features: the photoluminescence spectra of both the MoSe2 and WSe, monolayers and a third
feature stemming from the interlayer recombination.

Fig3.1 Photograph of the four h-BN encapsulated MoSe,/WSe; heterostructures taken under a microscope
(X100 zoom). Yellow and red lines respectively show the borders of the WSe2 and MoSe2 monolayers. The
heterostructures are encapsulated between large flakes of h-BN appearing in shades of golden, blue and purples
according the local thickness of the bulk.
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Fig3.2 a) Close up view of the heterobilayers area of Fig(3.1) b) Spatial mapping of the photoluminescence of
the MoSe, monolayer ¢) Spatial mapping of the photoluminescence of the WSe, monolayer d) Spatial mapping
of the photoluminescence of interlayer excitons. These maps have a resolution of 1x1um and have been
measured at T = 4,5K. The samples were excited using a laser with A = 514 nm and P = 40uW with the
exception of Sample 4, which was excited by Ti-Saph with 1 = 710 nm and P = 40 ulv/.

Both the MoSe, and WSe, monolayer photoluminescence spectra show signal in similar range
of energy, between E = 1,61 eV and E = 1,66 eV for MoSe, and between E = 1,62 eV and
E =1,72 eV for WSe,. These two spectra are expected to overlap at the location of the
heterobilayer with the concomitant apparition of the interlayer excitons’ photoluminescence
signal at lower energy (E = 1,4 eV). We thus spatially map the photoluminescence signal of
the four heterostructures, using the low temperature photoluminescence setup described in
Chapter 2, in the two energy ranges corresponding to the intralayer and interlayer excitons.
Fig(3.2) shows the resulting photoluminescence maps for the four heterostructures, each map
has a spatial resolution of 1 um x 1 um. Fig(3.2.b) shows the spatial maps of the
photoluminescence intensity integrated at E = 1,65 eV and thus maps the recombination of the
MoSe; intralayer exciton while Fig(3.2.c) shows the spatial recombination of the WSe;
intralayer exciton (the integrated intensity at E = 1,72 eV). Finally, Fig(3.2.d) shows the spatial
maps of the interlayer exciton recombination (E = 1,40 eV). We have superimposed the
boundaries of the TMD monolayers on the photoluminescence map to highlight the spatial
correlation between the photoluminescence signal and the monolayer edges. This methodology
allows us to locate the different domains of our structure and to address them individually. The
intensity of the intralayer PL is expected to be lower on the HBL domain, which seems to be
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the case on Sample 1 but we will see that the spatial inhomogeneity of the Pl signal makes it
difficult to define a general tendency over the four samples.

3.2.2/ Characterization of the monolayer domains

The shape of the intralayer spectrum varies greatly from sample to sSample. Fig(3.3) shows the
photoluminescence spectrum measured at different locations of the MoSe; and WSe;
monolayer domains of Sample 1. The monolayers photoluminescence spectra are spatially very
inhomogeneous: the positions and the widths of the intralayer exciton can change completely
when changing the position of the excitation spot on the sample. This indicates rather large
spatial fluctuations of the dielectric environment. In the case of WSe; (Fig(3.3.a)) : there are a
few instances in which the intralayer WSe> spectrum exhibits comparable quality to state of the
art encapsulated monolayers. These locations are characterized by a very sharp excitonic peak
(typically a FWHM of AE~4 meV [Cadiz 2017, Manca 2017]) and by a structured spectrum at
lower energy from which the trion, the spin “dark” exciton and the neutral and charged
biexcitons can be resolved separately, they also show a FWHM of AE~4 meV. However, this
is not representative of the whole WSe2 monolayer domain and these high quality locations are
quite rare. Over the few square micrometers of the WSe, monolayer domain, the energy position
of the “bright” exciton PL peak shifts between 1,729 eV and 1,736 eV and can broaden up to
a FWHM of AE~8 meV. The broadening is accompanied by the loss of the structured low
energy spectrum as the Pl peaks of the different optical transitions broaden and merge. There
are also some instances of very broad (4E~20 meV) excitonic peak showing two separated
components which indicates the response of two different dielectric environment below the
laser spot. At these locations, only a broad (AE~10 meV) trion can be resolved from the low
energy continuous spectrum. The photoluminescence spectrum of MoSe, monolayer domains,
shown in Fig(3.3.b) exhibits the same behavior. The width of the excitonic emission line varies
between 3 meV and 6 meV, which is broader than the reported values for high quality
encapsulated monolayers [Robert 2020], and its position shifts between 1,649 eV and 1,654 eV.
There are instances of split excitonic and trionic peaks as well which can result in a broadening
of the line shape up to a FWHM ~ 8 meV . This behavior is consistent over the monolayer
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Fig3.3 a) WSe, photoluminescence spectrum measured at different locations of the WSe, monolayer domain
of Sample 1 b) MoSe; photoluminescence spectrum measured at different locations of the MoSe, monolayer
domain of Sample 1. The spectra originate from the PL mapping data shown in Fig(3.2) and the PL peaks have
been assigned to optical transitions in the same way than in Fig(1.14). The spectra are ordered from top to
bottom by the quality of the optical properties they represent .
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domains of the four heterostructures and is most likely the result of the heterobilayer
fabrication process. As we have seen in Chapter 1, the optimization of the monolayer’s
dielectric environment through h-BN encapsulation results in the structuration of the low energy
PL spectrum. Conversely, a general broadening of the PL peaks means that the TMD monolayer
is locally decoupled from the h-BN capping layers. This spatial fluctuation of the TMD/h-BN
interface is the result of local defects [Rhodes 2019] and impurities introduced during the
fabrication process, some of which can be seen on the close up visuals shown in Fig(3.2.a) as
small stains or bubbles [Stolyarova 2009, Rodriguez 2021] trapped between the components of
the heterostructure. While there is no firm consensus on the contents of these bubbles, they are
widely believed to be trapped hydrocarbons from air contaminants present in ambient
laboratory conditions. Such bubbles both strain and decouple the TMD from the h-BN and are
eliminated by global or local [Boddison-Chouinard 2019] thermal annealing.

3.2.3/ Characterization of the heterobilayer domain

As we have mentionned in Chapter 1, the PL spectrum of the heterobilayer domain presents
two features corresponding to the intralayer (which is the superposition of the WSe, and MoSe;
monolayers) and interlayer PL spectra. Fig(3.4) shows intralayer PL spectra measured at
different locations of the heterobilayer domains for the four samples. The spatial inhomogeneity
of the PL spectrum is the same as in the monolayer domains and we observe a similar
broadening of the intralayer exciton’s peak as well as similar shift of its energy position. In the
case of Sample 1 and Sample 2, the PL peaks of the MoSe, exciton and trion dominate the
spectrum, while the WSe; exciton is barely visible. The intralayer signature of the heterobilayer
domain of Sample 1 and Sample 2 looks like the superposition of an encapsulated MoSe>
monolayer and an encapsulated WSe> monolayer, which would indicate a good interfacing
between the constituent TMDs and the h-BN flakes. The intralayer spectrum of Sample 3 is
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Fig3.4 Intralayer photoluminescence spectra measured on the heterobilayer domain of a) Sample 1 b) Sample
2 ¢) Sample 3 d) Sample 4 (The PL peak at E = 1,75 eV comes from the excitation laser) The spectra originate
from the Pl mapping data shown in Fig(3.2).
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quite different: while features from both the WSe, and MoSe> spectra can be observed, their
intensity is of comparable magnitude. In the case of Sample 4, the intensity of the intralayer PL
spectrum is very weak despite resonant excitation conditions. By contradiction with the
observation made on Sample 1 and Sample2, this could be due to a weak interfacing of the two
monolayers and/or the top and bottom h-BN. It is however to be noted that because of the
important spatial inhomogeneity observed in the TMD monolayer domains of the
heterostructure, it is not possible to comment on a possible influence of the heterobilayer
stacking on its intralayer PL spectrum. In other words, the spatial inhomogeneity displayed in
the heterobilayer domain is in line with the spatial inhomogeneity of the monolayer domains.

The second feature of the HBL photoluminescence spectrum is the low energy PL peak centered
at E = 1,4 eV, characteristic of the interlayer exciton recombination. Fig(3.5) shows interlayer
PL spectra measured at different location of the four HBL domains. Similarly to its intralayer
counterpart, the interlayer excitonic lineshape is also very sample dependent. Sample 1 exhibits
a single peak with a FWHM of the order of AE~4 meV centered on E = 1,395 eV as well as
a broader emission between E = 1,33 eV and E = 1,36 eV attributed to excitons trapped in the
strain field of the heterostructure [Kremser 2020]. Contrarily to the intralayer exciton spectrum,
whose lineshape can change completely within a few micrometers, the energy position of the
interlayer excitonic peak is quite homogeneous. While we do observe a small variation of the
energy position of the main peak of the order of 1meV over the whole sample, the shape of the
photoluminescence spectrum does not change. The PL spectrum of Sample 2 also shows a
single feature centered at E = 1,39 eV (with fluctuations of the energy position between E =
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Fig3.5 Interlayer photoluminescence spectra measured on the heterobilayer domain of a) Sample 1 b) Sample
2 ¢) Sample 3 d) Sample 4. The spectra originate from the Pl mapping data shown in Fig(3.2). The intensity of
the spectra is normalized by the acquisition time.
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1,389 eV and E = 1,396 eV), but the peak is broader (AE~15 meV) , and is more intense. In
comparison, the lineshape of the interlayer exciton observed in Sample 3 and Sample 4 are very
different. Despite emitting in the same range of energy, the intensity measured on Sample 3
signal is completely dependent on the position. The photoluminescence spectrum can exhibit
two, three or even four features depending on the location. The four featured spectrum is also
the one showing the peaks with the smallest linewidth : two sharp peaks (AE~3 meV ) centered
on E =1,338eV and E = 1,344 eV between two broader ( AE~10 meV) lower intensity
bumps centered on E = 1,320 eV and E = 1,372 eV. The interlayer excitonic lineshape of
Sample 4 isa much broader structure (AE~100 meV) centered at E = 1,33 eV, which lie well
below the energy of interlayer excitons in other investigated samples. The energy position is
spatially homogeneous and the intensity of the feature is the lowest of the four samples.

Based on the energy position, lineshape and on the intensity, the two samples showing the most
similarities are Sample 1 and Sample 2 while it looks difficult to define a common tendency to
the four samples. The only characteristic shared by these PL emissions is their extreme spatial
localization. Fig(3.6) shows the spatial mapping of the interlayer excitons’ integrated intensity.
This figure corresponds to the intensity maps shown in Fig(3.2.d) with the addition of a z-axis
highlighting the “hot spot” emission pattern of the interlayer emission. While the heterobilayers
area span over a few micrometers in both the x-axis and y-axis, the intensity of the interlayer is
centered on a much-localized maximum and moving away from this position results in a sharp
decrease of the interlayer intensity. In the rest of this manuscript, the location of the excitation
spot will systematically be at this maximum of intensity.

Int(norm)

i) " ey 15

Fig3.6 3D map of the integrated intensity of the interlayer PL peak measured in a) Sample 1 b) Sample 2 ¢)

Sample 3 d) Sample 4 The intensity value isanormalization of the intensity integrated over the whole interlayer
PL spectrum.
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3.3/ Magneto-optical characterization of MoSe,/\WSe; heterobilayers

The second step of characterization consists in measuring the photoluminescence response of
our heterobilayers under the influence of a magnetic field. In this chapter, we will only show
the results of magneto-spectroscopy experiments that aim at characterizing the alignment angle
of our samples. As we have discussed in Chapter 1, one of the very intriguing characteristics of
MoSe,/WSe: heterobilayer interlayer excitons is that the Zeeman shift of the interlayer exciton
corresponds to values of the g-factor that are impossible to observe in regular TMD monolayers.
The two notables values of the g-factors are g = —159 and g = +6,7 observed in
heterobilayers aligned with an angle of 8 = 60° and 8 = 0° respectively [Seyler 2017,
Montblanch 2021] with hints of a second transition with a positive g factor in 60° aligned
monolayers [Brotons-Gisbert 2021, Wang 2019] . At this point, the alignment angle of our
samples is still undetermined and we do not have the means to discriminate between 6 = 60°
and 8 = 0° [Psilodimitrakopoulos 2019]. Thus, we will obtain an approximation of 6 by
measuring the g-factor of the interlayer excitons in our heterobilayers and compare their values
to the ones of the literature.

We have performed a magneto-PL photoluminescence experiment using the superconducting
coil, presented in Chapter 2 with which we sweep the magnetic field between B = —14 T and
B = +14 T. The temperature of the samples is T=4,5 K and the excitation energy is A1 =
514 nm with an excitation power of P = 40 uW. As we have mentionned in Chapter 2 , we
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Fig3.7 False color maps of the interlayer magneto-Pl spectra measured in a) Sample 1 b) Sample 2 ¢) Sample
3 d) Sample 4. For each map, a PL spectrum of the interlayer exciton, measured at B = 0T, is show on top as
a reference. The magnetic field is swept between B = —14 T and B = +14 T with a 1T step. The temperature
of the samples is T=4,5K and the excitation energy is A = 514 nm with an excitation power of P = 40 pW.
The modulations of the emission intensity with the magnetic field, most visible on d), are due to the Faraday
effect.
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will determine the sign of the g factor by comparing the Zeeman shifts of interlayer and
intralayer excitons while the magnitude of the g factor will be calculated from the energy
positions of single valley component for opposites magnetic field. The results of this magneto-
PL experiment are shown on Fig(3.7). Sample 1 and Sample 2 exhibit a pronounced shift in
magnetic field with a rate of 0,47 meVT~! and 0,46 meVT ! which corresponds to a g-factor
of g = —15,9. This is similar to what has been reported for 60° aligned HBL [Seyler 2017] .
This shift rate is four times higher than the one usually measured in monolayer MoSe and
WSe>. In comparison the two central lines in the PL spectrum of Sample 3 shift at a much
slower rate : 0,19 meVT ™! and 0,12 meVT ™! corresponding to g-factor of g = +6,5and g =
+ 4,1 which is in line what is reported for 0° aligned MoSe,/WSe> heterostructures [Seyler
2017]. The interlayer peak measured in Sample 4 is not affected by the magnetic field and does
not show any shift up to B=14T.

This lack of interaction with the magnetic field, combined with the broad lineshape and low
intensity of the interlayer and intralayer PLsignal make us question the real origin of the PL
observed in Sample 4. The non existent Zeeman shift excludes the possibility of any excitonic
recombination, intralayer of interlayer. It seems more likely that this emission originates from
extrinsic disorder i.e. contaminants deposed on the surface of the heterobilayer during
fabrication.

3.4/ Conclusion:

We have characterized the optical properties of our samples and took a glance at their behavior
when applying a magnetic field. We have observed the important spatial inhomogeneity of the
intralayer excitons PL which makes it difficult to define a common trend between our samples.
Nevertheless, we have observed that two of the heterobilayers were showing similar properties,
which has been confirmed by the results of a magneto-PL experiment. Thus, we can assume
that both Sample 1 and Sample 2 are aligned with an angle of 60°. In the case of Sample 3, we
have observed Zemman shifts compatible with the behavior reported in heterobilayers aligned
with a twist angle of 0°. However, despite multiple tries, we have never been able to reproduce
the results shown in Fig(3.7.c). It is unclear if this is due to bad measurement conditions or
alteration of the heterobilayer due to thermal cycling. In the case of Sample 4, we have
concluded that the PL emission centered on E = 1,33 eV dit not originate from interlayer
excitonic recombination, but rather from contaminants trapped at the interface of the
heterobilayer. Thus, the results presented in the rest of this manuscript are exclusively obtained
by the joint study of Sample 1 and Sample 2.
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Chapter 4. Presentation of the experimental results

4.1/ Introduction:

In this chapter, we will present the results of an ensemble of experiments carried on Sample 1
and Sample 2. We have probed the magneto-optical properties of these two samples using
photoluminescence, absorption and magneto-photoluminescence techniques. Initially, we will
discuss the influence of the excitation power on the lineshape of the interlayer
photoluminescence spectrum. We have tuned the power of our excitation laser source across
three orders of magnitude, between P = 50 pyW and P = 10 nW. While the change of the
interlayer photoluminescence spectrum shape at low excitation power is a well-known
characteristic of TMD moiré excitons (cf Chapter 1), we want to point out that the continuous
transition between the high excitation power and low excitation power regimes is a direct
visualization of the decreasing excitonic surface density in the sample. Next, we will present
the results of a photoluminescence excitation experiment probing the optical absorption of the
interlayer exciton in Sample 1. Finally, we will show the results of magneto-photoluminescence
experiments for a magnetic field up to B = 30 T, which are the main results presented in this
manuscript. We have measured magnetic field resonant anomalies in the intensity of the 6+ and
o- polarized components of the interlayer emission, whose detailed description requires a very
high field resolution.
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4.2/ Power dependence of the interlayer exciton photoluminescence

4.2.1/ General discussion

As we have seen in Chapter 1 the influence of the excitation power over the photoluminescence
spectrum of interlayer excitons is two-fold and defines two different regimes of excitation. At
high excitation power, the PL spectrum is affected by the repulsive exciton-exciton interaction
[Laikhtman 2009] between the out-of-plane dipoles of the interlayer excitons. This effect is
observed as the blueshift of the interlayer PL peak when the excitation power increases,
proportional to the interlayer exciton density. The second effect is seen as a change of the PL
spectrum‘s line shape which transforms from a broad feature to a discrete series of sharp peaks.
This discrete spectrum is seen as the PL signal of individual excitons trapped in the moiré
potential.

