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INTRODUCTION

Semiconductors are the building block of today’s electronic and opto-electronic devices. They
have played a key role in the development of our society as they have largely contributed in
diverse applications that have become an indispensable part of our daily lives such as computing,
telecommunications, light emitting devices, health care, military systems, transportation, etc..
Innovative materials are increasingly demanded for a high-performance industry that is based
on miniaturization, robustness and lightweight of future devices. For that, modern growth
techniques such as epitaxial growth play a key role in the semiconductor technology. They allow
the deposition of thin layers at the surface of a substrate and they control the growth of the
material at the atomic scale. These methods have allowed the reduction of size of transistors
and diodes and permitted to obtain smart-computer devices with the size of our pockets.
The developement of such technology requires the understanding of the physical properties of
a material at the atomic scale. Quantum effects play a key role in the properties of a material
and the understanding of these properties is the main challenge of today’s science.

The emergence of nanomaterials over the past seventy years has been marked by silicon and
ITII-N compounds that have been largely studied in order to develop integrated circuits and
efficient light emitting devices. The growth of these materials by modern epitaxial methods
led to the development of light emitting diodes and semiconductor laser diodes that are largely
used in the modern information technology and communication. Moreover, the development of
efficient blue light emitting diodes in the nineties opened up a new technology for white light
emitters.

However, the saturation of Moore’s law imposes the development of alternative technology that
combines performance and functionality. The traditional materials used (such as silicon) have
shown their limits within these parameters and the need is to develop a new semiconductor
technology based on these two parameters.

Over the past decade, the discovery of graphene [1] and many other layered crystals of atomic
thickness, that integrated the family of two-dimensional crystals, have been highly marked in
semiconductor science and it opened up a new avenue of research in order to develop a new
technology based on van-der-Waals heterostructures and which consist of stacking different
layered semiconductor often as thin as one atomic plane. These layers are weakly bound
together by van-der-Waals-type forces. It is expected that this technology will allow to go
beyond the limits of traditional materials and that it will enable the easy growth of materials

with extreme thinness of the order of single atomic layers.

In graphene, the carbon atoms are assembled in a 2D network of honeycombed hexagons.
Its zero-gap gives an excellent electrical and thermal conduction owing it to be used for many
applications such as fast electronics, ultra-sensitive sensors, etc.. In parallel to graphene,

2D transition metal dichalcogenides display a finite energy gap in the visible spectral range.



Among these materials molybdenum disulfide (MoSs) and tungsten diselenide (WSez) are very
well known, in particular their forbidden bandgap which depends on the number of layers.
In exfoliated ultrathin crystals of these two materials, it was demonstrated a transition from
indirect bandgap in the bulk crystal to direct gap in a single monolayer [2, 3]. The highly
efficient light-matter coupling in a direct-gap monolayer makes the family of semiconducting

transition metal dichalcogenides a promising platform for optoelectronics and valleytronics.

Hexagonal boron nitride (hBN) is an insulating analogue of graphite with a 2D hexagonal
crystal structure. It is called white graphite and it has a small lattice mismatch (~1.7%) with
graphite. This property additionally to its large bandgap (~6 eV) makes it a key building
block in van-der-Waals heterostructures to be an ideal dielectric substrate for graphene. Addi-
tionally, h-BN is a III-N material owing very interesting properties for emitting light in the
deep-ultraviolet and competing with nitride semiconductors of the AlGaN family that are
widely used for blue and ultraviolet lighting.

The development of semiconductor light sources operating at short wavelengths (200 nm) is now
motivating researchers in relation with a wide variety of applications. Such light sources are
expected to be used in sterilization applications [4], medicine, water purification, biochemistry,
etc... One of the basic building block for the development of compact solid-state UV technology
could be hexagonal boron nitride which has a band-gap value sitting at 6 eV.

We point out that the applications of h-BN go beyond deep-ultraviolet emission and van-der-
Waals heterosctuctures, it can be used for applications in 5G and terahertz communication

systems [5], as well as in quantum technologies [6] and photovoltaics detectors [7].

An isolated monolayer of hexagonal boron nitride is theoretically predicted to be a direct-gap
semiconductor with a bandgap of around 6 eV and with an indirect—direct crossover similar to
that of MoSs and WSe, when passing from a several-layer stacking to the monolayer [8, 9].
The investigation of the direct gap properties of monolayer boron nitride is very important for
applications in DUV optoelectronics, with an exciting perspective of using it as an active layer
with highly efficient light-matter coupling.

In this context, the goal of this thesis is to study the opto-electronic properties of monolayer
boron nitride , in particularly to demonstrate the direct gap properties. This work relies on the
scalable growth of monolayer boron nitride by Molecular Beam Epitaxy at high temperatures

using graphite substrates.

Outline of the manuscript

In the first chapter of this thesis we present the structural properties of h-BN in his monolayer

and bulk forms, and additionally the first Brillouin zone for both structures. Then, we will



present the electronic properties of h-BN in monolayer and bulk forms. Moreover, we will
describe the excitonic states existing in monolayer boron nitride (mBN) and we will com-
pare their dispersion relations with those of bulk h-BN. Later, we will give a description of
the vibrational properties. Finally, we will present a state of the art on the experiments per-

formed before my thesis in our group in order to understand the emission processes in bulk h-BN.

In the second chapter of this manuscript, we will present the experimental setups and
samples studied during my PhD. This chapter will be split into two parts, the first one is
dedicated to the experimental techniques (reflectance and photoluminescence) that have been
implemented in deep-ultraviolet (A < 350 nm). These two experiments are complementary
and will allow us to study the existence of a direct gap in mBN. We will present as well the
difficulties we faced while implementing these spectroscopy techniques. The second part of this
chapter will be devoted to describe the samples that we used for this work and their different

growth methods.

Chapter 3 will present the main experimental results that we obtained during my thesis.
It is divided into 4 sections: section 3.1 will expose the problematic of the chapter and the
strategy we used in order to solve it. Additionally, we will give a brief state of the art on
the experimental studies on mBN before this thesis. In section 3.2, we will explain how to
control the growth of h-BN by Molecular Beam Epitaxy, and we will describe further how
our collaborators achieved the growth of mBN on a large scale using their Molecular Beam
Epitaxy system. Our discussion will be accompanied with Atomic Force Microscopy images and
Variable Angle Spectroscopic Ellipsometry measurements performed at Nottingham University
in order to describe the morphological properties of our samples.
In section 3.3, we will present our experimental results. We will start by presenting the emission
measured from mBN samples and the condition that controls the excitation processes in mBN.
Then we will study how the emission process in mBN compares to the one in bulk h-BN and
to other thick samples. Finally, we will end this section by comparing the emission of mBN to
its reflectance in order to examine whether the bandgap nature in mBN is direct or not.
In the last section 3.4, we will present our interpretation of the different experimental results
and we will give a quantitative analysis of photoluminescence and reflectance measurements in
mBN samples grown under different conditions.
This last chapter will be followed by a general conclusion and appendices including a collection

of complementary studies not presented in these three chapters.