We seek to explore these two excitation regimes and to measure a full power dependence of the
interlayer PL spectrum in which we tune the excitation power across three order of magnitudes,
between P = 50 yW and P = 10 nW. We carry out this measurement at low temperature (T =
4,5 K) on the zero field experimental setup described in Chapter 2. The excitation energy is E =
1,72 eV, in resonance with the energy of “bright” excitons in WSe2 monolayers. This enhances
the formation of interlayer excitons [Seyler 2017] and allows us to access high interlayer
densities with minimal laser heating of the sample’s surface. Fig(4.1) shows the results of this
power dependence for Sample 1 and Samples 2.
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Fig4.1 Interlayer exciton PL spectrum as a function of the excitation power for a) Sample 1 and b) Sample 2.
The intensity has been normalized by the acquisition time, then scaled up .
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We observe a clear change in the lineshape of the interlayer excitons PL spectrum. As
expected, the main interlayer peak progressively transforms into a discrete series of sharp
features. The width of the main interlayer peak is 4 meV in Sample 1 and 14 meV in Sample 2
while the sharp lines visible at low excitation power display a FWHM~100 peV in both
samples. Note that these lines appear at an energy that is lower than the position of the main
excitonic peak.

We also observe the predicted blueshift of the interlayer PL with increasing excitation power.
This effect is easier to observe in Sample 1 because of the sharpness of the peak. Fig(4.1.a)
shows the energy position of the main excitonic peak as a function of the excitation power. We
observe a blueshift of 1,1 meV between the positions of the main peak at P = 300 nWand P =
50 uW. The effect is more difficult to observe in Sample 2, as the different features structuring
the interlayer excitonic jitter at high excitation power. Nevertheless, it is still possible to follow
the blue shift of an auxiliary peak, appearing at a lower excitation power and shown in
Fig(4.2.b). The energy position of this line can be followed from P = 300 nWto P = 10 uW
and show a total blue shift of 2,6 meV (cf Fig(4.2.d)). For both samples, the energy positions
does not shift linearly with the excitation power and tend toward a stable value. While the rate
of the blue shift appears to be one order of magnitude higher in the case of Sample 2, the energy
differences between the position at high ( tens of yW) and low (tens of nW) excitation power
are of the same order of magnitude for both samples and coherent with values observed in
[Nagler 2017] and [Brotons-Gisbert 2020].
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Fig4.2 a) Interlayer exciton spectrum of Sample 1 under an excitation power of P=50 pW. The dashed lines
mark the main PL peaks of which the blueshift as a function of the excitation power is plotted in c). b)
Interlayer exciton spectrum of Sample 2 under an excitation power of P=500 nW. The dashed line marks an
auxiliary peak of which the blueshift as a function of the excitation power is plotted in d) The error bars in )
and d) correspond to the spectrometer energy resolution.
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4.2.2/ Interlayer exciton density estimated from the excitation power.

We will try a crude estimate of the interlayer excitons number created during an experiment.
We express @ the photon flux generated by the excitation source as a function of the excitation
power P :

L
hvs _-h%xan2

P = Eq(4.1)

Where h% is the energy of the exciton and S (R) the surface (radius) of the excitation spot. As

presented in Chapter 1, the formation of interlayer excitons in TMD heterobilayers is a two-
step process. First, intralayer excitons are created in the constituent monolayers, then one
particle bound in the intralayer exciton transfers from its original layer to the second monolayer.
Thus, hv is the energy the laser in resonant excitation condition with the spin “bright” exciton
of the MoSe; or WSe, monolayer.

We can thus write Eq(4.1) with numerical factors:

® = P =Px12x10% cm 251

3x108
6,63x10734x —5XmTx1078
750%x10

Eq(4.2)

We multiply Eq(4.2) by 7 the interlayer exciton lifetime to obtain an approximation of the
exciton density n;y as a function of the excitation power. The reported measured values in
MoSe2/WSe; encapsulated bilayers [Joe 2019, Nagler 2017] are of the order of a few tens or
nanoseconds.

Ny =®x1078 =P x12x107cm2 Eq(4.3)

We can thus assume from Eq(4.3) that the exciton density varies between n;y = 102 cm™2
at P =50 uW and n;y = 10° cm™2 at P = 10 nW. These values are likely to be significant
overestimations of n;y, as we have considered that every intralayer exciton forms an interlayer
exciton by transfer of its hole in the WSe> monolayer which is disproved by the fact that we
can observe the photoluminescence spectra of both constituent monolayers on the HBL part of
our samples (cf Fig(3.4)). We also have considered that every photon emitted by the excitation
source is absorbed by the MoSe> monolayer which is even more absurd and disproved simply
by the fact that we can observe laser backscattered by the sample in the PL spectra. For these
reasons, the values of n,;y given above should only be seen as conservative upper boundaries of
the possible excitation density in our heterostructures while the real values are likely to be a
couple of orders of magnitude lower.

We can compare our estimation of n;y to the density of atomic sites available for interlayer
recombination ng;... We take into account the moireé surface reconstruction evidences presented
in [Rosenberger 2020, Weston, Parzefall 2021, Phillips 2021] and consider that the surface of
our heterostructures solely consists of homogeneous +K on—K stacked domains while the area
covered by the strained borders is negligible. The characteristic length of the reconstructed
domains is of a few tens of nanometers The density of atomic sites available for interlayer
recombination is thus :
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Ngire~1012 cm=2 Eq(4.4)

The ratio n;yx/ng;iS coherent with the saturation of the PL at high excitation power
(n;x/nsite ~1) as well as the lineshape of the PL spectrum at low excitation power
(nIX/nsite < 1)-

4.2.3/ Interlayer exciton density estimated from the blueshift of the PL spectrum

We will now make a second estimation of n;y from the measured blueshift of the interlayer PL
peak by reproducing the reasoning shown in [Nagler 2017, Brotons-Gisbert 2021]. In other
words, we will apply the mean field approximation of the repulsive dipole-dipole interaction
described in [Laikthman 2009] to the measurement shown in Fig(4.2).

We reverse the “plate capacitor” formula (cf Eq(1.25)) and obtain the expression of n;y as a
function of the interlayer PL peak blueshift :

AEEOEr
n =
Ix 4me2d

Eq(4.5)

Before we apply this formula to our measured shifts, we must make sure that both conditions
of the mean field approximation are satisfied. The first condition, relative to the ratio between
the dipole-dipole repulsion and the electron-hole attractive interaction is written:

Given that the value of d is of the order of a few angstroms [Phillips 2021], this condition is
satisfied even by the overestimated value of n;y calculated from Eq(4.3).

The second condition to the mean field approximation is that the distance between excitons

2mh?
MkgT

This second

must be large in comparison to the exciton thermal wavelength 1., =

condition on n;y is written :
NxAe” K 1 Eq(4.7)

For atemperature of T = 4,5 K, the thermal wavelength of the interlayer exciton is of the order
of A, = 10 nm, which means that our overestimated value of n,y satisfies both conditions of
this mean field approximation. We can thus use Eq(4.5) to get a more realistic estimation the
of the interlayer exciton density in our heterostructures. Fig(4.3) shows the values of n,y
calculated from Eq(4.5) with AE taken from the experimental values shown in Fig(4.2.c and
4.2.d), we have considered &, ~ 7,3 as the average of the out of plane permittivity of MoSe>
and WSe, (values taken from [Laturia 2018]). The calculated values of n;yrange between
10%m~2 and 108cm~2 depending on the excitation power which is indeed a couple of orders
of magnitude lower than the previous values obtained from Eq(4.3). However it is important to
note that Eq(4.5) predicts a linear relation between n,;, and AE. This should also result in a
linear relation between AE and the excitation power P which contradicts directly the
observation shown in Fig(4.2.c) and Fig(4.2.d).
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Fig4.3 Interlayer exciton density in a) Sample 1 and b) Sample 2 as a function of the blueshift shown in
Fig(4.2). Each point is indexed by the corresponding excitation power. Error bars are related to the
spectrometer energy resolution.

4.2.4 Lineshape changes of the interlayer PL spectrum with the excitation power.

As we have mentioned earlier, the sharp features appearing in the interlayer PL spectra at low
excitation power have been presented as single photon emissions [Baek 2020] arising from
individual excitons trapped in the moiré potential. Nevertheless, the same considerations apply:
the sharp emissions can be seen as arising from individual interlayer excitons isolated in the
reconstructed domains. The different emission energy would thus come from the differences of
interlayer gap between domains.

Fig(4.4.a) shows a schematic representation of the heterobilayer’s surface : considering that the
optical power is homogenously distributed in a 1 pm radius spot, the excitation power is
distributed among tens of thousands of +K on —K aligned domains each containing thousands
of individual recombination sites. After the domain reconstruction, the energy of the interlayer
optical gap fluctuates from domain to domain. This means that there are local minima of the
optical gap, which are favored sites for exciton recombination. Indeed, pump-probe diffusion
experiments presented in [Yuan 2020] show that the characteristic travel distance of interlayer
excitons in TMD heterobilayers is of the order of hundreds of nanometers for times close to a
nanosecond despite the strained borders of the reconstructed domains, which should act as
potential barriers. The lifetime of interlayer excitons being of the order of few nanoseconds in
non-encapsulated heterostructures [(Rivera 2017] and a few tens of nanoseconds in
encapsulated HBL [Holler 2020] with long lifetime components of hundreds of ns [Miller 2019,
Jauregui 2018]. An exciton created in the heterostructure potential can thus move to a local
minimum site where its recombination is favorable from an energetic point of view. This is
evidenced by the time decay measurement of interlayer excitons in a MoSe2/WSe; presented in
[Nagler 2017°] which shows that the lower energy components of the interlayer PL peak have
a higher lifetime. We propose that the single emissions emerging at low excitation power
originates preferentially from these local minima of the interlayer optical gap.

At high excitation power (Fig(4.4.b)), interlayer excitons are formed homogeneously over the
surface covered by the excitation spot. The exciton recombinations are spatially homogeneous
and the shape of the photoluminescence spectrum resulting from this collective emission
reflects the statistical distribution of the value of the interlayer optical gap over the whole
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surface of the excitation spot. Interlayer excitons do recombine at local minima of the interlayer
optical gap, but the statistical occurrence of these sites is small compared to the overall
distribution and the higher lifetime exhibited by these recombination result in a negligible
contribution in the intensity of the measured PL spectrum.

At low excitation density (typically belowP = 1uW), interlayer excitons are still created
homogeneously over the excitation spot area, they move across the reconstructed domains to
recombine at the site with the narrowest optical gaps (Fig(4.4.c)). This enhanced recombination
at the local minima of the interlayer gap is the dominant contribution to the photoluminescence
spectrum and results in the emergence of sharp individual emissions.
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Fig4.4 Schematic of the HBL surface in the area of the excitation spot (red circle) under a) no excitation b)
high excitation power c¢) low excitation power. The black lines picture the borders of the reconstructed
domains, the black crosses picture the local interlayer gap minima and the red dots picture the interlayer
excitons.

It is unclear if the ability of interlayer excitons to travel across reconstructed domains affects
their recombination inside the area of the excitation spot at high excitation power. On one side,
favorable recombination sites can be seen as recombination centers around which the local
density of interlayer excitons is higher than the average n,;y, which would result in the breaking
of the mean field approximation and in a higher energy shift of the interlayer excitonic peak
than what is predicted in Eq(4.5) due to the exciton-exciton interactions. This is consistent with
the non linear dependence of the blueshift with the excitation power shown in Fig(4.2). On the
other hand, the repulsive dipole-dipole interaction clearly weights in favor of a spatially
homogenous recombination of the interlayer excitons, especially at high n,y. In the absence of
results supporting either hypothesis, these are only speculations.

4.3/ Photoluminescence excitation experiment

4.3.1/ General discussion

As discussed in Chapter 1, the formation of interlayer excitons in TMD heterobilayers is a two-
step process. First, intralayer excitons are created in the constituent monolayers, then one
particle bound in the intralayer exciton transfers from its original layer to the second monolayer.
Since, enhancing the formation of intralayer excitons in the constituent monolayers of the
heterostructure also enhances the formation of interlayer excitons, we have carried out a
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photoluminescence excitation experiment in which we sweep the energy of the excitation
source between E = 1,908 eV (4 = 650 nm) and E = 1,425 eV (4 = 870 nm). We thus tune
the excitation energy in resonance with intralayer transitions from the monolayers. In this
experiment, the interlayer exciton density is not controlled by the excitation power, which is
maintained constant at P = 50 uW, but by the absorption of the whole structure. The sample’s
temperature is maintained constant at T~4,5 K.

4.3.2/ PLE results

Fig(4.5.a) shows the results of this photoluminescence excitation experiment and displays the
interlayer photoluminescence spectrum as a function of the excitation energy. As evidenced by
Fig(3.5), the photoluminescence spectrum of the interlayer exciton measured in Sample 2 is
composed of two features : a main peak centered on E = 1,395 eV and a broader emission
between E = 1,33 eV and E = 1,36 eV attributed to excitons trapped in the strain field of the
heterostructure [Kremser 2020]. Fig(4.5.b) and Fig(4.5.c) shows the integrated intensity of
these two features as a function of the excitation energy.
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Fig4.5 a) False color map of the intensity of the interlayer exciton PL spectrum as a function of the excitation
energy. A Pl spectrum has been added for a better readability. The color scale has been saturated for a better
visualization of the low energy behavior. b) Integrated intensity of the main interlayer PL peak as a function
of the excitation energy. ¢) Integrated intensity of the strain trapped 1X as a function of the excitation energy.
The resonant features are discussed in the main text.
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Fig(4.5.a)) shows the integrated intensity of the main interlayer peak as a function of the
excitation energy. The most prominent features on the plot are two peaks at E; = 1,642 eV and
E, = 1,723 eV which are characteristic of the energy of “bright” excitonic transitions
measured in monolayer MoSe [Robert 2020] and WSe> [Barbone 2018], both excitations result
in an increase of the interlayer exciton intensity by approximately 80% (compared to the
intensity of an out of resonance excitation energy E = 1,680 eV) . Fig(4.7.a) shows the band
structure of a MoSe,/WSe; heterobilayer aligned with 8 = 60°, the transitions corresponding
to E; and E, are represented by black arrows. In the case of the resonance with MoSe> “bright”
exciton, the holes transfer from the MoSe> valence band to the WSe; valence band (grey arrows
on Fig(4.7.a)) while in the case of the resonance with WSe; “bright” exciton, it is the electrons
that transfer from the conduction band of WSe; to that of MoSe> (grey arrows on Fig(4.7.b)).

The curve shown in Fig(4.5.b) also exhibits an
increase of the interlayer intensity by 50% for a E,

broad range of excitation energy (between E = | - 402: 20 em”
1,833eV and E = 1,908¢eV) in which the ool ' .
highest intensity of the interlayer exciton is - [ ’ A

observed at E; = 1,874 eV (with an out of £ ‘ "\ e
resonance reference intensity taken at E = °'[ R T
1,680 eV). It is to be noted that this energy sits 06 " ' ot 20 e o
between the energies of the “bright” B excitons f N - 1

...... -

measured in monOIayer Mose2 EﬁoSez — 0“}69 170 171 172 173 174 175 1;’6‘1‘?? 1;3.11?9

E(eV)
1,80eV  in and monolayer WSe; Efg, =
. y _2 wsez Fig4.6 A comparison between the FWHM of the
2,1eV  [Zimmermann 2020]. Finally, the E, resonance and the E, resonance reveals that

intensity of the interlayer exciton is increased by ~ the two features are distant by ~400 cm™"in
10% when the excitation energy is tuned around average

E, = 1,774 eV, this energy does not correspond to any intralayer transition. The energy
difference E,—E, = 50 + 3 meV which convertsto 400 + 20 cm™1. This energy corresponds
to Raman resonant modes appearing when the excitation energy is tuned in resonance with the
energy of the “bright” exciton in WSe, ML, more specifically the 3LA(M)® mode at 394 cm™!
and the A;’(M)+LA(M) mode at 398 cm™! [Zhang 2015]. It is to be noted that the resonant
feature centered on E, spans between E = 1,759 + 0,003eV and E = 1,708 + 0,003 eV
which converts to an energy difference with E, ranging from 296 + 20 cm™! to 520 +
20 cm™1. At first sight, this seems excessively broad to correspond to a phonon resonant
process (the FWHM of the mode is ~8 cm™1) however, we find a very good overlap between
the width of the resonant feature centered on E, and the resonance with the “bright” exciton of
WSe, centered on E, (cf Fig(4.6)). We thus propose the following mechanism for the
appearance of the resonant feature: when the excitation energy is tuned in the range of E,, the
formation of WSe: intralayer excitons is enhanced, as if the excitation energy was in resonance
with E,. This leads to an enhancement of the formation of interlayer excitons and thus to the
appearance of the resonant feature on the PLE.
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Fig4.7 Band ordering of a 60° aligned WSe2/MoSe2 HBL. The interlayer exciton formation process is
enchanced when the excitation energy is tuned in resonance with a) the MoSe; “bright” exciton. The holes
relaxes to the top of the valence band, which means it transfers to the WSe, layer in the real space. b) the WSe,
“bright” exciton. The electron relaxes to the bottom of the conduction band, which means it transfers to the
MoSe; layer in the real space. The black arrows picture the initial excitation while the grey arrows picture the
non-radiative interlayer relaxation. c) The electron relaxes to the bottom of the conduction band of WSe2 (red
arrow) as if the excitation energy was in resonance with E, by phonon emission (dashed arrow). The electron
then transfers to the MoSe; monolayer and forms an interlayer exciton.

Since the interlayer excitons derive from the intralayer populations, we expect a sharp decrease
of the interlayer intensity when tuning the excitation energy below the value of the “bright”
exciton of monolayer MoSe>, which is the constituent material with the narrowest optical gap.
While the interlayer intensity does decrease by 80% between E; = 1,642V and E,, =
1,590 eV, we can see that this diminution is not constant due to the presence of a narrow
shoulder centered on E; = 1,619 eV. This energy corresponds to the intralayer trion in
monolayer MoSe> [Robert 2020], there are evidences that optical transitions corresponding to
trions can be excited directly albeit in an reduced way compared to the exciton [Chernikov
2014]. Finally, the last feature seen on Fig(4.5.b) is an increase of the interlayer intensity at low
excitation energy E, = 1,432 eV, 37 meV above the energy of the probed interlayer emission.
In this energy range, it is not possible to create intralayer excitons in the constituent monolayer,
therefore the intensity increase of the interlayer exciton must come from the absorption of
another interlayer state. [Brotons-Gisbert 2021] and [Wang 2019] show evidences of an
interlayer state 30 meV above the interlayer excitonic peak.

Fig(4.5.c) shows the integrated intensity of interlayer broad emission as a function of the
excitation energy. The two most prominent features on the plot are the peaks at E; =
1,623 eVand E; = 1,708 eV with an increase of the interlayer intensity for a broad range of
excitation energy (between E = 1,809eV and E = 1,882 eV) centered on E; = 1,839 eV.
The low energy broad emission does not show any resonance near E, and E,. The origin of
these three resonant features is not fully understood : the energy delta E; — E; = 19 meV, E, —
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E; = 15meV and E; — E; = 35 meV are all different and do not correspond to the energy
separation between the main interlayer exciton peak and the broader low energy emission
Epear — Ebroaa = 50 meV. Furthermore, they cannot be explained by phonon resonances since
their energy position lies below resonant energies of the main interlayer peak. The explanation

for this shift of the resonant energy is still debated.

4.3.3/ Excitation energy and exciton density

Fig(4.8) compares two interlayer exciton spectra —T———T——— T 1
. o | —E_=E =1,74 eV
measured with the same excitation power P = L Eele,?45 .y
50uW: the first one is measured with an excitation i =
energy E., = E5 = 1,74 eV in resonance with the
intralayer WSe; exciton, the second one is measured
while the excitation energy is tuned below both
intralayer gaps at E,, = 1,45 eV. Interestingly, the
shape of this interlayer spectrum is reminiscent of the
one measured at low excitation power as many sharp
individual emissions can be resolved separately (cf
Fig(4.1)) despite the fact that the excitation power is P S T T
maintained constant at P = 50 uW. As we explained L6 LeT 188 139 140
previously, this is because the interlayer exciton =&V
density is driven by the absorption of the  Figag Interlayer excitons PL spectra
heterobilayer. In other words : while the exciton  measured with an excitation energy in
density that can be created by the excitation beam is {/f/ss":za‘(ﬁ% Cvljlrt\t‘e) g‘ne | W?{ﬁg;;exiﬁ;fgﬂ Oﬁf
almost constant (it varies between mn;y = 55X  of resonance (black curve). The excitation
102 cm~2 for A,, = 650nm and n;y =7,5%x  Power is P= 50 uw in both cases. The
_ . differences of lineshape and blueshift of the
102 cm™2 for A,, =870 nm, values estimated |x energy is reminiscent from the power
from Eq(4.1)), the creation of interlayer excitons is  dependency data shown in Fig(4.1). The
limited by the capacity of the heterostructure to ;r(‘:t;l:‘is;i%’onhgﬁn e.bee” normalized by the
absorb the excitation photons and convert them into
IXs. This is directly visible on Fig(4.9.a) showing the energy position of the main interlayer
peak (fitted from the data shown in Fig(4.5.a)) as a function of the excitation energy. Note that
the plots shown in Fig(4.9.a) and Fig(4.5.b) are remarkably similar, it is even possible to
identify the resonant features at the same energy positions, including the feature centered on
E, and E<. We extract the energy shift of the main interlayer exciton peak from Fig(4.5.a) taking
the lowest energy position as a baseline (Ep.qr = 1,390 eV for an excitation energy of E,, =
1,448 eV) and we apply Eq(4.5) to obtain an estimation of n;y as a function of the excitation
energy. This dependency is presented in Fig(4.9.b) and shows that n,, vary between 101° cm—2
and 108 cm™2 which is consistent with the values presented in Fig(4.3).
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Fig4.9 a) Blueshift of the interlayer Pl peak as a function of the excitation energy. The positions of the peaks
have been obtained by fitting the data of Fig(4.5). b) Interlayer exciton density obtained by applying Eq(4.5)
to the values shown in a). In the greyed out areas, the PL intensity of the interlayer peak is too low to be fitted
properly.

4.4/ Magneto-photoluminescence experiment

4.4.1/ General discussion

In the preceding chapter, we have characterized the magneto-optical properties of Sample 1 and
of Sample 2 using our superconductive coil to apply a magnetic field up to = 14 T . We have
observed that the o+ and o- polarized components of the interlayer exciton shift toward lower
and higher energies, respectively, which results in a negative g-factor. While this behavior is
similar to that observed in monolayer TMDs, the magnitude of the shift is much higher in the
case of the interlayer exciton shifts at a rate of 0,472 + 0,004 meV.T~! for Sample 1 and
0,463 + 0,004 meV. T~ for Sample 2, which corresponds to g-factors of g = —16,310 +
0,138 and g = —15,999 + 0,138, respectively. In order to monitor the behavior of the
interlayer exciton PL spectrum in extreme magnetic fields, we have performed magneto-
photoluminescence experiments at high magnetic field using the LNCMI-Grenoble resistive
magnet to apply magnetic field up to B = 29 T on both samples. The temperature of the samples
is T =4,5K and we have used an excitation source with a power of P = 40 uW and an
excitation wavelength of A = 514 nm .

4.4.2/ Results description

Fig(4.10) shows the results of these measurements for Sample 1 and Samples 2 : as we have
explained in Chapter 2, we use polarizing optics to collect the emission of a single valley and
calculate the g factor from the energy positions of its emission for opposite values of the
magnetic field. Thus, in the following figures, a positive magnetic field corresponds to the o+
polarized component while a negative field corresponds to a o- polarized component. We sweep
the magnetic field between B = —28 T and B = 28 T, and fit the observed linear shift of the
interlayer exciton energy. The magnitude of the shift is 0,466 + 0,004 meV.T~! for Sample
1 and 0,457 + 0,004 meV. T~ for Sample 2 which correspond to g-factors of 16,118 +
0,138 and 15,781 + 0,138.

While the evolution of the intensity position is linear up to highest values of the magnetic field,
the intensity of the two circularly polarized emissions are non-monotonic and show an anomaly
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Fig4.10 Magneto-PL of the interlayer exciton measured in a) Samplel b) Sample 2. The magnetic field is swept
between B = 29 T B = —29 T with a step of 0,5 T. The temperature of the samples isT = 4,5 K and with use
an excitation source with a power of P = 40 pW and an excitation energy of = 514 nm . The dashed line show
which circular polarization is equivalent to the shift. The red arrows show the intensity anomalies discussed in

the main text.
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Fig4.11 a) False color map of the o+ polarized interlayer component measured in Sample 2 b) False color
map of the o- polarized interlayer component measured in Sample 2. The magnetic field is swept from |B| =
23T to |B| = 25,5 T with a resolution of 0,1 T. c¢) Integrated intensity of the o+ and - polarized interlayer
components highlighting the coincidental nature of the intensity anomalies. Intensities are extracted from a)

and b)
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for B = —24 T for which the 1X peak of the - polarized component collapses to near zero
while we observe a rise of the intensity of the 6+ polarized component for B = +24 T. This
anomaly is consistently observed on Sample 1 and on Sample 2 across multiple sweeps of the
magnetic field and is has been previously described in [Nagler 2017] as a level crossing of the
conduction bands of MoSe>. However, scanning the magnetic field in this area with a higher
resolution (0.1 T) reveals the presence of a second magnetic field resonant phenomenon, at B =
24,6 T (cf Fig(4.11.a) and Fig(4.11.b)). These changes of intensity take place across a very
small range of magnetic field: they span a few hundreds of mT after which the intensity of both
components comes back to its original value. This is why the second resonance at B = 24,6 T
is not visible in Fig(4.10) : our resolution is simply too low to resolve it. Fig(4.11.c) presents
the integrated intensity of the two oppositely polarized interlayer components in this range of
magnetic field and shows that the rise of the o+ component and the intensity collapse of the o-
polarized component occur precisely at the same value of the magnetic field.

4.4.3/ Interlayer exciton resonance profile.

We increase further the magnetic field resolution to 0,01 T to obtain the precise profile of these
resonances, Fig(4.12) shows the high resolution profiles for Sample 1 and Sample 2. Note that
the x axis represents the absolute value of the magnetic field and that the colormaps are
separated by a dashed line. In this figure, the spectra shown on the o- side of the dashed line
have been measured with B < 0 and the spectra on the o+ side have been measured with B >
0, we have then joined both color maps for an easier visualization of the simultaneous changes
of intensity.

Resonance 1 Resonance 2

249

B(T)

Fig4.12 a) False color map of the o+ and o- polarized interlayer components measured a) in Sample 1 in the
range of magnetic field corresponding to the first resonance. b) in Sample 1 in the range of magnetic field
corresponding to the second resonance. c) in Sample 2 in the range of magnetic field corresponding to the first
resonance. d) in Sample 2 in the range of magnetic field corresponding to the second resonance. The field
resolution is 0,01 T.The white dashed lines separates the o+ polarized emission acquired at positive magnetic
field from the - polarized emission acquired at negative magnetic field.
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Fig4.13 a) Interlayer photoluminescence spectrum measured on Sample 2 with an excitation power of P =
40 uW. Three features contributing to the spectrum have been indexed Integrated intensity of the three features
indexed in a) as a function of the magnetic field. Intensity extracted from the o- polarized data shown in b)
Fig(4.12.c) o-. ¢) Fig(4.12.d) o-. d) Fig(4.12.c) o+. €) Fig(4.12.d) o+.

In the case of Sample 2, the extinction of the 6- polarized component is not homogeneous across
the interlayer exciton spectrum but presents a “diagonal” profile. As an illustration, Fig(4.13.a)
shows the interlayer photoluminescence spectrum of Sample 2 at B = 0 T. The emission spans
over 14 meV and can roughly be decomposed into three features A,B and C : the first feature
is centered on E, = 1,380 eV, the second is centered on Ez = 1,387 eV and the third one is
centered on E; = 1,394 eV.

Fig(4.13.b to 4.13.e) shows the integrated intensity of these three features extracted from the
data presented in Fig(4.12.c and 4.12.d). For the o- polarized emission, the minimum of
intensity of the three features does not occurs for the same value of the magnetic field. The
feature A, centered at the lowest energy, vanishes for a smaller value of the magnetic field than
the feature B, which in turn resonates at a smaller magnetic field than the higher energy feature
C. This behavior is also observed in the raise of the intensity of the o+ polarized emission (cf
Fig(4.13.d and 4.13.e)). In other words, the lower the energy of a feature is, the lower its
resonant field. This example only considers three different energies, but the “diagonal” profiles
presented in Fig(4.12.c and 4.12.d) show clearly that this behavior is continuous over the whole
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Fig4.14 a) Interlayer photoluminescence spectrum measured on Sample 1 with an excitation power of P =
SuW. Three features contributing to the spectrum have been indexed. False color map of the o+ and o-
polarized interlayer component measured b) in Sample 1 in the range of magnetic field corresponding to the
first resonance. c¢) in Sample 1 in the range of magnetic field corresponding to the second resonance. d)
Integrated intensity of the three features as a function of the magnetic field. Values are extracted from the o-
polarized data shown in b). e) Integrated intensity of the three features as a function of the magnetic field.
Values are extracted from the o- polarized data shown in c).

width of the interlayer exciton, which means that it affects the individual emissions contributing
collectively to the interlayer photoluminescence spectrum.