CHAPTER

BORON NITRIDE

In 1842, William H. Balmain combined melted boric acid and cyanide potassium in a covered

porcelain crucible. The outcome was a white porous substance allowing him to declare: ”the
white solid is evidently a distinct and stable compound, a more interesting object
of study” [10]. Meanwhile, the compound of Balmain was not stable and it demanded many
trials to be possibly synthesized as a powder.
The synthesis of large-size and high-quality crystals of BN demands high pressure and high
temperature conditions (HPHT) [11]. In the nineteenth century the requirement of such
conditions was difficult to achieve from the technical point of view. The breakthrough in the
synthesis of BN came in 2004, when Takashi Taniguchi and Kenji Watanbe grew high-quality
hexagonal boron nitride (h-BN) crystals offering very interesting optical properties for deep
ultraviolet (DUV) light emission at room temperature [11, 12]. Their synthesis method was
developed in order to grow cubic-BN (c-BN) using solvent growth techniques based on the
temperature-gradient method under HPHT conditions. The residues of the chemical reaction in
their crucible were crystals of h-BN with few millimeters size. The optical properties measured
from this residual product has opened up a new avenue of research for h-BN as being a potential
material for developing light emission devices in the DUV. Nowadays, many methods have been
developed and adapted for the synthesis of h-BN crystals, some of them are at atmospheric
pressure condition [13, 14, 15, 16, 17].

BN was largely used as a powder in the industry of electronics, metallurgy, ceramics,
cosmetics, etc... The interest for this material in the industry is due to many reasons: its
chemical inertness, its heat resistance (melting point 2967°C for ambient pressure) and its
whiteness. In parallel to the industrial interest, many efforts have been endowed in order to
understand the physical properties of this material. However, since the synthesis of high-quality
h-BN crystals is very recent, the understanding of its fundamental optical properties is also

very recent and the knowledge of its intrinsic properties is not fully established yet.

In this thesis work, we are interested in the optical properties of h-BN and the target of
this chapter of my dissertation is to recall the existing literature on h-BN and the scientific

context of my thesis. We will start by defining the main structural properties of h-BN and its
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reciprocal lattice. Then we investigate the electronic properties of this material by presenting
the electronic band structures for monolayer BN (mBN) and bulk h-BN with their corresponding
excitonic states. We present as well the phonon modes in both cases. Finally, we end this
chapter by recalling the optical properties, in particularly the carrier recombination processes
that occur in bulk h-BN.

1.1 The crystal

In this section we recall the crystallographic structure of h-BN and its existing allotropes.
Then, we present the reciprocal lattice and the first Brillouin zones for 2D and 3D lattices of
h-BN.

1.1.1 Identification of the geometric structure of h-BN

The geometric structure of h-BN was studied about hundred years ago by Hassel [18]. He
performed X-ray measurements on BN powders and he identified a bi-molecular material
consisting of a stacking of hexagonal layers. He considered an AB stacking of the two-
dimensional layers along the z-axis (as later detailed in figure 1.2 b). However, the model
elaborated by Hassel did not give a complete picture about the crystalline structure of h-BN
and one had to wait until 1952, when Pease extended the work of Hassel and gave a consolidated
model about the crystalline structure of h-BN [19]. The re-crystallization of a commercial
powder after heating at 2050°C allowed him to investigate X-ray measurements and then to
identify the crystalline structure of h-BN. Pease evidenced the AA’ stacking in the crystalline
structure of h-BN by analyzing the intensities of the lines from the measured diffraction
patterns [19] (see figure 1.2 a). His work has been confirmed later by many theoretical and

experimental papers [20, 21, 22, 23].

1.1.2 Allotropes

Boron nitride is a binary III-V compound, with boron (Z = 5 i.e. 3 electrons in the outer shell)
and nitrogen (Z = 7 i.e. 5 electrons in the outer shell) atoms located on each side of carbon (Z
= 6) in the periodic classification table, with various crystallographic structures like carbon.

The electronic configurations of B and N are 1s? 2s? 2p' and 1s? 2s% 2p?, respectively. The
valence electrons are described by the atomic orbitals 2s, 2p,, 2p, and 2p.. The atomic orbitals
of B and N can hybridize either in sp® or in sp? wavefunctions. Depending on the growth
conditions such as pressure, temperature and cooling process, BN can crystallize into different
structures having different total energies. There are six different phases: 2 phases are formed

with sp? covalent bonds and 4 other lamellar phases are formed with sp? covalent bonds.
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o Cubic (c-BN) and wurtzite (w-BN) are four-fold coordinated crystals with perfect
AB; tetrahedron where the 2s and 2p orbitals are in sp? hybridization. ¢-BN is known
to be one of the hardest crystals with diamond, while w-BN is metastable and less
interesting to study. Schematic diagrams of the atomic arrangements in both phases are
given in figures 1.1 (a) and (b).

@ | (b
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Figure 1.1: Allotropes of Boron Nitride: (a) schematic diagram presenting the
crystalline structure of cubic BN (¢-BN); (b) schematic diagram presenting the crystalline
structure of wurtzite BN (w-BN). In both schemes: yellow spheres are Boron atoms and
blue spheres are Nitrogen atoms.

o The atomic orbitals of the four other phases arrange in sp? scheme and give a lamellar
structure composed of planes with hexagons (B3 N3) forming a honeycomb network. The
planes are stacked along a high symmetry direction (c-axis) and they are interconnected
by van-der-Waals forces (weak bonds). They can stack in different sequences and all of
them have stable phases. Three stackings strictly obey to specific space group symmetries
(figure 1.2): hexagonal (h-BN) (a), bernal (b-BN) (b) and rhombohedral (r-BN)
(¢) with h-BN being the best known among them. In h-BN the positions of boron and
nitrogen atoms alternate at the junctions of the honeycomb lattice from a given plane to
another. This stacking is known as AA’ (figure 1.2 a). In AB and ABC stackings the
periodic vectors between adjacent planes are not parallel to the c-axis as in AA’ (figure
1.2 b and ¢). We note the existence of an additional lamellar structure, the turbostratic
phase (t-BN), with random arrangement of the planes in the c-direction. Among the four

lamellar phases, AA’ stacking has the highest cohesive energy.

The common properties among all existing allotropes of BN are thermal resistance, chemical
inertness and wide energy gap. Each of the existing structure presents different electronic and
optical properties due to the differences in their atomic arrangements. In this thesis we study

the optical properties of h-BN (AA’ stacking) going from the bulk to the monolayer limit.

7
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Figure 1.2: Allotropes of Boron Nitride: schematic diagrams presenting (a) the
crystalline structure of hexagonal BN (h-BN) in AA’ stacking; (b) the crystalline structure
of bernal BN (b-BN) in AB stacking; (c) the crystalline structure of rhombohedral BN
(r-BN) in ABC stacking. The red lines joining the centers of BsN3 hexagons highlight
the periodic stacking of the different structures. In all schemes: yellow spheres are Boron
atoms and blue spheres are Nitrogen atoms.

8
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1.1.3 Reciprocal lattice and first Brillouin zone

In the previous part, we have shown that the crystalline structure of h-BN is formed by the
stacking of hexagonal honeycomb layers along the high-symmetry c-axis. Here, in this part, we
will show how to construct the first Brillouin zone (BZ) for a hexagonal network in order to
describe later the electronic and vibration properties of h-BN. We will start by a single layer
(2D case), and then bulk h-BN (3D case).

2D h-BN

In figure 1.3 (a) is presented a top view of a single atomic layer of h-BN. Boron and nitrogen
atoms are distinguished from each other using spheres of different colors, B in yellow and N
in blue. The positions of N and B atoms (highlighted by a circular dashed line in red) are
chosen respectively as: (0,0) and (ao,0), with ag = 1.4 A being the distance between boron
and nitrogen nodes.

Relatively to the (x,y) axes, the primitive lattice wave-vectors are given by: Ty = a(?, %) and
T, = a(?, —%), with a=aov/3 being the lattice parameter.

The reciprocal vectors are defined by: T} = 2%(1, 7=) and T3 = %(1, — ) with TyT} = 210,

d;; being the Kronecker symbol.

(b)

Figure 1.3: Reciprocal space and first Brillouin zone for 2D h-BN: schematic
diagrams presenting (a) Bravais lattice of single layer BN; Ty and T2 being the primitive
wave-vectors, T3 and T% being the reciprocal wave-vectors; (b) the reciprocal lattice of
single layer h-BN, superposed to the crystal. The first BZ for monolayer BN is sketched
in green and it presents different high symmetry points: T', K, M, K’ and M’. In both
schemes: yellow spheres present Boron atoms and blue spheres Nitrogen atoms.
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In Figure 1.3 (b), the reciprocal lattice of the h-BN network is reconstructed in blue vectors,
and superposed to the direct lattice of 2D h-BN. The first BZ is presented in green lines. It
takes a hexagonal form and involves the critical points: T', K, M, K’ and M’, which correspond

to high symmetry points.

3D h-BN

The 3D lattice is obtained by adding a second layer in the AA’ stacking and repeating this
double layer arrangement along the c-axis. The primitive cell is then obtained from a third
vector T3=c(0,0, 1) orthogonal to the plane constructed by (T;,Ts) with ¢ = 2¢¢ being the
lattice constant in the z direction, and cy=0.33 nm being the distance between Nitrogen

and Boron nodes along the c-axis. The reciprocal vector along this direction is given by:
Tj = 22(0,0,1).

The BZ for the 3D lattice is presented in figure 1.4 : it involves 8 critical points: T', M, K,
A, L, H, K and M".

Figure 1.4: First Brillouin zone of bulk h-
BN (3D lattice) with 8 critical points: T, M,
K, A, L H, K and M.

Ky

1.2 Electronic properties of h-BN

In this section we present the electronic properties of mBN (2D case) and h-BN bulk (3D case).
We will present the dispersion relation of the electronic band structure with the properties of
excitons in mBN and then in bulk h-BN.

1.2.1 Electronic band structure for mBN

The electronic band structure for an isolated h-BN layer has been calculated using different ab
initio methods and tight binding theory. All of them indicate that the monolayer displays a
direct band gap at the K point (figure 1.5) [21, 24, 25, 8, 9].

10
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Energy (eV)

r

Figure 1.5: Electronic band structure for mBN: this figure is taken from Ref.[8].
It indicates the presence of a direct gap at the K point in mBN. Red curves have been
calculated using DFT-LDA method and blue curves using GW approximation.

From the experimental point of view, few studies investigated the electronic band structure
of mBN [26, 27] using XPS (X-ray Photoelectron Spectroscopy) and ARUPS (Angle-Resolved
Ultraviolet PhotoElectron Spectroscopy). The mBN layers were grown on metal substrates using
CVD (Chemical Vapor Deposition) growth methods. They measured the valence and conduction
bands from mBN/Ni. Their results showed an agreement between their measurements of the
valence band structure of mBN and the theoretical calculations done by Catellani et al. in 1985.
In 2010, another work [28] reported the intercalation of Au to decouple the h-BN layer from
Ni substrate. They obtained a quasi-freestanding mBN layer and they observed its valence
band structure through ARPES (Angle Resolved PhotoEmission Spectroscopy). However, no
experimental work has determined the nature of the electronic band gap in monolayer BN

neither its energy.

1.2.2 Electronic band structure for bulk h-BN

The electronic band structure of h-BN was first calculated by Doni and Parravicini [21] in 1969
within tight-binding method which is based on the linear combination of atomic orbitals in a
crystal. Their result indicated the presence a direct fundamental bandgap of h-BN at the K
point of the first BZ.

In 1985, Catellani et al. recalculated the electronic band structure of h-BN using other calcula-
tion methods such as DFT (Density functional theory) and LDA (local density approximation)

[29, 30]. Their results demonstrated an indirect nature for the fundamental bandgap in bulk

11
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h-BN with an energy about 5 eV. In 1995, the nature of bandgap in bulk h-BN was confirmed
to be indirect by Blase et al. [24]; their results provided an energy of about 5.4 €V in bulk
h-BN.

After 2000’s, several groups calculated the electronic band structure for h-BN [31, 32, 33, 34,
35, 36]. They all found an indirect bandgap in bulk h-BN (Figure 1.6) with the minimum of
the conduction band at the M point and the maximum of the valence band near the K point of
the first BZ, with KM equal to % The energy of the fundamental gap was estimated about 6
eV in bulk h-BN. The electronic band structure for bulk h-BN shows the presence of direct gap
at K and H points with energies close to the one of the fundamental gap (direct gap estimated
about 6.5 eV).

5 Ve
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Figure 1.6: Electronic band structure for bulk h-BN: adapted from Ref. [35] and
calculated using GW approximation. The valence band maximum (K) point and the
conduction band minimum (M) are indicated by red crosses.