In the case of Sample 1, the width of the exciton is lower (~4 meV) and we lack the spectral
resolution to see any “diagonal” profile. In order to broaden the interlayer exciton emission to
potentially observe a behavior comparable to the one observed in Sample 2, we have decreased
the excitonic power to P = 5 uW. We then apply the same method used in Fig(4.13) to extract
the intensity profiles of three different features and observe the same correlation between the
energy of the feature and the value of the resonant magnetic field, these data are presented in
Fig(4.14). The origin of the resonant phenomena as well as the analysis of the “diagonal” shape
of the intensity profiles are the main results of the work presented in this PhD and will be
discussed in more details in the following chapter.
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4.5/ Conclusion

In this chapter, we have presented the main results obtained on MoSe2/WSe; heterobilayers
samples aligned with 8 = 60°. We have shown the results of a power dependence measurement
in which we have tuned the power of the excitation source over three orders of magnitude, from
P =50 uWto P = 10 nW. This allowed us to highlight the influence of the surface excitonic
density over the shape the interlayer photoluminescence spectrum, to visualize the repulsive
exciton-exciton interaction presented in [Nagler 2017, Brotons-Gisbert 2021] and to propose
an explanation for the individual meV sharp emissions arising at low excitonic density that do
not rely on the moiré supercell theory. We have then shown the results of a photoluminescence
excitation experiment carried on Sample 1 in which the excitation energy has been tuned
between 4 = 650 nm and = 870 nm . We have measured an increase of the intensity of the
main excitonic peak when the excitation energy is tuned in resonance with the “bright” A
excitons of the constituent monolayers as well as possible resonances with the “bright” B
excitons. We have observed what seems to be a resonance with the trion complex of the MoSe>
as well as a resonant enhancement of the interlayer process via phonon emission in the WSe»
monolayer. We have also visualized evidences of a second interlayer state lying 30 meV above
the energy of the interlayer exciton. These results show that the intensity of the low energy
broad emission that we have attributed to excitons trapped in the strain field of the
heterostructure increase for excitation energies that are different detunes from the resonant
energies of the main interlayer excitonic peak. At this time, the origin of this detuning is still
unknown. Finally, this photoluminescence excitation experiment shows a strong correlation
between the energy position of the interlayer peak and the intensity of the emission, which is
directly dependent on the excitonic density. Lastly, we carried out a series of magneto-
photoluminescence experiments to observe the behaviour of the interlayer excitons under a high
magnetic field. We have measured magnetic field resonant anomalies in the intensity of the o+
and o- polarized interlayer emissions than can only be visualized a high magnetic field (around
B = 24 T) swept at a very low resolution (0,01 T). These phenomena have been consistently
reproduced across both samples and show a correlation between the energy of the individual
emissions contributing collectively to the interlayer photoluminescence spectrum and the value
of the resonant field.
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Chapter 5: Optical selection rules

and g-factors in TMD heterobilayers

5.1/ Introduction:

Before we start any discussion on the results presented in the previous chapter, it is capital that
we identify the recombination path of the interlayer exciton measured in our samples. While
previous works established that the electrons and holes forming the interlayer excitons were
respectively hosted in the MoSe; and WSe, monolayers [Yu 2015], discussion about the sub-
bands involved in the interlayer excitons recombination is recent [Brotons-Gisbert 2021]. This
is because the prerequisite to the identification of the interlayer exciton recombination path is
to know the value of the twist angle 6 between the two constituent monolayers. The evidences
of surface reconstruction presented in [Rosenberger 2020, Weston 2021, Phillips 2021]
reinforce the determinant character on 6 while [Parzifal 2021] have shown that the surface
reconstruction is a necessary condition for interlayer exciton formation. Thus, we consider that
our heterostructures are uniformly stacked in the configuration that is the most energy
favorable, which directly depends of 6. The two notable values of 6 are 0° and 60°
corresponding respectively to +K/+K and +K/-K valley alignment, which reverses the spin
ordering of the valence band. This means that in the case of heterostructures aligned with 6=0°,
the lowest energy recombination path is the spin singlet state (i.e. recombination involves sub-
bands with the same spin index) while in 60° aligned heterobilayers it is a spin triplet state (sub-
bands with a different spin index).

As explained in Chapter 1, the Zeeman shift of the exciton, described by the g factor, results
from the relative energy shift of the electronic band structure by a magnetic field B. In the 2019
paper [Seyler], the authors use Second Harmonic Generation to estimate the value of 6. They
perform magneto-photoluminescence experiments using resonant excitation and observe
different  magnitudes between the Zeeman shifts of interlayer excitons emitted from
heterobilayers aligned with =0° and 6=60° (respectively 0,18 and 0,50 meVT™) corresponding
to g factors of gg_oo = +6,7 and gg—eo- = —16. We have determined the alignment of our own
samples by comparing the observed Zeeman effect to these two values and established that our
heterobilayers were aligned with 6=60°. In this chapter, we want to make the point that together
with the excitation energy, the g factor is the key to the identification of the interlayer exciton
transition, and more generally to any excitonic recombination in TMDs. The sign and
magnitude of the g factor are characteristic of the recombination path and they are the only
information needed to identify the sub-bands involved in the interlayer exciton emission. We
will present a simplified model allowing us to estimate the g factor of different transitions in
heterobilayers based on experimental observations made in WSe; and MoSe, monolayers. This
will allow us to identify the recombination path of the interlayer excitons observed in Sample
1 and Sample 2.
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5.2/Estimation of the different contributions to the g factor

5.2.1/ General discussion

The action of the magnetic field on the energy of the bands involved in excitonic recombination
is considered as the addition of two contributions: gsthe spin contribution and gq the orbital
contribution, which describes the magnetic moment of a particle in this sub-band. In theory,
these parameters take different values for every sub-bands of the electronic band structure and
depend of the considered material. We would like however to detail a simplified model with
simple estimations of these two parameters based on experimental observations made in WSe>
and MoSe, monolayers.

First, we consider that gs and gq take the same value in MoSe; and WSe; : both of these materials
are formed of the same chalchogen Se and a metallic atoms from the sixth column of the
periodic table and their “bright” exciton has the same g factor g = —4 [Kopersky 2018]. This
consideration can also be extended to other TMDs: the “bright” exciton in monolayer WS> also
shifts with the magnetic field with = —4 . MoS; however cannot be considered from this
perspective as it has been shown that the Zeeman shift of the “bright” exciton in monolayer
MoS; is smaller (a value of g = —2 is reported in [Koperski2018] and can strongly depend on
the carrier concentration even at low residual doping [Klein 2021] .
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Fig5.1 Shift of the band structure of MoSe, with the magnetic field B a) in the valley +K b) in the valley -K

Spin-down sub-bands in the +K valley are shown as red dashed lines (spin-up sub-bands as red plain lines).
Spin-down sub-bands in the -K valley are shown as blue dashed lines (spin-up sub-bands as blue plain lines)
Each sub-band is indexed by its angular momentum J,. The contribution of g, and g, to the energy shift of the

bands are represented by the black arrows (cf legend). The shift of each band is written in eV as a function of
the magnetic field B(T). Shift of the band structure of MoSe, with the magnetic field B in the valley -K. Optical

gaps and conduction/valence band splitting energies are not up to scale.
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Secondly, we consider that the two contributions gs and gq are independent of each other. In
other words: in a given valley (+K for example), gs is only dependent of the spin index of the
sub-band. This means that gs can only take two different values: one in spin up bands gs"? and
one in spin down bands gs"°"" while gq, the orbital contribution, is independent of the spin.
Thus, gq also takes two different values: one in the conduction band g.°" and the other for the
valence band g¢®. As mentioned in Chapter 1, +K and —K valley transform into each other by
time reversal symmetry. This symmetry flips the spin index of the sub-bands, which implies:

gs' = —gdown = g Eq(5.1)

In the presence of a magnetic field, the time reversal symmetry is broken and the energy of the
bands at the two valleys +K and —K shifts, respectively towards the low and high energies.
Fig(5.1) shows the shift of the band structure at the +K and —K valleys of monolayer MoSe..
Each sub-band is indexed with the angular momentum quantity /, and the value of the energy
shift as a function of gs and gq. These values are independent of the spin orbit splitting which
mean that they also apply for WSe,, the only difference being the spin ordering of the
conduction sub-bands at +K and —K. As mentioned previously, our estimates of gs and gq are
based on experimental observations in WSe, and MoSe, monolayers. Indeed, cross-examining
the g factor of the different recombination paths allows us to separate the contributions of gs
and gq to the g factor and obtain approximated but robust estimations of the two parameters. It
is to be noted that we will use the formalism introduced by Fig(5.1) all along this chapter : spin
up/down sub-bands will be represented with plain/dashed lines and the band structure of a +K/-
K valley will be pictures with red/blue line. We will index each sub-bands by their angular
momentum J, and by their shift in energy as a function of uzB.

5.2.2/ Estimation of the orbital contribution ggq

Contrarily to the spin factor, which only contributes to the g-factor in the case of spin “dark”
optical transitions, the orbital factor gq always contributes to the g factor regardless of the
recombination path since excitonic recombinations involve by definition a conduction and a
valence sub-band. The two values of the orbital parameter g5°™® and g%* are estimated by
comparing the g factor of two different recombination paths in the monolayer: the spin singlet
state (“bright exciton”), which has been measured many times in both MoSe; and WSe>
monolayers [Koperski 2018], and the spin “bright” intervalley exciton, which recombines by
interacting with phonon mode and has been measured in monolayer WSe, [He 2020]. These
two recombination paths have already been presented in Chapter 1 but we will consider them
in the context of this simplified model : the two g factors are equivalent to a set of two
equations with g°™® and g¥% as parameters .

First, let us consider the spin bright exciton recombination in MoSe, and WSe, monolayers.
These two materials have been studied extensively and we will consider that gl’f’r‘zgfft =

wSs
Iorigne = Ibrigne = —4 . A negative value of gpi% ., means that Eflf ;. (o +), the ot

polarized component emission from the TMD +K valley shifts from its original energy E,
toward lower energy with the magnetic field. Conversely, Ej%;,,(c —) theo- polarized
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MoSe, spin singlet state
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Fig5.2 Band structure of monolayer MoSe; at +K and —K valleys. Black arrows represent the recombination
path of the spin singlet state. The recombination path at +K/-K point is indexed with the change of angular

momentum 47279 (+K) and the energy E}l: ne (o £) of the photon emitted by the exciton recombination.

component emission from the TMD +K valley, shifts toward higher energy. According to
Eq(1.19), the g factor is defined as:

brlght(o- +) Ebrlght(a ) g%’LightHBB = _4.uBB ECI(S-Z)

Fig(5.2) shows the zero field band ordering at K and —K points of MoSe; , the relative
movement of the bands with the magnetic field is written next to each sub-band as a multiple
of ug B. The sub-bands are indexed by their angular momentum J, , defined modulo 3, and their
energy shifts as a function of the magnetic field B(T). The “bright” exciton recombination path

at +K point is marked as a black arrow and indexed with the change of angular momentum
AJP"9M (£K) and the energy Ejrione(o £) of the photon emitted during the exciton

recombination. Since the bright exciton recombination involves sub-bands of the same spin,
only gq contributes to the g factor, we can thus establish:

brlght (0 +) - EO * (gcond ggal).uBB ECI(SB)

The expression of the g factor is written as:

gML Ebnght(a"') Ebnght(a )
bright — 1gB

chond ngal —4 Eq(54)

We consider now the WSe: intervalley transition as presented in [He 2020]. Here, the electron
switches valley by the emission of a phonon with a PAM = +1. Fig(5.3) shows the band
ordering of monolayer WSe; at the +K and —K valleys, the valley transfer are represented as
dashed arrows, and the intervalley recombination path by black arrows. Otherwise, the
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Momentum-dark intervalley exciton in
WSe, brightened via chiral phonon
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Fig5.3 Band structure of monolayer WSe; at +K and —K valleys. Black arrows represent the recombination
path of the intervalley exciton. The red and blue dashed lines represent the intervalley transfer of the electron
by phonon emission.

formalism is the same as in Fig(5.2). Magneto-photoluminescence experiments [He 2020] have

.. . . . . . interlayer __
shown that this intervalley exciton shifts with the magnetic with a g factor of g, ,,, " =
—12.

There again the transition involves sub-bands with the same spin and only gq contribute to the
g-factor, thus :

Eprigns (0 £) = Eg & (=98 — g§*)usB Eq(5.5)
The g factor is written as:
GhmenT = ~2g5m — 2g3et = 12 Eq(5.6)

Which, combined with Eq(5.4) gives us the following system:

ggond _ g(li;al = -2
{gé"”d+95“’ = +6 FaeD)
Which give us the values for g5°™¢ and g5® :
gcond =2
{ gdml 4 Eq(5.8)
val —

5.2.3/ Estimation of the spin contribution gs

To approximate gs, we consider the spin triplet exciton recombination measured in monolayer
WSe, and monolayer MoSe,. As explained in Chapter 1, “dark” exciton in WSe> have been
studied extensively and magneto-photoluminescence experiments have estimated the absolute

value of its g factor gt';';iekz to be equal to |g| = 8 in MoSe2 ML [Robert 2020] and |g| = 8 in
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WSe> ML [Molas2017, Zhang 2017]. Fig(5.4) shows the zero field band structure at +K and —
K points , the recombination path in represented by a black arrow. As explained previously, it
is not possible to define the g factor in the same way as the spin singlet state because selection
rules show that the “dark” excitons propagate within the plane of the TMD layer unless
brightened by an external magnetic field applied in the parallel direction. However, as it is
shown on Fig(5.4), it is clear that E}'-. (K +), the energy of excitons emitted in the +K valley
shift towards lower energies ( and EX%, (K —) than the energy excitons emitted in the —K
valley towards higher energies).

dark(K ) - EO - (gcond - ggal + zgs)ﬂBB

We will thus keep the formalism introduced in Eq(5.2) and define g2k, as:

ML (k+)-EML . (K-)
gg[aer = —dark ”BBda : EQ(S-lo)

This pseudo g factor is negative and, combined with the experimental values presented above,
we can write:

Jaark = 298" — 295 + 293" — 29" = -8 Eq(5.11)

Which, combined with Eq(5.4), gives the following approximation for g, = +1.

WSe, spin triplet state

+K -

+3/2 (g™ g B (~g™ g5 )upBe, ;—3/2
\\\ I)
e’
+1/2% @8 g meB  (—gim i+ g.)usB -1/2
LY
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Fig5.4 Band structure of monolayer WSe; at +K and —K valleys. Black arrows represent the recombination
path of the spin triplet state. The recombination path at +K/-K point is indexed with the change of angular
momentum AJ2%* (+K) and the energy EXYE, (o ) of the photon emitted by the exciton recombination.

5.3/Estimation of the g factor in TMD heterobilayers

5.3.1/ General discussion

As explained at the beginning of this chapter, twisting the two constituent monolayers defines
the alignment between the K points of the first and second layer. In the case of Sample 1 and
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Sample 2, we have observed a Zeeman shift of 0,5meVT™! for the interlayer exciton
,corresponding to a g factor with an absolute of |g|=16. Moreover, we have shown that the sign
of the g-factor of the interlayer exciton is negative by comparing the Zeeman shift of the
interlayer and intralayer excitons. Thus, we have established that our samples were aligned with
0=60° based on comparison with [Seyler 2017] which correspond to the R stacking
configuration. We will now justify this choice by applying the model detailed earlier to TMD
heterobilayers.

According to Fig(1.24), most heterobilayer built with a combination of TMDs with S, Se and
Te as a chalcogen and W and Mo as a metal result in a type Il heterostructure. We consider a
TMD heterobilayer MX21/MX,2 where MX! is the layer hosting the electrons and MX2? the
layer hosting the holes of the exciton. Since TMDs are commonly divided into two categories
(bright and dark materials), there are four possibilities for MX2Y MX,2: bright/bright, dark/dark,
bright/dark and dark/bright. However, the angular momentum and energy shift of the band
structure with the magnetic field are independent of the spin-orbit coupling of the material.
Thus, we only need to consider the two cases of spin singlet and spin triplet recombination in
TMD heterostructures. In the following part, we will establish the selection rules and estimate
the g-factors of these two recombination paths, presented in Fig(5.5), in the case of 0° and 60°
aligned heterostructures.

a) MoSe,/WSe, heterobilayer b) MoSe,/WSe, heterobilayer
0° alignment 60° alignment
MoSe, MoSe, MoSe, MoSe,
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Fig5.5 Band structure of an MoSe,/WSe; heterobilayer aligned a) with 6=0° (+K on +K). b) with 6=60° (+K
on -K). The interlayer spin singlet recombination path is represented by a plain black arrow while the spin
triplet state is represented by a dashed black arrow.

5.3.2/ Selection rules and estimation of the g factor in 0° aligned heterobilayers

Fig(5.6) shows the band structure of a MoSe2/WSe: heterobilayer aligned with 6=0°, black
arrows show the singlet spin recombination path. Each sub-band is indexed by its angular
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momentum J,, defined modulo 3, and by its energy shift with the magnetic field B. Just like in
monolayer MoSe>, the lowest energy state corresponds to the interlayer singlet spin state. The

calculation of the angular momentum of this recombination path shows 4J5"9'* = +1 in the
+K valley and 475™9%" = —1 in the —K valley. These are the same selection rules as for
monolayer TMDs. Since the recombination involve sub-bands with the same spin and valley
indices, the energy shift of the exciton emitted in the +K valleys E/"*7'Y" (5 +)is written:

singlet

EITLterlayer( +)=E, + (gcond _ gZaI)MBB Eq(5.12)

singlet

Interlayer

This expression is equivalent to the one shown in Eq(5.3) and thus the g factor g, ;10,~  iS

defined as in Eq(5.4) :

Interlayer Interlayer
Interlayer __ ~'singlet ( +) Emglet ( )

singlet ,LLBB

cond

— zgd val _ —4

- 29 - gbrlght

Eq(5.13)

This means that recombination of the spin singlet state is allowed in heterobilayers aligned 6=0°
with an expected g factor glnterlayer

singlet

excitons in TMD monolayers.