!'In 2017, Koskelo et al. calculated the band structure for bulk h-BN by increasing the
inter-layer distance [37]. Their results showed that the increase of the interlayer distance
decreases the coupling between the layers (7 bands) and consequently the nature of the bandgap
asymptotically reaches the monolayer case and becomes direct at the K point. The reason for
that change is that m bands are formed by the p, orbitals oriented out of the plane making
their overlap to vanish with the increase of ¢. Consequently, the electronic states are very
sensitive to the interlayer distance i.e. the interaction between the layers, which increases the

screening effect in the vertical direction and results in lowering the energy gap in h-BN by

!The GW approximation is usually used in order to calculate the self-energy of a many-body system of
electrons with G standing for the single particle Green’s function and W for the screened Coulomb interaction.

12
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moving the minimum of the conduction band (M point in the case of bulk h-BN). When the
interaction between the layers is weak or absent (as in mBN) the bandgap increases and the

conduction band minimum lies at the K point.

We point out that the electron in the valence state at K point is localized on the nitrogen
site and the one in the conduction state at M point is localized on the boron site. This is due
to a larger electronegativity for N compared to B 7.e. the electronic excitation m — 7* at the
bandgap energy occurs when an electron jumps from a nitrogen site to a boron site [8]. We
have also to note that along the M K direction, the curves appear flat in the electronic band
structure, and more importantly the one corresponding to the conduction band which indicates

the presence of a large density of electronic states along this direction.
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Figure 1.7: Valence band structure of bulk h-BN: (a) nano-ARPES spectra of
h-BN and calculated band structure (blue lines) of bulk h-BN with modern methods
(GW); the inset of (a) shows the Brillouin zone of h-BN; (b) to enhance the visibility of
the bands in (a). This figure is taken from Ref. [38].

From the experimental point of view, Henck et al. reported Nano ARPES measurements
on h-BN crystals (Figure 1.7) [38]. Their results were compared to GW calculations of the
electronic band structure. They showed that the maximum of the valence band is located near

the K point of the first BZ, in agreement with theoretical calculations.

What is fundamentally original in h-BN is that neither the conduction band minimum,

nor the valence band maximum are at the zone center of the first BZ. In other indirect

13
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semiconductors like diamond or silicon, etc... the valence band maximum is at the zone center
and the conduction band minimum is at high symmetry points of the BZ. This originality in
h-BN has an important impact on the optical properties of h-BN that will be discussed later
in the chapter.

1.2.3 Excitons

When a semiconductor is excited (by light for example) with an energy greater than the gap,
electrons from the valence band jump into the conduction band and the system ends up with
electrons in the CB and absence of electrons in the valence band (holes). The properties of
the electron and the hole can be derived from the band structure within the one-electron
approximation. In order to understand the optical properties of a semiconductor, one has
to describe the excited states of a N particle problem. The quanta of the excitations in

semiconductors are called ezcitons. They can be separated in two types:

o For strong electron—hole attraction, the electron and the hole are tightly bound to each
other i.e the Bohr radius is of the order of the lattice constant: the exciton is called of
Frenkel type. These excitons cannot be described within the effective mass approximation

and they are usually present in ionic crystals.

e If the Coulomb interaction of the e-h pair is strongly screened due to a large dielectric
constant, electrons and holes are only weakly bound and the Bohr radius extends over
several inter-atomic distances: the exciton is called of Wannier-Mott type. The properties
of these excitons can be calculated within the effective mass approximation for which the
electron and the hole are considered as two particles moving with the effective masses of
the conduction and valence bands. Usually in inorganic semiconductors, the excitons are

of Wannier-Mott type.

As in any two-particle system, the exciton motion is decomposed into a center-of-mass (CM)
motion and a relative motion of the two particles. Within the effective mass approximation, the
exciton CM behaves like a free particle with mass M=m.+mj,. The kinetic energy of the exciton
is related to q by: E(q) = %, with q=k.+k; being the wavevector of CM. Thus exciton levels
are represented by parabolas in the two-particle energy diagram and their wavefunction is a
linear combination of many electron—hole pair wavefunctions satisfying the condition q=k.+k;,.

The exciton levels present discrete states depending on the quantum number n and given by:

o Meff RH 1

Eo being the minimum energy of the continuum state or the energy of the gap, Ry is Rydberg

14
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constant for hydrogen atom (13.6 €V); 155 is the effective mass of the e-h pair, € is the dielectric
constant of the system, my is free electron mass. The upper levels of the exciton (n>1) exhibit
decreasing binding energies as 7712 [39, 40]. In the case of Frenkel exciton, the center of mass

motion departs from the parabolic scheme.

In this section we will present the excitonic states in mBN and the calculated dispersion

relations, then we will give the dispersion relations of the excitons in bulk h-BN.

Excitons in mBN

In section 1.2.1 we presented the electronic band structure of mBN: the fundamental bandgap
is direct at the K point of the first BZ.

Here in this section we present the excitonic states for mBN based on the simple description
given by Ando for excitons in carbon nanotubes [41, 42]. In both cases: mBN and graphene,
the crystalline structure has a honey-comb lattice with identical hexagonal Brillouin zones.
The electronic band extrema in both cases are situated at K and K’ points, with a finite gap
for mBN and a zero gap for graphene. In our case, an exciton is an electron-hole pair formed
from two bands with valley and spin degrees of freedom: the electron (hole) can be spin-up 1
(1) or spin-down | ({}) and can be located either in K or K’ valley.

Valley Spin
04) = (KK) + |[K'K")) 1S) = (1) — [41)
0-) = 5(IKK) — |[K'K")) To) = Z5(IT4) + [41)
|Ky) = |[KK') Ty) = [11)
|K-) = |K'K) 7-) = 1)

Table 1.1: Excitons in mBN: the first column summarizes the 4 states for valley
degree of freedom. Here, 0 and K correspond to momentum of the center-of-mass; the
second column summarizes the 4 states for total spin degree of freedom where S is singlet
state and T the triplet.

Neglecting spin-orbit interaction for the light B and N atoms, spin and valley are treated
separately. There are four states for the spin and four states for the valley. For the valley
degrees of freedom, four combinations are possible following Ando: |KK), |K'K"), |KK')
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and |K'K) and they can be re-written in a more symmetric way as summarized in the first
column of table 1.1 with (0) is for direct excitons (q=k.+k,=0) and K for indirect excitons
(q=ketkp,=KK' # 0).

|, ) and |K_) are dark in the electric dipole approximation. |0, ) and |0_) states have opposite
parity, and only |0, ) is allowed.

For the total spin, there is one singlet |\S) and three triplet |T") states. We summarize them

in the second column of table 1.1.

From table 1.1 one gets 16 different possibilities in the (valley, spin) representation for the

excitonic states in mBN:

1 out of the 16 exciton states is bright: |.S,0,)

1 spin-singlet state is dark because of parity: |S,0_)

2 spin-singlet states are dark because the excitons are indirect: |S, Ky ) and |S, K_)

12 states are dark because of the forbidden character of the transition involving spin-
triplet states: |T',04), |7,0_), |T, Ky) and |T, K_). T being the triplet states presented
in table 1.1: either |T%) either |T_) or |Tj).

In 2017, Koskelo et al. [37] calculated the dispersion relation of excitons in h-BN from bulk to
monolayer along I'M direction, with q being the momentum of CM. The excitonic dispersion
in mBN for singlet and triplet states are respectively plotted in figures 1.8 (a) and (b) where
”Singlet” refers to spin-singlet and "Triplet” refers to spin-triplet. In the dispersion curves
presented in figures 1.8 (a) and (b), at ¢ = 0 one can identify the A singlet with |5, 0.), which
is a bright state, and the B singlet with |S,0_), which is dark (figure 1.8 a). In the triplet
case (figure 1.8 b), the A triplet is 3-times degenerate and it corresponds to |T',0,) and the B

triplet is 3-times degenerate and it corresponds to |T',0_).

We point out that in figure 1.8 (a) and for a momentum q close to zero, the dispersion
relation of the singlet A is linear. We highlight that by a green line. This excitonic dispersion
is unusual in inorganic semiconductors and it highlights the fact that the singlet A (|.S,04)) in

mBN does not follow the dispersion of a Wannier-Mott exciton (E(q) # %)
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Figure 1.8: Dispersion of excitons in mBN: (a) dispersion of singlet excitons; (b)
dispersion of triplet excitons in the BN single layer. The calculations are perfomed for
in-plane momentum q along the I'M direction [37], with q being the momentum of CM.
Red squares correspond for states that have a visible peak in the absorption spectrum
of mBN, while blue squares are dark exciton states with no intensity in the absorption
spectrum.

Following Ando, the long range Coulomb interaction splits the triplet and singlet states,
and the short range Coulomb interaction splits the singlet states between |S,0.) and |S, K1)
[41, 42].

Excitons in bulk h-BN

For bulk h-BN, the dispersion relation for a non-interacting electron-hole pair using the GW
method is compared with the exciton dispersion relation by taking into account the Coulomb
interaction in figure 1.9 (a). These dispersion relations were reported by Schué et al. [43]
in 2018. They used GW with the BSE method in order to solve the two-body problem by
taking into account the Coulomb interaction (Figure 1.9 a, red line). In figure 1.9 (a) the
momentum ¢ corresponds to k.+ky i.e. I' corresponds to q=0. In the electronic band structure
of bulk h-BN, the electron and the hole of the fundamental exciton are situated at M and K
points respectively (Figure 1.6). Since M K :%, the lowest energy of the independent e-h
dispersion (black curve) is in the middle of 'K and it lies 0.5 eV below the direct transition (at
', figure 1.9 a). By considering the Coulomb interaction, the minimum of the exciton energy
(red curve) stays close to the middle of 'K at 5.97 eV with a binding energy FE(iX)=250 + 50
meV. Around I and K, the comparison between the two curves shows that the red parabola
is flattened in comparison with the black one. This means that after taking into account the
Coulomb interaction, the effective mass of the CM (M=m.+m,,) was larger than for the black
curve. The two curves are not parallel along I' K’ whereas they would be in the case of Wannier
excitons. The energy of the direct exciton (q=0) is 6.1 eV with a binding energy E;,(dX)=670
meV (more that twice of E,(iX) in the middle of 'K'). This figure highlights the complexity of
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the properties of excitons in h-BN, which are different from what is usually observed in other

inorganic semiconductors.

(a) (b)

6.8 - 6.10
sosl Along MK

6.6 Non-interacting ]
- electron-hole pair 6.06 .
3 ' 3
= 6.44 £4(dX) . e 6.04 .
S ° 1 8 602 y
c 6.24 ) - LICJ L4 °
w Ep(iX) ) 6.00 .

6.0 \ . . o °

' 5.98 ° o

Exciton
5.8 - . — é R N . . - 5.96 [
r Momenturn (x0.14A‘1) K 03 04 05 06 07 08 09 10

Momentum (1/A)

Figure 1.9: Dispersion of excitons in h-BN: (a) dispersion of excitons in h-BN
compared to the noninteracting electron-hole pair along the I'K line, with the momentum
q corresponding to CM. The vertical arrows indicate the binding energy FEj for the
direct (dX) and indirect (iX) excitons [43]; (b) dispersion energy of the fundamental
exciton in bulk h-BN along 'K direction, determined from EELS (Electron Energy Loss
Spectroscopy) measurements [44].

From the experimental point of view, we cite the work done by Schuster et al. in 2018
[44]. They performed EELS (FElectron Energy Loss Spectroscopy) measurements on bulk h-BN
crystals. Their measurements have been performed along the 'K and I'M directions. Along
'K, their measurements revealed the excitonic dispersion between 5.98 and 6.1 eV as a function
of the momentum (Figure 1.9 b). It shows that the exciton minimum energy is at 5.96 + 0.06

eV, which confirms the energy of the fundamental exciton measured by PL in our team [45].

1.3 Phonon band structure

In this section we present the phonon modes in mBN and in bulk h-BN in order to investigate
later the optical properties of this material. In h-BN, one could expect 12 different phonon
modes in the bulk (3 x 4 because there are 4 atoms in the unit cell) and 6 phonon modes in
mBN (2 atoms in the unit cell).

1.3.1 Phonon modes in mBN

The phonon modes in mBN were investigated in 1997 by the group of Nagashima in Japan
[46]. They performed high resolution EELS measurements on epitaxial mBN grown by CVD
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1.3. PHONON BAND STRUCTURE

methods on metal substrates. Their results revealed for the first time the phonon dispersion
relation along I'K direction in the first BZ. These results have been complemented later by
theoretical calculations [47, 48].

In figure 1.10, we present the phonon band structure calculated by Wirtz [48] for mBN.
There are three acoustic phonons: two in-plane modes LA and T'A and one out-of-plane mode
Z A. The optical phonons in mBN are LO, T'O: two in-plane modes, and ZO: along the z axis.

200 |- -

175

150

125

100

75

Energy (meV)

50

25

Figure 1.10: Phonon dispersion relation of mBN: calculated using local density
theory (LDA) by Wirtz et al. [48].

In mBN, the maximal phonon energy does not occur neither at the I' point nor at zone
edges, but at intermediate points away from the Brillouin zone edges (along I'M and I'K).
This is known in terms of over-bending, and it has been largely studied in diamond for the LO

phonon mode [49].