= —4, which is exactly the same behavior as “bright”

MoSe,/WSe, heterobilayer
0° alignment spin singlet state
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Fig5.6 Band structure of a MoSe,/WSe, heterobilayer aligned with 6=0° (+K on +K). Black arrows represent
the recombination path of the interlayer spin singlet state.

We consider now the spin triplet recombination path. Fig(5.7) shows the band structure of a
MoSe,/WSe: heterobilayer aligned with 6=0°, black arrows show the triplet spin recombination
path. There again, just like in monolayers of TMDs, the recombination shows 475" = 0 at

both +K and —K point, which means that in 0° heterobilayers , the spin triplet transition has no
projection of angular momentum along the out of plane direction of the heterostructure.
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The selection rules of the interlayer spin triplet state are the same as the “dark™ exciton in
monolayers, we apply formalism introduced if Eq(5.9) and Eq(5.10) to write the energy of the

excitons emitted in the valley +K ET57 'Y (K +)

triplet
Elfea” (K £) = By £ (8™ — g5 — 295)upB Eq(5.14)
Which gives by definition a negative value of the g factor g;ff;{elfy s
iertayer _ Eiglal” (0Tl 10 Fa(5.15)
Goiptee | = 208 = 295 + 298" — 297 = gl = —8 Eq(5.16)

In the case of heterostructures aligned with 6=0°, this simplified model that the interlayer
singlet and spin triplet states have the same selection rules as bright and dark excitons emitted
in TMD monolayers. This weakness of the model results from our presupposition: we
considered that the orbital contribution gq and the spin contribution gswere the same in MoSe>
and WSez. Thus, a MoSe2/\WSe; heterostructure aligned with 6=0° has the same properties as a
regular MoSe, monolayer, with a reduced energy of the optical gap due to the alignment with
the WSe> monolayer. Thus, this model fails to describe the interlayer exciton g factor value

genter'aYer = 16,7 observed in [Seyler 2017, Holler 2021, Joe 2019]. We will see in the

following paragraph that this is not the case with heterostructures aligned with 6=60°.
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Fig5.7 Band structure of a MoSe,/WSe, heterobilayer aligned with 6=0° (+K on +K). Black arrows represent
the recombination path of the interlayer spin triplet state.

5.3.3/ Selection rules and estimation of the g factor in 60° aligned heterobilayers

In the case of heterostructures aligned with 6=60°, both valleys of the heterobilayer are the
combination of +K and —K valleys of the monolayers. Fig(5.8) shows the band structure of a
MoSe,/WSe: heterobilayer aligned with 6=60°. Like the band structure of monolayer WSey,
the lowest energy optical transition corresponds to a spin triplet state. Each sub-band is indexed
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by its angular momentum J, , defined modulo 3,and the value of its energy shift as a function
of gs and ga. The combination of the -K valley of the MoSe: layer and the +K valley of the WSe>
layer is defined as the interlayer valley +K' since the top of the valence band involve a spin-up
sub-band. Conversely, the combination of the MoSe, +K valley and WSe; —K valley layer is
defined as the interlayer valley -K' since the top of the valence band involve a spin-down sub-
band.

Interlayer +K' valley Interlayer -K* valley
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Fig5.8 Shift of the band structure of a MoSe,/WSe; heterobilayer aligned with 8=60° with the magnetic field
B a) at the interlayer valley +K'. +K'is defined as the superposition of MoSe, conduction band in the —K valley
(blue lines) and WSe; valence band in the +K valley (red lines). Spin-down sub-bands are shown as dashed
lines (spin-up sub-bands as plain lines). b) at the interlayer valley -K'. -K' is defined as the superposition of
MoSe; conduction band in the +K valley (red lines) and WSe, valence band in the -K valley (blue lines).
Fig(5.9) shows the band structure of a MoSe2/WSe; heterobilayer aligned with 6=60°. The spin

singlet state recombination path is represented by a black arrow. The interlayer emission shows
a change of angular momentum 475™9%" = —1 in the +K! valley valley and A/5™9'" = +1 at
the +K' valley. This is the opposite to what is observed in TMDs monolayers : the interlayer
singlet state couple with - polarized light at the interlayer +K' valley and with o+ polarized

light at the interlayer —K' valley.

This apparent reversal of the selection rules is not the result of our definition of the interlayer

valleys +K//-K' : indeed, the g factor g i cra¢”*" does not depend of the definition of the valley

, it only depends on the energy shift of the two oppositely polarized emission E;;‘,f;g;‘y" (o 1).

Einterlayer(o_ i) — EO + (ggond + ggal)‘uBB Eq(5_17)

singlet

interlayer

singlet IS Written as :

The expression of g
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Fig5.9 Band structure of a MoSe,/WSe, heterobilayer aligned with 6=60° (+K on -K). Black arrows represent
the recombination path of the interlayer spin singlet state.

Goimgret . = Esingtee (@ +) = Egpetet™ (0 =) = 294" + 293" Eq(5.18)
Which, considering our estimation for the gq¢ and gs parameters results in a positive value of
interlayer .
singlet
GumorlaYT = 2 x 4+ 2% 2 = +12 Eq(5.19)

As presented in Tab(1.8), there are experimental evidences of this positive value of the g factor
g = +12 . [Wang 2019] shows the results of a magneto-photoluminescence experiment on a
MoSe,/WSe; heterostructure aligned with 6=60°. The interlayer exciton photoluminescence
spectrum shows two features that shift with the magnetic field at a different rate.
Experimentalists do not seem to have characterized the polarization of the emitted interlayer
excitons, they only discuss the absolute value of the two g factors |g;| = 15,3+ 0,2 and
lg.| = 10,7 + 0,2 . The magnitude of g, is close to 16, which would correspond to the g factor
of -16 reported in other publications [Seyler 2017, Nagler 2017, Holler 2021, Baek 2020] while

interlayer

singtet. - 1S is confirmed

the magnitude of g, is also very close to the expected value of g

by other results of magneto-photoluminescence experiments shown in [Brotons-Gisbert 2021]
. the interlayer exciton photoluminescence spectrum also presents the two features and
polarization analysis of the emited excitons indeed shows that the g factors of the two features
are g, = —15,71and g, = +12,24. Finally, magneto-PL data on a R stacked WSe2/WS, HBL
[Montblanch 2021] also reports two different magnitude of the g factors |g;| = 15,4 and
|g1| = 11,8 but do not specify the sign.
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Fig5.10 Band structure of a MoSe,/WSe, heterobilayer aligned with 0=60° (+K on -K). Black arrows represent
the recombination path of the interlayer spin triplet state.

We have shown in Chapter 1 how the reported g factors of spin singlet excitons emitted in TMD

interlayer

monolayers take a negative value. The predicted value of g, ..~ =+12 and the
experimentally measured value of g ieroe o> = —12 have the same magnitude but different

signs. This is because both of these recombination paths involve a conduction and valence
bands with the same spin index as well as a different valley index and thus the magnitude of
the g-factor is equal to |g| = 2g5°™¢ + 2g5* . The difference is that in the case of the
interlayer exciton, this set of sub-band is direct in momentum whereas the intervalley exciton
IS @ momentum indirect transition that requires the emission of a phonon with a PAM = +1
for satisfying the momentum conservation.

The last recombination path to consider is the interlayer spin triplet state. Fig(5.10) shows the
band structure of a MoSe2/WSe; heterobilayer aligned with 6=60°. The recombination path of
the spin triplet state is represented by black arrows. The interlayer emission shows a change of

angular momentum A7t = 41 in the +K valley and 4] *** = —1 in the -K! valley. This
is the capital difference compared to monolayer TMDs, in which the spin triplet recombination
path is forbidden by the selection rules, and +K/-K aligned heterobilayers, in which both singlet
and spin triplet state recombinations are allowed.

interlayer

wripter . (0 £) of the o £ polarized excitons emitted in the +K {

We write the energy E
interlayer valley:

Einterlayer(o_ +)=E, + (_ggond _ ggal —29)ugB Eq(5.20)

triplet

The recombination involve sub-bands with different spin indexes and different valley indexes.
This means that the contribution to the g factor of g5°"#, g% and g, add together. The g

interlayer

triplet is therefore maximized:

factor of the interlayer spin triplet state g
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interlayer
interlayer __ “triplet (o+)-E

interlayer(a__)
triplet UBB

triplet

—295°"* — 294 —4g; Eq(5.21)

Which, considering our estimations for the gq and gs parameters gives an estimated value for

interlayer .,
singlet

ginterlayer = 2X4—-2%2—4%X1=—-16 Eq(5.22)

triplet

This magnitude of the g factor is the highest value of all the available recombination path in a
MoSe,/WSe: heterostructure aligned with 6=60°. We can thus assign the emission of interlayer
exciton measured on Sample 1 and Sample 2 to the interlayer spin triplet state. This is consistent
with the conduction band ordering of monolayer MoSe: in which the recombination path of
lowest energy is the spin triplet state, the energy of the spin singlet state is superior because of
the conduction band spin-orbit splitting.

In the magneto-photoluminescence experimental results presented in Fig(4.10) of Chap(4), the
sample has been cooled to a temperature of T=4,5 K. As such, characteristic scale for thermal
fluctuations in the MoSe2 conduction band is :

ksT = 0,086 X 4,5 = 0,387 meV Eq(5.23)

This value is lower than the separation between the “bright” and “dark™ excitons in monolayer
MoSe; reported in [Robert 2020, Lu 2020] to be equal to —1,4 meV. At this temperature, only
the low energy spin triplet state is populated while the spin singlet state is empty. In [Wang
2019], the photoluminescence spectrum showing both the singlet and spin triplet state has been
measured with a sample temperature of T=77K, which imply kgzT = 0,086 X 77 =
6,622 meV. At this temperature, both the singlet and spin triplet are populated and correspond
to the two peaks shown in their magneto-photoluminescence results. [Brotons-Gisbert 2021]
does not precise the temperature of the sample during the measurements.
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5.4/ Conclusion

Before this discussion on the significance of the g factor, we had established that our samples
were aligned with 6=60° (R stacked) based on comparison with results presented in [Seyler
2017]. In this chapter, we have justified this assignment by defining the selection rules of
interlayer excitons for the singlet and spin triplet states in heterostructures aligned with 6=0°
and 0=60°. We have presented a very simple model of TMD heterobilayers based on
experimental observations in WSe, and MoSe, monolayers to estimate the value and the sign
of the g factor for a given recombination path. We have applied this model to the case of a
MoSe,/WSe: heterobilayer and compared our predictions to the results found in [Seyler2017,
Nagler 2017, Holler 2021, Baek 2020,Wang 2019, Brotons-Gisbert-2021]. While this model
fails to describe the interaction of the band structure with the magnetic field in an heterobilayer
aligned with 6=0°, it provides an estimation for the g factor of the singlet and spin triplet states
in heterobilayers aligned with 6=60°. The g factor of -16 observed in the results the magneto-
photoluminescence measurements on Sample 1 and Sample 2 thus corresponds to the spin
triplet interlayer exciton.
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Chapter 6: Interlayer exciton-phonon magneto-resonance

6.1/ Introduction:

We have assigned the interlayer exciton measured on our +K on —K aligned heterobilayers to
the spin triplet state. This transition has the particularity to maximize the exciton g factor, as
such, we have measured a value of g = —16 in both our samples, which is the highest value
measured in TMDs. In this chapter, we will explain the resonant intensity anomalies presented
in Chapter 4. We will show that the high value of the g-factor allows us to bring the Zeeman
energy of the interlayer excitons to values unattainable using monolayer TMD systems.
Notably, it is possible to tune Ez in resonance with the chiral phonons modes of the constituent
monolayers which opens a relaxation channel between the two oppositely polarized interlayer
emissions. We will describe precisely the intensity anomaly observed in Sample 1 and Sample
2 and explain the arguments pointing toward this exciton-phonon interaction. We will then
present the details of this relaxation process, the energy and angular momentum conservation
conditions, as well as the limits of our reasoning. We will show our attempts to measure the
Raman scattering signature the phonon modes involved in this interaction. Finally, we will
focus on the “resonance profile” of the intensities anomalies. As presented in Chapter 4, the
value of the magnetic field for which the intensity of the interlayer exciton is minimum is not
the same across the energy range of the interlayer exciton PL spectrum. This profile is
particularly visible in the case of Sample 2 (cf Fig(4.12.c and d)), since its interlayer emission
peak is larger. Magneto-photoluminescence measurements at low excitation power also point
toward the same behavior in Sample 1 (cf Fig(4.14)). We will show that these profiles are the
consequence of the local fluctuations of the optical gap and that their “diagonal” shape is
coherent with the expression of the orbital contribution to the g-factor. To conclude, we will
extract the relationship between the g factor and the energy of the single interlayer excitons,
which collectively give rise to the interlayer exciton photoluminescence spectrum. The results
presented in this chapter have been published in [Delhomme 2020].
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6.2/ Description of the observed resonances

6.2.1/ Zeeman energy:

Fig(6.1) shows the magneto-photoluminescence spectra of the interlayer excitons measured in
Sample 1 and Sample 2 when the magnetic field is swept across the resonances . The integrated
intensity of each interlayer emission is superimposed on its color-map . The sharp decrease of
the intensity of the o- polarized component and the rise of the intensity of the o+ polarized
components are synchronized. In the case of Sample 1, the first resonance R1 occurs for a
magnetic field of BX! = 24,00 + 0,01 T, and the Zeeman energy of the interlayer exciton is
Ez5; (B =24T) =223 % 0,2 meV. Inthe case of Sample 2, the extinction of the c- polarized
emission is not homogeneous over the whole PL spectrum. However, the resonance of the main
interlayer peak which occurs for a magnetic field of BE' =24,25 + 0,01 T, and the
corresponding Zeeman energy is Ezgzl (B=2425T) =22,4 +£0,2meV. The second
resonance R2 is observed for higher magnetic field, at BX? = 24,62 + 0,01 T and B& =
24,89 + 0,01 T in the case of Sample 1 and Sample 2, respectively. This correspond to a
Zeeman energy of E;:(B = 24,62T) = 22,9 + 0,2 meV and E . (B = 24,89T) = 22,8 +
0,2 meV.

It is quite clear from these observations that the resonances occur once the Zeeman energy
reaches a well-defined value, 22,3 + 0,2 meV and 22,9 + 0,2 meV for the first and second
resonance respectively. Since this energy is defined as E; = gugB, it is clear that the values of

Resonance 1 Resonance 2

08
E
06 =
2450 2455 2460 2465 2470 2475 2480 6
B(T =
() 04 =
0,2

24.0 24.1 24.2 24.3 24.4 24.5 24.7 24.8 24.9 25.0 251
B(T) B(T)

Fig6.1 Magneto-photoluminescence false color maps of the interlayer exciton measure in Sample 1 a) and b)
and Sample 2 c) and d). The magnetic field is swept across the range of Resonance 1 for a) and c) and
Resonance 2 for b) and d). The white curves represent the normalized intensity of the interlayer excitons.
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Eceman ObServed in Sample 1 and Sample 2 are only reachable through the combination of the
high g-factor and a high magnetic field. This explains why such resonances have never been
observed before in monolayer TMDs. The absolute value of the g-factor for “bright” excitons
in monolayer TMDs is | gpts 5| = 4, which is four times lower than the g-factor of spin triplet

interlayer excitons | g,f’r%let| = 16. In order to tune the Zeeman energy of monolayer “bright”

excitons to the values of EZSI/S2 and EZS1/52' the applied magnetic field would have to be four

times as strong, between 97 T and 98 T. Such values of B are well above the capacity of any
continuous field facility in the world and near the limit of what is possible to reach with a pulsed
field. For comparison, the mention of the highest pulsed magnetic field applied to monolayer
TMDs is found in [Goryca 2019] which shows the absorption spectra of monolayer WS, and
MoS; for fieldsup to |B| = 65 T.

6.2.2/ Width of the resonances

The second characteristic of these processes is the sharpness of the interaction which implies
that E, is brought into resonance with very well defined modes. According to our magneto-
photoluminescence results, FWHM of the first resonance is ABE! = 0,17 4+ 0,02 T for Sample
1 and seems to be larger for Sample 2 with ABX! = 0,20 + 0,02 T. The FWHM of the second
resonance is lower in Sample 1 (AB¥? = 0,15 + 0,02 T) and in Sample 2 (4B%? = 0,15 +
0,02 T). The fluctuation introduced on the value of E; by this variation of the magnetic field
is also very small : considering a value of the g factor rounded to |g#5L5°| = 16, AB = 0,2 T

and AB = 0,15 T respectively correspond to a fluctuation of 4E, = 0,19 meV and 4E, =
0,14 meV which is of the order of our error bars in the measurement of E.

AE, represents the energy scale on which the interaction is effective and is hence representative
of the spectral width of the interacting mode. FWHM of 0,19 meV and 0,14 meV are one order
of magnitude lower than the intrinsic linewidth of intralayer excitons in TMDs [Caditz 2017]
which makes excitonic transitions unlikely candidates for the modes involved in the resonance
process . These values of FWHM are more in line with the reported width of phonon modes in
monolayer TMD. This points toward a resonant exciton-phonon interaction in which the
interlayer exciton Zeeman energy would be tuned by the magnetic field to reach the value of
defined phonon modes of the constituent MoSe, and WSe> monolayers (two layers
corresponding two modes and thus two resonances). It is important to stress that the resonances
are not a threshold effect: the intensity of both the 6+ and o- polarized emissions come back to

their original values when E, becomes higher than EZS1/52 and 5251/52

6.3/ Magnetic field resonant exciton phonon interaction

6.3.1/ Excitonic angular momentum flip

Fig(6.2) shows the band structure at the +K* valleys of a MoSe2/WSe; heterobilayer aligned
with 0=60°, the triplet state recombination paths in both valleys are pictured by black arrows.
When Ejceman 1S brought to the value of 5251/52 and E251/sz' a relaxation channel opens

between the high energy o- polarized emission in the -K ¢ interlayer valley and the lower energy
o+ polarized emission in the -K* interlayer valley. This relaxation requires switching the spin
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Fig6.2 Band structure of a MoSe,/WSe, heterobilayer aligned with 6=60° (+K on —K). The black arrows
represent the recombination path of the interlayer spin triplet state. The changes of intensity observed at
Resonance 1 and 2 are seen as the relaxation of the ¢ — polarized emission onto the mower energy o +
polarized emission (bold black arrow).

component of both the electron and the hole constituting the o- polarized interlayer emission,
or as flipping the angular momentum of the o- polarized interlayer emission from

A]Zinterlayer (_Kl’) = _1to A]Zinterlayer (_I_Ki) = +1.

triplet triplet

The latter is very similar to the case of an exciton-phonon interaction recently measured in
TMD monolayers [He 2020, Zinkiewicz 2021]: the brightening of the momentum dark
intervalley exciton/trion by emission of a chiral phonon mode (cf Chapter 1 and Chapter 5), .
In this case, the PAM = +1 carried by the phonon is necessary for the recombination to take
place and the phonon-electron interaction is nonresonant. However, according to our
comparision between the angular momentum quantity of the original bands and virtual

recombination paths (cf Fig(5.3)), 4/E" effectively does switch the angular momentum of the

optical transition from A7y = _1 to AjMV*HeY = 41 during the transfer of the

electron from the +K valley to the —K valley. As such, these E'’ in plane chiral phonon modes
emerge as the prime candidates for the resonant exciton-phonon interactions observed in
Sample 1 and Sample 2.
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It is complicated to get a relevant reported value of the energy of E”’ since these modes are not
Raman active in TMD monolayers. [Soubelet 2021] shows the Raman spectrum of a MoSe>
bilayer : the E> peak is centered on Ej;,s., = 170 cm™! corresponding to an energy of
21,1 meV. In the case of monolayer WSe;, [Luo 2013] proposes a calculated value of Ejyg., =
175,96 cm™1at the I" point of the WSe> Brillouin zone, which correspond to an energy of
21,8 meV, while [Kim 2017] shows an experimental values of 175 cm™? for the equivalent
E;, mode in a few layers WSe, sample. These two energies are close to the values of the

Zeeman splitting at E; , and Ez; /,, and the small differences between our measured values

of Eyose2 and Eyy g, and the one found in the literature can be attributed to the influence of the
dielectric environment. [Soubelet 2021] considers a non encapsulated homo-bilayer of MoSe>
while our system consist of a monolayer of MoSe> coupled to a monolayer of WSe, and
encapsulated in h-BN. Likewise, our system is quite different from the one considered in [Luo
2013]which proposed a calculated value of Ej ., for an isolated WSe, monolayer. Note
however that the energy difference given in the literature between Ej;ys., and Ejyg., iS Very
close to the difference between our experimental values of E,®' _ and E,%* _ (4E =

S1/82 $1/52
0,7 meV).
6.3.2/ Description of the effect

We thus propose the following explanation for the field resonant relaxation processes observed
in Sample 1 and Sample 2. Because of the high g factor of the interlayer spin triplet excitons
characteristic of'the 6=60° aligned heterobilayers, the Zeeman energy split of the two oppositely
polarized components of the interlayer exciton can be tuned to the values of E,;,s., and Ejyse,
by a high magnetic field. Fig(6.3) shows a schematic of the relaxation process : when the
applied field is equal to Bfll/;(;2 ~ 24 T , a relaxation channel opens between the o- polarized
state characterized by the angular momentum AJ2~ = —1 to the o+ polarized state lying
22,3 meV below and characterized by the angular momentum A4J2~ = +1. This relaxation
results in the emission of a MoSe> E’’ chiral phonon mode with an energy of Ejyg00 =

EZ§11 52 = 22,3 meV. The momentum conservation is assured by the pseudo angular
momentum (PAM) carried by the phonon 4/%57¢., = +1 . Since J,, is defined modulo 3 :

A, =] = JEoser =—1—(+1) = —2 = +1 = Jg* Eq(6.1)

When the magnetic field is raised to B =~ 24,3 T, the Zeeman energy E, is tuned out of
resonance with E;, ., and the relaxation channel closes. The same phenomenon appears when
B§12/52 ~ 24,7 T : the Zeeman energy is tuned this time in resonance with the energy of the

WSe chiral phonon mode (Eyysez = Ezgy /5, = 22,9 meV).

This explanation works well when considering the interlayer exciton as a bound state purely
characterized by its angular momentum AJ2+ and energy E,. However, it no longer holds when
considering individually the electron and the hole forming the exciton. As shown previously in
Fig(6.2), these resonant relaxation processes require the transition of the electron from the
MoSe; spin-up conduction sub band in the - K* interlayer valley to the MoSe; spin-down
conduction sub band in the +K* interlayer valleys. The same process is required for the hole,
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Fig6.3 Schematic of the magnetic field resonant relaxation processes observed in Fig(1), the energy difference
between the o — polarized emission (blue line) and the o + polarized emission (red line) is tuned in resonance
with the energy of the E*” chiral phonon mode of the MoSe: layer, the relaxation canal open (black arrow) with
the emission of Ey,s., (brown arrow). The same process occurs at higher field by an interaction with the E**

chiral phonon of the WSe; monolayer.

which transfers from the WSe, spin-down valence sub band in the - K¢ interlayer valley to the
WSe; spin-up valence sub band in the +K* interlayer valley. This means that the angular
momentum of the bands holding both particles is flipped during the relaxation, which is not
possible in a single phonon process. A two phonon process (one for each particle of the exciton)

is not coherent with our experimental observations since EZ§11 /52 and Ezglz /52 are respectively

equal to the energy of a single Ej;,s., and Eys., mode. This points toward a change of the
exciton angular momentum as a whole and not as of its individual components.

6.4/ Measurement of the E’* chiral phonon modes

6.4.1/ Raman spectroscopy

The proposed mechanism implies a phonon emission that we have tried to detect in the Raman
scattering response of the HBL in magnetic field. We have made two tentatives to image the
E’’ chiral phonon modes of MoSe; and WSe>. Fig(6.4) shows Raman spectra taken at different
locations of Sample 2. The first spectrum has been taken on the monolayer area of MoSe2 and
shows the A’; Raman peak of MoSe», no traces of Eyy,., is seenaround 170 cm™2. The second
spectrum is taken on the monolayer WSe; area and also show the A’; Raman peak of WSe; and
no trace of Ejy,, near 176 cm™1. The third location is on the heterobilayer which show the
attenuated A’; modes of both monolayers but no additional peaks corresponding to the chiral
modes.

6.4.2/ Doubly resonant Raman spectroscopy
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Fig6.4 Raman scattering spectrum measured at three different locations of Sample 1. The red and blue lines

show spectra taken on the WSe; and MoSe; monolayers. The black line shows a spectrum taken on the
heterobilayer.
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Fig6.5 Raman scattering Stokes (right) and anti-Stokes (left) spectra measured on the heterobilayer area of
Samplel. The modes o, and y correspond to resonant Raman modes appearing in resonant excitation
conditions (cf Ref(Zhang 2015)).

Our second attempt focuses on the measurement of the E’” phonon emitted during the resonant
relaxation processes described above. Considering that the angular momentum flipping of the
exciton requires the emission of a phonon carrying a PAM 4JIP = +1, we have carried out
Raman spectroscopy measurements on Sample 1 while the magnetic field is tuned to the values
of BE! /52 and B§12/52. The excitation energy is tuned in resonance with the WSe, B exciton

similarly to the experimental conditions shown in [McDonnel 2021]. This resonant excitation
is favorable for detailed Raman scattering spectroscopy as the efficiency of the Raman
scattering processes is enhanced by the strong absorption leading to the observation of
additional peaks in the Raman scattering spectrum. Fig(6.5) shows the Stokes and anti-Stokes
spectra of the heterostructure area of Sample 1 under this resonant excitation. The Stokes
spectrum shows the A’; modes of MoSe, and WSe; at 244 cm™! and 259 cm™? as well as the
exalted E' mode of WSe, at 252 cm™. The three peaks o, p and y located at 223 cm™1,
376 cm™! and 398 cm™! corresponds to resonant Raman modes appearing in resonant
excitation condition [Zhang 2015].Despite our efforts, we were unable to measure any anti-
Stokes signal corresponding to a phonon mode.

Fig(6.6) shows the magneto-Raman spectrum of Sample 1 for magnetic field ranging from B =
24,0 T to 24,7 T with steps of 0,05 T, this field range cover both resonances. The magnetic
field has no effect on the energy position of the peaks already visible. Furthermore, we do not
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observe the appearance of supplementary Raman peaks emerging at Ej;,s., = 170 cm™ nor
at Ejys., = 175,96 cm™1. We have also measured the anti-Stokes spectrum of Sample 1 for the
same range of the magnetic field: there are no signs of any new contribution to the Raman
scattering spectra at the resonant conditions. We thus fail to measure Raman scattering signal
that would illustrate the expected phonon emission.
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Fig6.6 Magneto-Raman Stokes spectrum measured on the heterobilayer area of Samplel. The magnetic field
is swept from 24,0 T to 24,7 T with a step of 0,05 T across both resonances.

6.5/ Resonance intensity extinction profile

6.5.1/ General discussion

The diagonal profile of the resonance is the most unexpected consequence of the moiré
reconstruction. As explained in Chapter 4: the excitation spot has a diameter of 1um while the
characteristic length of the homogeneous domains formed by the moiré surface reconstruction
is of the order of 50 nm [Rosenberger 2020]. This means that our setup is collecting photons
emitted from interlayer excitonic recombination stemming from a thousand of domain cells
which collectively form the interlayer exciton photoluminescence spectrum. Considering that
each of these emissions shows a g-factor close to g = —16 and thus originates from the same
recombination path (the spin triplet interlayer exciton), one would expect that they all enter the
resonance at the exact same value of the magnetic field or , in other words, that they have all
have exactly the same g-factor. However it is clear from Fig(6.1.c and 6.1.d) that this is not the
case. The extinction profile shows a “diagonal” shape where the low energy component of -
polarized interlayer emission decreases in intensity at lower magnetic field. Similarly, the
intensity of the high energy components decreases at a higher magnetic field. Since the energy
of'the interacting E’” phonon mode is independent of the local variation of the interlayer optical
gap, we can only conclude that this extinction profile is shaped by fluctuations in the value of
the g factor for the different components of the interlayer emission. This means that the
observed “fluctuations” are not random, there seems to be a relation between the value of the
g-factor and the emission energy.
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This relation between the g-factor and the emission energy is coherent with the standard band
theory expression for the orbital contribution g, to the g-factor. In the paper [Roth 1959], the
authors investigate oscillation in the infrared absorption spectra of semiconductors in the
presence of a magnetic field. They develop the theory of magneto-absorption using the
effective-mass approximation in the case of semiconductors with parabolic band structure. In
the appendix, they generalize the effective mass approximation to include terms of higher order
in k, and notably the orbital contribution of a single-electron band i due to virtual transitions to
other bands j :

LD ) - I(EP- )

mo(fi‘fj)

9a = Xj=i I Eq(6.2)

Where p,. = p, + ip, are component of the momentum operator, ¢; and ¢; are the band energies
and m, is the free electron mass. In the case of our heterobilayers, we are explaining the
differences of the interlayer exciton components energy by the variations of the band energy
across the surface of our collection spot. This means that in Eq(6.2), &; - ; does not refer to the

interlayer exciton energy but to small fluctuations between close bands situated in a single layer
(variation of the energy of the conduction or the valence band). Eq(6.2) gives a value of aa% of

the order of a few eV1. In the following text, we will get an experimental estimation of aa% for
Sample 1 and Sample 2 using two different approaches.

6.5.2/ Sample 2 first approach

In order to extract the relation between the g-factor g; an individual emission at the energy E;
is to use the profile of Resonance 1 and Resonance 2 presented in Fig(6.1). We select different
energies E; along the broad interlayer excitonic peak and trace the intensity of the signal
integrated at E; as a function of the magnetic field (a schematic of this method can be found in

Fig(6.7) . The magnetic field at which the intensity is the lowest is marked as the component

R1/R2
i

resonance field B . We extract the value of B! and BR? for each energy E;.

At the first resonant field BR!, the Zeeman energy of a component is considered equal to
Evosez = 22,3 meV . We write :

giligBF = 22,3 meV Eq(6.3)

Which give us the approximated value of g;. The value of g; as a function of E; is represented
on Fig(6.8.a) and shows a linear dependence, the error bars are calculated tacking into account
the magnetic field resolution of 0,01 T in the measure of B A linear fit of g;(E;) give the
following relation for the first resonance :

99i

o5, = 849 £0,19 ev! Eq(6.4)

This value is consistent with the order of magnitude estimated from Eq(6.2). We iterate the
same process for the second resonance considering that when B = BR? :

gigBR?* = 22,9 meV Eq(6.5)
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Fig6.8 Estimation of Z_Z for Sample 2 using the method described in Fig(6.7) for a) Resonance 1 and b)

Resonance 2

The value of g; as a function of E; is represented on Fig(6.8.b), a linear fit of g;(E;) give the

following relation for the second resonance :

ogi _ _

0E;

6.5.3/ Sample 2 second approach

7,44+ 0,11eV~?

Eq(6.6)

To confirm our observation, we use a more direct approach : Fig(6.9) shows the result of a
magneto-photoluminescence experiment on Sample 2 in the low excitation power regime. The
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Fig6.9 Interlayer exciton magneto-photoluminescence spectrum measured on Sample 2. The temperature of
the samples is T = 4,5 K with an excitation of 514 nm and with a power of 1 uW.

interlayer exciton photoluminescence spectrum is much more structured and the individual lines
can be resolved separately and followed across most of the magnetic field range. Fig(6.10)
shows the energy splitting of 14 different energies E; distributed along the photoluminescence
spectrum as well as the Zeeman energy for each line. We fit the linear dependency of the
Zeeman energy for each line to get an estimation of g; as a function of E;. The resulting
extracted g factors as a function of the component’s energy can be seen on Fig(6.11). The linear
fit of g;(E;) give:

g—‘; = —4,43+1,09eV! Eq(6.7)
This approach cumulates the measurement errors of fourteen different linear fits, thus, our error
bars are one order of magnitude higher. The value shown in Eq(6.7) is nevertheless of the same
order of magnitude than the two previous values despite the differences of methodology.