From the experimental point of view, besides the experiments performed in Japan on mBN
[46], few reports have investigated the phonon modes in mBN. Gorbachev et al. measured
the Raman mode (LO) from exfoliated mono-, bi- and tri-layers of h-BN [50] deposited on a
SiO,/Si wafer. The energy of the LO phonon was measured about 169 meV in mBN. This
energy value was dependent of the number of layers. Later Cai et al. [51] measured again the
LO phonon mode from mono-, bi- and tri-layers of h-BN. He concluded that the energy of the
LO phonon mode depends on the substrate used to deposit the layers on it and that the LO
mode is not influenced by the number of layers. More details about these two reports are given

within chapter 3.
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1.3. PHONON BAND STRUCTURE

1.3.2 Phonon modes in bulk h-BN

Phonon modes in bulk h-BN were studied for the first time in 1966 by Geik et al. [52]. In
their work, they proposed the presence of twelve different phonon modes in h-BN. In figure
1.11 we present the phonon band structure [53] calculated 4 years ago and in which the 12
phonon branches can be identified. We note that the phonon dispersion relation for h-BN was
calculated by many groups [54, 48, 20, 55, 56]. Almost all of them have a good agreement with
each other.

For q in the plane of the layer, there are three acoustic phonons: two in-plane vibration modes
noted LA and T A, the third one is an out-of-plane mode noted ZA. The nine remaining
phonons are optical modes: three Infrared actives modes and two silent-Infrared modes; two

twice-degenerated Raman active modes E;‘;gh and E" (Figure 1.11).
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Figure 1.11: Phonon dispersion in h-BN: obtained from DFT calculations in Ref.
[53]. The green dashed line highlight the phonon branches investigated at T point and
involved the recombination process of the indirect exciton along KM.

The high-frequency Raman-active mode (E%gh) was detected by Geik et al. and they
measured an energy around 169.8 meV (1369 cm™!) at room temperature. This mode is
analogous to the G mode in graphene and it corresponds to the vibrations of B and N atoms

in opposite directions in the plane. The low-frequency Raman mode (Eéog“’) was measured for
the first time in 1978 [57] by Kuzuba et al. and later by Nemamich et al. in 1981 [22], they
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1.4. EMISSION SPECTRUM IN BULK H-BN

found an energy around 6.4 meV (51.8 cm™!). This second mode corresponds to the shear
movements between the layers, it is usually present in lamellar materials. It was studied in
multi-layer graphene by varying the number of layers [58] and it was demonstrated that its
frequency decreases with the reduction of the number of layers. However, in h-BN it was never
measured as function of the number of layers. The maximal phonon energy in h-BN is the one
of the Infrared active-mode (LO3) for which the energy is 199.6 meV (1609 cm ™) at the zone

center.

The recombination processes in bulk h-BN involve phonons of M K wavevector, which is
equal to % These phonons are situated at the T point (indicated by green dashed line in figure
1.11). The originality in h-BN comes from the fact that the valence band maximum (K) is away
from the zone center (I'). Therefore, the relevant phonons for indirect exciton recombination
are located in another valley (T) than the conduction band minimum. Their group velocity
is then non-null since they are far from the high symmetry points. This originality has an

important effect on the optical properties in h-BN and that we discuss below.

1.4 Emission spectrum in bulk h-BN

The optical properties of a material depend of the interaction of light (photon) with the
material (electrons and phonons). These properties are governed by the dispersion relations of
electrons and phonons. In the previous sections 1.2 and 1.3, we displayed the electronic and
vibrational properties in h-BN for bulk and monolayer. In this section, we will discuss the

recombination processes in bulk h-BN.

As mentioned previously, the calculations of the band structure lead to an indirect configu-
ration for the fundamental bandgap in bulk h-BN and a direct configuration for the bandgap
in mBN. The luminescence of mBN was never measured before this PhD thesis, while for
bulk h-BN, experiments investigating the luminescence in high quality crystals have been
performed in 2004 by Watanabe et al. [11]. An unexpected and intense photoluminescence
(PL) spectrum around 200 nm was reported at room temperature in their h-BN crystals. This
intense luminescence is due to a high internal quantum efficiency estimated about 50% in h-BN
[43]. Such an effect exceeds what is commonly observed in indirect semiconductors and led
them to conclude that the gap of h-BN is of a direct nature. This controversy between a direct

bandgap claim and the theoretical calculations lasted during twelve years.

In 2016, experiments by two-photon spectroscopy performed in our group [59] demonstrated
that the band gap of bulk h-BN is of indirect nature and that the PL spectrum consists of
emission lines corresponding to phonon-assisted recombination for the spectral range between
5.75 and 6 eV (figure 1.12). The involved phonons are lying at the T point of the BZ (section
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1.3.2). In Ref.[59], they identified 5 phonon replicas (blue lines in figure 1.12). Later within the
thesis of T.P.Q. Vuong [60] and after the calculations done by Cuscé [53] all the involved replicas
have been identified (green lines in figure 1.12) as following LOs5: 5.76 €V, TO3/TO5: 5.79 eV,
LA/LO;: 5.86 eV, ZO3: 5.87 eV, TA/TO;: 5.89 ¢V, and ZO;: 5.93 eV. The zero-phonon-line
(ZPL) at 5.955 eV corresponds to a weak luminescence of the indirect exciton (iX).

The phonons ZA /Z0O; and ZO3 were identified using polarization-resolved measurements with
the pointing vector of the emitted phonon being orthogonal to the c-axis (Figure 1.12 spectrum

in green) [60].

The interaction between excitons and phonons in bulk h-BN has been identified to be in a
strong coupling regime [61] and the temperature dependence of phonon replicas linewidth is
ruled by quasi-elastic scattering of acoustic phonons (ZA) and inelastic scattering by absorption
of optical phonons (ZO;).
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Figure 1.12: PL emission of h-BN at cryogenic temperature: (right side) PL
spectra of bulk h-BN [59, 60] plotted at the same scale as the phonon dispersion relation
[53] (left side); the energy of the indirect exciton (iX) coincides with the zero-phonon
energy.

Our team studied also the effect of isotope purification on the properties of bulk h-BN.
Isotopes of a given element have the same number of electrons, but their atomic mass and
nuclear spin differ through the number of neutrons in their nucleus. The trivial effect of isotope
exchange within a material is the change of its vibrational properties. The natural composition
of h-BN is made of 20% BN, 80% BN and 99.6% “N. Our group has studied the isotope

effect on the optical properties of h-BN by performing PL, Raman and X-ray measurements
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1.4. EMISSION SPECTRUM IN BULK H-BN

on B-purified crystals: 'BN and " BN. Their properties have been compared to the one of
Nt BN (Figure 1.13) [23].
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Figure 1.13: PL emission of h-BN at cryogenic temperature: for samples purified
isotopically: '°BN and ''BN and V*BN.