6.5.4/ Sample 1

We estimate the g factor profile of Sample 1 in the same way. As explained previously, the
interlayer exciton peak observed on Samples 1 is sharp compared to the one seen in Sample 2.
We thus have measured the extinction profile of Sample 1 with an excitation of 5 pW.With this
excitation condition, the structure of the interlayer exciton is broadened and several sharp
individual lines can be resolved up close to the central peak. We proceed in the same way as

99



1415

1.410

1.395

1.390

E(eV)

1.385

1.380

1375

1370

1.365

1.355

1.350

B(T)

—
E,, muimeV)

E,, uimeV) B, cmaMeV) E,, mmimeV) E,,memmeV) E,, mmimeV)

E,, ..meV)

oF Bl o -x!l 4
\!!‘g Ll 5, I_z
5L -,!!\ {1 =t LN -
=

10 b - E -10 b '1.1‘
\ i
15 | 4 u.F -15 b
ol g=15,738%0,134 1 0| g=15,517£0,046 "
o T e T T e
B(T) B(T)
o} 4 ol
\"!'!! I. \l';, L
sl x 3 . 4
", g ",
10 & - _E =10 | E
15 _““11 ; 15 \“\
S BB .
20 | g=15,626%0,0; :“‘ 4 20 | 9516,113%0,120 ]
o T e e T e e
B(T) B(T)
o \13‘ b ofx
spo, Ls-ﬁ.s.l"!.,' Le
10 b E E ETRS ,1'
£ 1!“,’
H
15 ¢ . < LLI'G -15 k x
20 1 g=16,009£0,083 l‘!\_ =20 b g=15,?9510,0595"'1 J
P T P PRFEEETIRETIT
B(T) B(T)
0FE - 0OFx .
AT PR A T S
>
o
10} 41 E -t
§
H
15 & e 15 |k r
3 w
20 | 9=15,789%£0,019 ™ E 20| @=1 5.91310‘0571" 4
I'; 5' |Iﬂ 1.5 2'0 i; SI |I0 1’5 Zlﬂ
B(T) B(T)
obx g obu,
RIS L] ™ Lo
10 !ﬁxﬁ E 10 'l.",'
™, H %
15 L 15!“’ 1 st LI
| 621578120066 | 1| g=1571140,053 "t |
l; 5I \In \‘5 2‘0 ‘: 5‘ 1:: 1‘5 2‘0
B(T) B(T)
[ 4 ok .
R FTR A L
10 l“’! E 10
L %y, E-ep
15 b - Lué -15 b LY 4
20 1 §=15,944£0,072 " | 20 | g=15‘3252tl,03:!'! J
o e e o e e
B(T) B(T)
oF <4 oF
o Lis| ™. Lu
=
10 b {1 E -t
§
15 L 4 é-w L J
ul %
20| 0215096£0,070 ™% | .| g=15,879£0,013 |

o 5 w15 20
B(T)

L 5 1w 15 20
B(T)

Fig6.10 a) Energy position of individual sharp lines as a function of the magnetic field. The position of the o-
(squares) and the o+ (circles) emissions are plotted. b) Zeeman energy as function of the magnetic field for the
14 individual emissions shown in a), the g-factor of each individual line is extracted by a linear fit.
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with Sample 2. The first method (cf Fig(6.12)) give the following relation for the first and

second resonances :

For Resonance 1 :

For Resonance 2 :

99i
0E;

99i
0E;

= —5,47 +£0,34eV?

=-2.68+1,20eV?

Eq(6.8)

Eq(6.9)
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Note that while the two values of% are consistent with each other, we find different values for

Jeomponent N the case of Resonance 1 and Resonance 2. This is because the calculation of g;
IS very sensitive to the presupposed value of the Zeeman energy at resonance. For reference,

n

Fig(6.13) shows the values of g; extracted from Resonance 2 with two different values of Eyg.,

corresponding to our energy resolution (0,1 meV). However, % is calculated with a fixed
l

value of the Zeeman energy and is thus independent of our energy resolution. The estimated
values are of the same order of magnitude than the values found in Samples 2.

16.15 T T T T T 2400
2200
16.10 2000
1800
16.05 1600
. 1400 __
£ 16.00 1200 &
8 )
= 1000 =
15.95 800
600
15.90 400
200
15.85 - - - L L 0
1375 1380 1.385 1.390 1.395 1400  1.405

E(eV)

Fig6.13 : Estimation ofg—‘g for Sample 1 using the method described in Fig(6.7) for Resonance 1 (black plot),
Resonance 2 with a value of Eyg,, = 22,3 meV (red plot) and Resonance 2 with a value of Eys,, = 22,2 meV
(green plot) .
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Fig6.14 : Estimation on—i for Sample 2 using the method described in Fig(6.10).
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We also use the second approach described above, the resulting extracted g factors as a function
of the component energy can be seen on Fig(6.14). The linear fit of g; (E;) gives:

29 = ~10,41+ 7,20 V! Eq(6.10)

While being the highest value of % estimated in both samples, it is still in line with the other
values estimated above.

6.6/ Conclusion

In this chapter, we have presented an original interaction between the interlayer spin triplet state
exciton and the chiral phonon modes Ej,s., and Eyg., arising from the constituent
monolayers. Tacking advantage of the exceptionally high values of the excitonic g-factor
measured in 60° aligned heterobilayers, we have tuned the excitonic Zeeman energy in the
range of these optical phonons with an external high magnetic field. We have described a
magnetic field resonant relaxation process in which the I' point chiral phonons of the constituent
monolayers transfer angular momentum to the - polarized interlayer emission, which, together
with the C3 rotational symmetry, induces its relaxation onto the lower energy o+ polarized state
that can be revealed in polarization resolved photoluminescence experiments. The sharpness of
this interaction allowed us to observe tiny variations of the g-factor stemming from local
fluctuation of the band structure in the reconstructed surface of the heterobilayer. We have used
two different methods to extract the dependency of the g-factor of these individual components
and their emission energies.
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Conclusion and outlook.

In this final section, we will summarize the main results presented in this PhD manuscript and
discuss some ideas for future experiments that could be performed to further our understanding
of interlayer excitons in TMD heterobilayers.

We have defined the selection rules for the recombination of interlayer excitons in the cases of
H stacked (6=0°) and R stacked (6=60°) heterobilayers. We have established that, unlike TMD
monolayers, both the spin singlet and the spin triplet states carry angular momentum along the
z axis. We have presented a very simple model based on experimental observations in WSe>
and MoSe, monolayers and used this model to estimate the value and the sign of interlayer
exciton’s g-factor for the interlayer spin singlet and spin triplet states in both the H stacked and
R stacked configurations. We have observed that, while his model fails to describe the
interaction of the band structure with the magnetic field in an H stacked heterobilayer , it
provides an accurate estimation for the g-factor of the singlet and spin triplet states in R stacked
heterobilayers. Further investigations are needed to explain the excitonic g-factors in H stacked
heterobilayers, notably the positive value of g = +6,7.

Then, we have shown that the conservation of the total angular momentum in monolayers and
heterobilayers of TMD not only defines the optical selection rules but also has some profound
consequences on the electron-phonon interaction. We have highlighted an original relaxation
process between the - and o+ polarized components of the interlayer exciton in which the
momentum conservation is satisfied by the emission of a chiral phonon. This process has been
uncovered by the use of a magnetic field applied perpendicularly to the monolayer: tacking
advantage of the high g-factor of the interlayer exciton spin triplet state, we have tuned the
excitonic Zeeman energy in resonance with the energy of the E’’ chiral phonon modes of the
constituent monolayers. These phonons carry a pseudo angular momentum of +1 which,
because of the Cz symmetry, induce an excitonic spin flip that can be revealed in polarization
resolved photoluminescence experiments. We have used this interaction to probe the influence
of local fluctuations of the bandgap on the g-factors of interlayer excitons. While the high
magnetic field required to activate this effect makes it an unlikely candidate for potential
applications, this population switch, together with ability to control the twist angle of the
heterobilayer, provides a tool to design heterostructures with tailored electronic properties.
Thus, TMDs heterobilayers offer the possibility to control both the confinement of a quantum
state and its relaxation. In the future, it would be interesting to reproduce the effect with singlet
spin state interlayer exciton of a R stacked heterobilayer. Since this spin state shows a g-factor
of g = +12, it is expected that this resonant relaxation effect would be observed for values of
the magnetic field close to B = 32T. Furthemore, the positive sign of the g-factor implies a
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relaxation of the high energy o+ polarized interlayer component on the low energy o-
component.
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Résumé de la these en francgais

Les dichalcogénures de métaux de transition.

Les dichalcogénures de métaux de transition (TMD) sont une famille de matériaux de formule
chimique MX2, ou M est un atome de métal de transition (tel que Ti,VV,Mo ou W) et X est I'un
des trois chalcogénes Se,S ou Te. Plus de 60 TMD différents sont actuellement connus et ils
peuvent présenter des propriétés tres différentes selon la combinaison métal/atome de
chalcogene [Pulkin 2016]. La plupart de ces matériaux sont dits stratifiés : 1’état massif consiste
en un empilement de plans monoatomiques maintenus ensemble par la force de van der Waals
(vdW). Dans ce manuscrit, nous nous limiterons aux TMD semi-conducteurs et utiliserons ce
terme général pour décrire uniquement les composés comportant un métal de transition de la
sixieme colonne du tableau périodique (c'est-a-dire Mo ou W) avec des atomes S ou Se comme
chalcogene. Ces composés cristallisent dans les phases 2H.

Dans la cellule cristalline des TMD semi-conducteurs du groupe VI, chaque atome de métal est
pris en tenaille entre deux plans de trois atomes de chalcogéne. La répétition dans le plan de
cette cellule fagonne la monocouche en trois plans atomiques paralleles, un plan central d’atome
de meétaux de transition entre deux plans de chalcogenes. Il en résulte un réseau hexagonal
presque 2D (0,6 nanometre d'épaisseur) : un atome de métal occupe le site A, tandis que le site
B est occupé par deux atomes de chalcogene et le site C est inoccupé. Dans le cas de la
monocouche, cela brise la symétrie d'inversion dans la cellule et réduit son groupe de symétrie
de C6 a C3. La zone de Brillouin de la monocouche est également hexagonale, mais du fait de

Figl a) Vue de dessus d’une monocouche de TMD. Les sphéres bleues et orange représentent respectivement
les atomes M et X. Le losange jaune clair est la maille unitaire 2D avec a le parametre de maille. b) Cellule
cristalline trigonale prismatique, correspondant au triangle bleu en vue de dessus. ¢) La premiere zone
Brillouin. bl et b2 sont les vecteurs de réseau réciproque. d) Configuration d’empilement 2H. €) Configuration
d’empilement 3R. Figure adaptée de [Liu 2015].



cette brisure de symétrie, les points K voisins ne peuvent étre considérés comme équivalents ;
cela donne lieu & une alternance de vallées +K et -K aux angles de I'hexagone liées par la
symétrie d'inversion du temps (cf Fig(l)). Latransition de I'état massif a la monocouche modifie
également la structure de bande électronique du matériau. Le gap du semi-conducteur, qui est
indirect dans 1’état massif ainsi que dans les multicouches, devient direct dans le cas de la
monocouche [Cappelluti 2013].

Les excitons dans les TMD.

Du fait de la quasi-bi dimensionnalité des monocouches de TMD, l'interaction Coulombienne
y est renforcée et I'électron et le trou existent en tant qu’état lié avec une énergie inférieure au
gap électronique E; du matériau : l'exciton, qui se recombine en un photon d'énergie Ep;
inférieure a E;. La différence entre E;et Ep; définit I'énergie de liaison Eg qui est de I’ordre de
500meV dans les monocouches de TMD [Chenikov 2014, Wang 2015].

En analogie avec le modéle 2D de I’atome d’hydrogéne (cf Fig(l1)) [Zazlow 1967], I'exciton
peut étre décrit comme un état fondamental, I'état 1s, et une série d'états excités dénommeés
2s,3s,etc... Cependant, il est impossible de décrire complétement la série de Rydberg
excitonique a l'aide du modele hydrogénoide 2D [MacDonald 1986]. Cela est attribué au fait
que le potentiel de Coulomb ne prend pas en compte une propriété fondamentale des excitons
des TMD : le champ électrique du dipble excitonique traverse les limites de la monocouche et
pénétre le milieu environnant. Cela signifie que ’écrantage diélectrique n'est pas seulement
défini par la constante diélectriqgue du matériau, mais également par I'environnement de la
monocouche.
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Fig.ll Absorption optique d'un semi-conducteur 2D idéal incluant la série de Rydberg excitonique a I’intérieur
du gap. L'encart montre le schéma des niveaux d'énergie de la série de Rydberg excitonique, les états excités
sont désignés par leur nombre quantique principal n, I'énergie de liaison de I'état fondamental de I'exciton est
notée Eg .Figure adaptée de [Wang 2017]

Ainsi, un potentiel d’écrantage tenant compte de l'environnement diélectrique voisin est
nécessaire: le potentiel de Rytova-Keldysh [Rytova 1967, Keldish 1979], mieux adapté pour
décrire l'interaction électrostatique de deux charges e; et e, au sein d'un diélectrique
bidimensionnel entre deux couches de constante diélectrique &, et ¢,..

Vir (r) = 222 (Hy (Co220) — v,y () Eq(D)

To 2 To 279

Ou Het Y, sont les fonctions de Struve et de Bessel.



Couplage spin orbite et regles de sélection

Le couplage spin orbite (SOC) couple le moment angulaire L et le spin S avec Hgp = L. S et
peut étre vu comme un champ magnétique clivant les bandes selon leurs composantes de spin
et les séparant de leur position d'énergie dégenérée par une énergie Ego. [Kosmider 2013]. La
valeur du couplage spin orbite au point K divise donc les TMD en deux catégories, en fonction
de Il'indice de spin de la sous-bande de conduction la plus basse. Si le SOC est négatif, la sous-
bande de conduction la plus basse et la sous-bande de valence la plus haute ont le méme indice
de spin, le matériau est classé comme « bright » si l'indice de spin est différent (SOC positif),
il s'il est classé comme « dark » [Koperski 2018].

La Fig(I11) montre la structure de bande de deux monocouche « bright » et « dark » les sous-
bandes ont été indexées avec leur moment angulaire respectif J,. En raison de la symétrie
d'inversion temporelle, le moment angulaire dans +K et -K prend des valeurs opposées mais
ont la méme amplitude. Les régles de sélection excitonique sont ensuite appliquées a toute
transition d'une sous-bande de conduction a une sous-bande de valence en calculant le
changement de moment cinétique 4J,. Dans le cas des transitions entre des sous-bandes avec
le méme indice de spin, telles que I’état fondamental des matériaux « bright »: 4], = +1 au
point K et correspond au couplage avec un photon polaris¢ ¢ + et 4], = —1 au point -K
correspond a un couplage avec un photon polarisé o —. Les excitons qui se recombinent a partir
de cet état de spin singulet sont appelés excitons « bright». La transition de basse énergie dans
les matériaux «dark» est un état de spin triplet. Pour cette transition, le changement de moment
cinétique 4J, est nul dans les deux vallées. Cela signifie que les excitons se recombinant a
partir de ces transitions d’état de spin triplet ne portent pas de moment angulaire le long de I'axe
z et sont donc dénommés excitons «dark ».

a)  “Bright” material b) “Darkish” material
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Fig.l11 a) Structure de bandes des vallées +K et —K d'une monocouche « bright » b) Structure de bandes des
vallées +K et —K d'une monocouche « dark ». Les transitions optiques « bright » sont représentées par des

fleches pleines (transitions « dark » par des fleches en pointillés). Chaque sous-bande est indexée par /.
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Effet Zeeman dans les TMD

Un champ magnétique appliqué perpendiculairement au plan de la monocouche sépare les
énergies des vallées +K et -K en agissant sur la structure de bande électronique en fonction des
indices de spin et de vallées des sous bandes. Ainsi, 1’énergie de I’émission polarisée o +
résultant de la recombinaison excitonique dans la vallée +/-K se déplace linéairement vers des
énergies plus basses/élevées. Il s'agit de I'effet Zeeman de vallée [Srivastava 2015, MacNeill
2015,Li2015], qui reflete le décalage énergétique des sous-bandes impliquées dans le processus
de recombinaison en fonction de leur moment magnétique (cf Fig(IV)). La correction apportée
a I'énergie d'une transition optique est :

E(B) = Ey — (ic, — My, )1pB Eq(I)

Ou pup est le magnéton de Bohr up =5788eV.T! et u.le moment magnétique
perpendiculaire de la sous-bande de conduction/valence impliquée dans le processus de
recombinaison.
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FiglV Effet d’un champ magnétique perpendiculaire sur la structure de bande des vallées +K et —K d’une
monocouche de MoSe,. Les sous-bandes de spin down/up sont représentées par des lignes pointillées /pleines.
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Chaque sous-bande est indexée par son moment angulaire Jz et son énergie Zeeman en fonction de ucfv e
moment magnétique perpendiculaire de la sous-bande .
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Les hétérobicouches vdW et excitons intercouches

Les hétérobicouches TMD sont fabriquées en empilant deux monocouches de TMD différentes
I’une sur ’autre. La plupart des hétérobicouches construites avec une combinaison de TMD du
groupe IV sont des hétérostructures de type Il (gap échelonné) [Kang 2013]. Cette configuration
de la structure de bande donne lieu a 1’émergence d’excitons intercouches, c'est-a-dire des
excitons pour lesquels les deux particules liées sont localisées dans des monocouches
différentes. On notera que cette recombinaison ne peut étre envisagée de maniére réaliste que
si le gap est direct, c’est-a-dire si I’angle de rotation 0 entre les deux monocouches est de 0°
ou de 60° .
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FigV Supercellule de moiré d’une hétérobicouche de MoSe; /WSe; dans le cas d’un alignement de type a) H
(0°) b) R (60°). Figure adaptée de [Lu 2019].