A global red-shift from BN to ' BN was observed in the PL spectra of h-BN since the
PL energy of phonon replicas depends of the reduced mass; the larger is the reduced mass, the
lower the phonon energy, and the higher is the energy of the emitted photon (the energy of the
emitted photon being hv = E;x — E, with E;x the energy of the indirect exciton and E, the

phonon energy).

Besides the emission resulting from the recombination processes of the fundamental bandgap,
the luminescence spectra in h-BN presents a series of intense emission lines in the spectral
range between 5 and 5.65 eV (Figure 1.14, box in a darker blue). The lines labeled Dy and Dg
come from extrinsic recombination processes, they are attributed to a boron-nitrogen divacancy
(Vpy) and a nitrogen vacancy (V) [62], respectively. In parallel, there is phonon-related
emission at 5.32, 5.47 and 5.62 eV. These emission lines are involving intervalley scattering
assisted by optical phonons (TO) between K and K’ points [63]. It was demonstrated that
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1.5. CONCLUSION

the observation of these emission lines is related to the existence of stacking faults in h-BN
crystals [64].
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Figure 1.14: Emission in bulk h-BN: PL spectrum measured from bulk h-BN at
cryogenic temperature for an excitation energy of 6.3 eV and plotted in a linear scale.
The emission of stacking faults is in the spectral range 5-5.65 eV and the phonons replicas
resulting from the recombination of indirect exciton (iX) in h-BN are in the spectral range
5.65-5.95 eV.

1.5 Conclusion

In this chapter we discussed the main properties of hexagonal boron nitride. We recalled the
structural properties of h-BN. Within the plane of the layer, the atoms are tightly bound
by covalent bonds while the layers are interconnected by weak van der Waals forces. We
discussed later the electronic properties of h-BN by describing the band gap structure for 3D
and 2D lattices. In the bulk form, the fundamental gap is indirect with an indirect excitonic
transition at 5.955 eV and it undergoes from indirect to direct when thinned to a monolayer.
We presented later the excitonic properties of bulk h-BN and we discussed the states involved
in monolayer. Finally we displayed the phonon band structure in mBN and bulk h-BN in

addition to the optical properties studied in our team.
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CHAPTER

EXPERIMENTAL ASPECTS

The target of this chapter is to present the experimental techniques and the samples used
during my thesis. This chapter is split into two parts, the first one is devoted to the description
of the reflectance and photo-luminescence setups built in the DUV range (<350nm), and the
difficulties we faced while implementing these techniques. The second section will be devoted
to the description of the samples studied during this work and to present the different growth
methods.

2.1 Experiments

Optical spectroscopy is a powerful tool for understanding the physics of semiconductors. Here,
we utilize PL and reflectance spectroscopy techniques in order to explore the opto-electronic
properties of h-BN. PL is a basic method that probes the radiative recombination processes
of a considered material after laser excitation. However, the emitted photons result from the
recombination of charge-carriers having thermalized into the lowest energy states. This fact
makes PL an insufficient technique to examine the opto-electronic properties for the energy
levels situated higher than the fundamental energy gap. During my thesis, I built a reflectance
setup in order to complement the PL experiments and analyze the response of the material for
a deeper understanding of its opto-electronic properties. Reflectance spectroscopy probes the
refractive index of a material and more specifically it investigates the dielectric function which
takes into account all the optical transitions involving the fundamental and excited energy
states. This technique probes a system at thermodynamic equilibrium, while PL is controlled
by the relaxation dynamics in the system brought out of equilibrium by the laser excitation.
For that reason, the need to build this technique was primordial to expand our understanding
of the opto-electronic properties of h-BN.

In this section, we will provide a detailed explanation of both setups.
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2.1. EXPERIMENTS

2.1.1 Reflectance
Optical constants

Before considering the reflectance principle, let us resume the optical constants useful to under-
stand quantitatively the optical properties of the solid and its optical response. The dielectric
function of a material is given by: €(w) = €;(w) +i€e2(w), €1 and € being the real and imaginary
parts, respectively, which are interdependent under the Kramers-Kronig transformation.

The dielectric function is linked to the refractive index by: é(w) = 2. The refractive index of a
material is defined by: 7 = n + ik. The real part n gives the ratio between the vacuum speed
of light and the phase velocity of an electromagnetic wave propagating through the material
(n = ¢), while the imaginary part k is known as the extinction coefficient and it characterizes

the attenuation of the electric field in a medium.

Principle of Reflectance

Reflectance spectroscopy examines the interaction of an electromagnetic field with a material
and probes the electromagnetic field reflected by an interface with the medium.

We consider an incident electromagnetic wave with a linear polarization at an interface between
two media having complex refractive indices n; and ng, respectively. ¢, and 6, are the angles
between the normal to the interface and the propagation direction of the electromagnetic waves
in each medium (Figure 2.1). The incident, reflected and transmitted waves are given by the

following equations, respectively :

E@, _ Eoz ei(wtflzi.?)
E. = B, ei@t=F7 (2.1)
Et _ EOt ei(wt—Et.f)

Eﬂomt are the respective amplitudes for the incident/reflected /transmitted waves and lgmt their

respective wave-vectors. 7" being the position vector and w the frequency.

The Fresnel’s coefficients correspond to the reflection and refraction amplitudes which are
respectively defined by: r = % and t = %

Here we are interested by the reflection case. Depending on the waves polarization s or p!, the

!The two orthogonal linear polarization states are referred to as p- and s-polarization. P-polarized (from
the German parallel) light has an electric field polarized parallel to the plane of incidence, while s-polarized
(from the German senkrecht) light is perpendicular to the plane of incidence.

26



2.1. EXPERIMENTS

Fresnel’s coefficient in reflection are defined as following:

~ nycos(01) — nycos(6)

nicos(61) + ngcos(6s)
(2.2)

nycos(0y) — nycos(6)

= ngcos(61) + nicos(6s)

ni, ng, 01 and Oy are related by the Snell-Descartes law given by: nysin(6;) = nasin(6s).

Figure 2.1: Schematic plot showing partial reflection, and refraction of an
electromagnetic wave with a linear polarization at an interface between two
different media: 60, is the angle between the normal and the incident /reflected wave in
the medium (1); 6 is the angle between the normal and the refracted wave in the medium

-

(2); ki are the corresponding wave-vectors.