La supercellule de moiré

Une petite déviation des angles 6=0° ou 6=60° entraine I’apparition d’un moiré atomique a
I’interface de I’hétérobicouche. Ainsi, le réseau cristallin de I'nétérobicouche ne peut étre décrit
que par la périodicité d'une supercellule (cf Fig(V)). En réalité, méme dans le cas d'un
alignement parfait, la différence de parameétre de maille entre les deux monocouches se traduit
par l'apparition d'un moiré. A l'intérieur de la supercellule, de nombreux alignements atomiques
coexistent et I’on peut s’attendre a ce que les propriétés optiques du matériau soient complexes.
Cependant, on considére que le voisinage direct des points de haute symétrie de la supercellule,
définie dans [Yu 2017] comme les registres atomiques de la supercellule sont homogeénes. De
plus, les calculs de la modulation de la force d’oscillateur montrent que celui-ci est maximal
aux alentours des registres atomiques correspondant au cas d'alignement atomique parfait de
type H (0°) et R (60°). Cela indique qu’un registre atomique unique est a 1’origine de la
recombinaison des excitons intercouches dans I'hétérobicouche.
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Reconstruction a [’interface de I’hétérobicouche

Cette théorie de la supercellule a été largement utilisée pour expliquer les propriétés des
hétérobicouches TMD, mais elle a récemment été remise en question par des preuves de
reconstruction atomique de ’interface entre les deux monocouches TMD [Rosenberger 2020,
Weston 2021, Phillips 2021], Le calcul des énergies des différentes configurations
d’empilement de la supercellule montre que la configuration d'empilement H (0°) présente deux
minima dégénérés correspondant aux registres atomiques H; et H}tandis que la configuration
R (60°) a un seul minimum correspondant au registre atomique R!c'est-a-dire +K sur —K . Les
résultats de mesures AFM montrent que, contrairement aux hypotheses des supercellules
moirées, les deux monocouches TMD ne sont pas rigides et reconstruisent leur interface pour
maximiser I’aire des domaines qui minimisent 1’énergie d’empilement. L'hétérobicouche peut
ainsi étre considérée comme un ensemble de domaines homogeénes. [Parzefall 2021] présente
des ¢éléments montrant que la reconstruction de I’interface est nécessaire a I’apparition
d’excitons intercouches ce qui est une perspective tout a fait différente de la supercellule.

X;(eV) 7] g
MoSe,/W Se, 1.40111 60 -15
1.273-1.4009 60 -
1.35-1.400%! 0 to 60 -
1.39M11.33%! 0 +6.7
20 —15.9
60 —15.9
1.36°11.335! - +6.06
~10.06
1,416 60 10.7
15.2
1.35" - -
1.391¢! - ~1538
1.4201 - 16.2
1.4000] 56.4 +12.2
~16.0
1.3704 0 +5.2
1 39[11] 60 —-14.4
1.37142 - -
MoS,/WSe, 100131 2.2 -
MoSe,/MoS, 1.3504 0 to 60 -
WSe, /WS, 14051 50 15.4
11.8
1.45 — 1.5506] 0 -
1‘4[1?] 0 —

Tabl Tableau résumant les valeurs d’énergie de 1’exciton intercouche, d’angle d’alignement et de facteurs g
rapportés dans la littérature. [1] [Nagler 2017] [2] [Rivera 2015] [3] [Nayak 2017] [4] [Seyler 2017] [5] [Joe
2019] [6] [Wang 2019] [7] [Jauregui 2018] [8] [Brotons-Gishert 2020] [9] [Baek 2020] [10] [Brotons-Gisbert
2021] [11] [Holler 2021] [12] [Nagler 2017'] [13] [Karni 2021] [14] [Zhang 2018] [15] [Montblanch 2021]
[16] [Jin 2019] [17] [Yuan 2020].Si il n’y a pas de signe devant le facteur g, la référence ne le renseigne pas
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Magneto photoluminescence des excitons intercouches.

Les résultats d’expériences de magnéto-photoluminescence tirés de la littérature sont résumés
dans Tab(l). La tendance générale est que quels que soient les matériaux, les hétérobicouches
alignées avec 6=0° présentent un facteur g positif g=+6 (cf [Seyler 2017] et [Holler 2021] ) qui
est déja supérieur a ce qui est observé dans les monocouches de TMD . Le signe positif est
intriguant car la transition de plus basse énergie dans une monocouche alignée avec 0°
correspond a un état de spin « bright » qui entraine toujours un facteur g négatif dans les
monocouches. Cependant, dans le cas des hétérobicouches de type H (60°), les amplitudes du
facteur g sont plus élevées que pour tout autre facteur g mesuré dans les matériaux 2D (g = -
16) .De plus, [Brotons-Gisbert 2021] rapporte I'observation d'un exciton intercouche scindé en
deux pics, l'un présentant un facteur g négatif g=-16 et l'autre présentant un facteur g positif
g=+12

Résultats expérimentaux: Dépendance en puissance du spectre de photoluminescence des
excitons intercouches.

L'influence de la puissance d'excitation sur le spectre de photoluminescence des excitons
intercouches est double (cf Fig(1V)) et définit deux régimes d'excitation différents. A puissance
d'excitation elevée, le spectre de PL est affecté par une interaction répulsive dipole-dipole
[Laikhtman 2009]. Cet effet est observe par le décalage du pic de PL des excitons intercouches
vers les hautes énergies, proportionnellement a la densité d'excitons intercouches, lorsque la
puissance d'excitation augmente [Nagler 2017°, Brotons-Gisbert 2020]. Le deuxiéme effet
produit un changement de la forme de la ligne du spectre de PL qui se transforme d’un pic large
(FWHM=15meV et 5meV) en une série de pics fins (FWHM=100pueV). Ce spectre a basse
puissance d’excitation provient d’excitons piégés dans le potentiel de moire.

a} Sample 1

S0V

I(norm)

500nW x5

100nW x10

1.32 1.34 1.36 1.38 1.40 1.42
E(eV)

FiglV Dépendance en puissance du spectre PL des excitons intercouches. Les deux effets de la puissance
d’excitation sont le décalage de la PL vers le hautes énergies a haute puissance d’excitation . Ainsi que le
changement de la forme du spectre de PL a basse puissance d’excitation.



Résultats expérimentaux : Expérience d’excitation de photoluminescence

La Fig(VII) présente les résultats d une expérience d'excitation de photoluminescence et montre
le spectre de PL de I’exciton intercouche en fonction de I'énergie d'excitation. Le spectre de
photoluminescence de I'exciton intercouche mesuré dans cet échantillon est composé de deux
parties : un pic principal centré sur E=1,395eV et une émission plus large entre E=1,33eV et
E=1,36eV attribuée aux excitons piégés dans le champ de contrainte de I'hétérostructure
[Kremser]. Les Fig(V1l.a) et Fig(\VIl.b) montrent l'intensité intégrée de ceux-ci en fonction de
I'énergie d'excitation.
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FigVIl a) Carte de I'intensité du spectre PL de I'exciton intercouche en fonction de I'énergie d'excitation. Un
spectre de PL a été ajouté sur la droite pour une meilleure lisibilité. L'échelle de couleurs a été saturée pour
une meilleure visualisation du comportement a basse énergie. b) Intensité intégrée du pic PL principal de
I’exciton intercouche PL en fonction de I'énergie d'excitation. ) Intensité intégrée des 1X piégés dans le champ
de contrainte en fonction de I'énergie d'excitation.

Dans le cas du pic principal, les énergies résonantes E1 et E> correspondent aux énergies des
excitons intracouches dans les monocouches de MoSe: et WSe;. L’énergie Es3 se situe a mi-
chemin entre 1’énergie des excitons A des monocouches constituantes. L’énergie résonante E4
est distante de E2 d’une énergie correspondant a un phonon apparaissant dans le spectre Raman
résonant de la monocouche de WSe>. L’énergie Es correspond au trion de la monocouche de
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MoSe>. Dans le cas des excitons piégés dans le champ de contrainte, les énergies résonantes
sont décalées par rapport au pic principal. L’origine de ce décalage est toujours débattue.

Prédiction du facteur g des excitons intercouches

Nous modélisons le facteur g par la somme des deux contributions indépendantes: la
contribution orbitale gq et la contribution de spin gs qui dépendent des indices de vallées et de
spin des sous bandes considérées et qui décrivent le moment magnétique d’une particule dans
cette sous bande. La contribution orbitale peut prendre deux valeurs différentes : une pour les
sous bandes de conduction g5°™® et I’autre pour les sous bandes de valence g4%'. Similairement,
la contribution de spin prend deux valeurs, une pour les sous bandes spin-up et 1’autre pour les
sous bandes de spin-down (ces deux valeurs étant nécessairement opposées ; di a la symétrie
de renversement du temps). En considérant les valeurs de facteurs g de différentes transitions
intra couches, nous obtenons les estimations suivantes pour les paramétres gq et gs-

ggond =2
gyl =4 Eq(ID
gs=1

A T’aide de ces paramétres, nous estimons les facteurs g des exciton « dark » et « bright » dans
les hétérobicouches de MoSe2/WSe; alignées avec un angle de 0° et 60°. Notablement, pour un
angle de 60°, nos estimations predisent un facteur g de g = +12 pour I’exciton « bright » et
g = —16 pour I’exciton « dark ». Ces valeurs sont cohérentes avec les facteurs g rapportés dans
la littérature pour de telles hétérostructures [Seyler 2017, Nagler 2017, Holler 2021, Baek 2020,
Montblanch 2021].

Resonance 1 Resonance 2
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Fig V111 Cartes de la magnéto-photoluminescence des excitons intercouches dans I'échantillon 1 a) et b) et
I'échantillon 2 c) et d). Le champ magnétique est balayé a travers la premiere résonance pour a) et c) et la
deuxiéme résonance pour b) et d). Les courbes blanches représentent I'intensité normalisée des excitons
intercouches.
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Résultats expérimentaux . Expérience d’excitation de photoluminescence

Nous présentons les résultats d’expériences de magnéto-photoluminescence des excitons
intercouches dans les hétérobicouches de MoSe2/WSe; alignées avec un angle de 60°. Nous
mesurons une valeur de g=-16 pour le facteur g de ’exciton intercouche ce qui correspond a un
état de spin triplet [Brotons-Gisbert 2021]. Nous constatons que ’intensité de la composante
polarisée o- s’effondre pour une valeur de champ magnétique bien spécifique (B=-24T) de la
méme maniere I’intensité de la composante polarisée 6+ augmente sensiblement. Cet effet est
observé pour une deuxiéme valeur de champ magnétique plus élevé sur deux échantillons
différents. La Fig(VIIl) montre les cartes de magnéto-photoluminescence de I’exciton
intercouche de ces deux échantillons pour les deux résonances. L’énergie Zeeman de I’exciton
intercouche est de E, = 22,3 + 0,2 meV pour la premiére résonance et de E, = 22,9 +
0,2 meV pour la seconde. Ces énergies correspondent aux modes phonons chiraux E’’ des
monocouches de MoSe; et WSe, qui portent une quantité de moment pseudo angulaire (PAM)
de +1.
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FiglX Processus de relaxation des excitons intercouches résonnant en champ magnétique. La différence
d'énergie entre I'émission polarisée o- (ligne bleue) et I'émission polarisée o+ (ligne rouge) est en résonance
avec les énergies du mode phonon chiral E" des monocouche de MoSe, et de WSe,. Ainsi, un canal de
relaxation (fléche noire) par 1’émission de phonon E’* (fleche brune) s’ouvre entre les deux composantes.

Nous proposons donc I'explication suivante pour les processus de relaxation (cf Fig(1X)): en
raison du facteur g élevé de I’état de spin triplet des excitons intercouches, 1'énergie Zeeman
atteint des valeurs bien plus grandes que pour des excitons dans les monocouches de TMD.
Cette énergie peut étre mise en résonance avec 1’énergie des phonons E’’ des monocouches
constituant 1’hétérobicouche par ’application d’un fort champ magnétique dans la direction
perpendiculaire au plan de 1’échantillon. A la valeur de champ magnétique résonant B=24T,
I’énergie Zeeman de I’exciton intercouche est égale a I’énergie du mode chiral E’’ de la
monocouche de MoSez. Un canal de relaxation par émission d’un phonon E “* s’ouvre alors
entre la composante de haute énergie polarisée o- et la composante de basse énergie o+. Il est
important de noter que le moment pseudo-angulaire (PAM) porté par le phonon est essentiel
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dans le phénoméne de relaxation car il contribue a la conservation du moment angulaire total.
Le canal de relaxation se ferme lorsque I’énergie Zeeman est hors résonance avec le mode E”’.
Dans le cas de la seconde résonance, le processus est le méme mais implique un phonon E’’ de
la monocouche de WSe». Enfin, nous constatons que le profil de la résonance est diagonal : les
excitons intercouches qui possedent les énergies de recombinaison les plus basses entrent en
résonance pour un champ magnétique plus faible que les excitons comportant les énergies de
recombinaison les plus élevées. Il y a donc une relation de proportionnalité entre 1’énergie de
I’exciton intercouche et son facteur g. Nous attribuons cette dépendance a la variation de la
contribution orbitale gq entre les différents domaines reconstruits de I’hétérobicouche , selon la
formule de [Roth 1959]. Nous extrayons donc ce facteur de proportionnalité et observons un
coefficient d’un ordre de quelques eV 1.

Conclusion et perspectives

Nous avons montré que la conservation du moment cinétique dans les monocouches et
hétérobicouches de TMD définit non seulement les regles de sélection optique mais a également
des conséquences profondes sur I'interaction électron-phonon. Nous avons mis en évidence un
processus de relaxation entre les composantes polarisées o- et o+ de I'exciton intercouche dans
lequel la conservation de la quantité de mouvement est satisfaite par I'émission d'un phonon
chiral. Ce processus a ete decouvert par l'utilisation d'un champ magnétique : tirant parti du
facteur-g élevé de I'état de triplet de spin de I'exciton intercouche, nous avons mis en résonance
I'énergie Zeeman de I’exciton avec I'‘énergie des modes de phonons chiraux E" des
monocouches de WSe; et MoSe,. Ces phonons portent un moment pseudo angulaire £1 qui,
en raison de la symétrie Cs, induit un retournement de spin excitonique. Bien que le champ
magnétique requis pour activer cet effet en fasse un candidat peu probable pour des applications
potentielles, ces résultats montrent que les hétérobicouches TMD offrent la possibilité de
contréler a la fois le confinement d'un état quantique et sa relaxation.
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