The reflection coefficient is defined by: R = |r|?. If we consider that the medium (1) is the
air, its refractive index is real and equal to one (n; = 1). Medium (2) is the material with
a complex refractive index ny = 7 = n + ik. For normal incidence (§ = 0°), the reflection

coefficient is given by:

1—nl?

1+n
In our case, we performed reflectance experiments with an incidence angle close to the normal,

(2.3)

(0, = 4°) as detailed in the following parts of this section.

Experimental setup

Reflectance spectroscopy consists in measuring the spectrum of the light reflected by a sample.

There are many possibilities to build the platform for the reflectance setup and to realize
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such measurements. One can send directly the light emitted by the source (covering a large
spectral range) to the sample surface, then one filters spectrally the light reflected by the
sample surface in order to record the spectrum. To analyze spectrally the reflected light, one
can use a monochromator or a spectrometer?.

Another configuration can be used which consists to directly filter the light emitted by the
source using a monochromator and then send the spectrally-filtered source to the sample
surface.

We used the second case (Figure 2.2) because in the first configuration, simultaneous processes
could occur in the material under white-light illumination, while in the second configura-
tion, we can avoid the simultaneous excitation of competing processes that could occur at

energies/wavelengths other than those of interest like PL.

Light Mono-
source chromator

Sample

Detector |—

Figure 2.2: Configuration used to build our reflectance experiment: The light
emitted by the source is filtered spectrally by a monochromator before reaching the
sample surface. The reflected light from the sample surface is directly detected by a
photo-detector.

Light sources:

As mentioned before, my thesis has consisted in the study of the opto-electronic properties of
h-BN in the DUV range. We are especially interested in doing reflectance measurements up to
7 eV (~177 nm) in order to examine the electronic properties of h-BN above 5.95 eV. For that,
our choice was first to use a deuterium lamp (63163 Newport) with an arc size of 0.5x0.5 mm?.
This lamp produces a broadband emission from 160 to 800 nm, with an ultraviolet radiation of
~1 mW/mm?/nm around 200 nm. This irradiance decreases by more than a factor 10 between
200 and 400 nm. The spectrum of the light emitted by the lamp presents emission lines for
wavelengths higher than 400 nm (Figure 2.3).

Afterwards, we have bought another lamp with higher performances that could replace our

2The monochromator, as its name indicates, permits the transmission of selected wavelengths of light chosen
from a wider range of wavelengths available at the input. A spectrometer has an output with a wide spectral
range and is equipped with a multi-channel detection device.
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Deuterium lamp. It is a Xenon-plasma light source (LDLS EQ-99X EnergetiQ) based on
laser-driven bulb technology that directly heats the plasma to the temperatures necessary to
get an efficient DUV discharge. This technology results in an arc size of the order of 100pum X
100pm, 5 times smaller than that of the Deuterium one. Another important consequence of the
use of this light source is the absence of noise in the broad spectral range (170-750 nm) which
permits us to do reflectance measurements for longer wavelengths if needed. The irradiance is
~1 mW/mm?/nm and approximately constant over all the spectrum range. The irradiance
spectrum of the two lamps are taken from the published data by the lamps producers and are
plotted in the figure 2.3.
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Figure 2.3: Comparison between the irradiance spectrum of the two lamps
used to build our reflectance setup: the curve plotted in solid blue line corresponds
to the irradiance of the Deuterium lamp; the dashed red line corresponds to the one of
Xenon-plasma light source.

As mentioned above, the size of the Xenon-plasma light source is 5 times smaller than the
one of the Deuterium Lamp. Later when doing experiments, the size of the spot focused on
the sample surface will be delimited vertically by the arc size of the lamp and horizontally by
the width of the monochromator slits e, it is given by: arcsize x e. Using the Xenon-plasma
source has allowed us to measure reflectance by exciting a smaller region on the sample surface
and then to reduce the inhomogeneous broadening from our reflectance spectrum which can be
caused by morphological defects and some surface inhomogeneity.

The results obtained using the Deuterium lamp are presented in the third chapter while the

ones obtained after we bought the Xenon-plasma light source are described in Appendix A.
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Description of the setup:

Our home-made reflectance setup is sketched in figures 2.4 (a) and (b). As it is mentioned in
the paragraph before, we used two different light sources to build our setup. The light emitted
by the lamp is spectrally filtered through a mono-chromator (Cornerstone CS130), equipped
with three diffraction gratings (Figure 2.4 (a)): a 2400 grooves/mm grating blazed at 275 nm,
a 1200 grooves/mm grating blazed at 350 nm, and a 150 grooves/mm grating blazed at 800
nm. We used the 2400 grooves/mm grating for all my measurements as it presents the higher
groove density, providing the higher dispersion and therefore the best spectral resolution for our
measurements. Both the input and output slits of the monochromator are opened with widths
of 100 pm providing a spectral resolution of the order of 10 meV (that is calculated later). The
filtered light is collected at the exit slit through a spherical mirror (SM2), and then focused on
the sample surface with an incidence angle close to the normal (equal to 4°). The sample is
held on a cold finger of a closed-cycle cryostat, in order to perform temperature-dependent
measurements from 8K to room temperature (Figure 2.4 (b)). The reflected light is focused on
a photo-multiplier (PM) detector, adapted for a spectral range scaling from 160 nm to 900 nm
(R955 tube, Hamamatsu photonics). The signal is amplified through a pre-amplifier and then
detected using a synchronous detection method that is explained later.

All the optical elements are reflective mirrors with a special coating for the DUV: aluminium
protected by MgF5, film, that gives an anti-reflective film for 180 nm.

In order to visualize the image of the sample surface, we installed an imaging system using
a source which emits visible light. It was mounted in front of the cryostat window to light
up the sample holder. The image of the sample holder is formed by a lens on a CCD camera
(Thorlabs DCC1545M). The spot position on the sample surface is visualized when setting the
grating of the monochromator to the zero-order in which there is no diffraction, and the spot
is visible®. For clarity of the scheme, the imaging system is not presented in figure 2.4.

All the instruments used to build our setup are controlled by a central unit. The computers
programs were developed by our engineer P.Valvin using Lab-view interface to communicate

with the different instruments, to acquire and save the measured data.

Under ambient conditions, light sources with emission wavelength below 242 nm produces
toxic O3 (ozone) gaz, so that we use an Ozone Eater (66087 Oriel) that converts the toxic

ozone produced by the lamp into oxygen.

3 At the zero-order the grating acts like a mirror, and the light coupled to the monochromator which contains
visible wavelengths, exits the monochromator in a non-dispersed light beam. One can see a visible spot of light,
thanks to the component of the source in the visible range
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(@)

Light source

SM1

Figure 2.4: Scheme of the reflectance setup: (a) Before the input slit of the
monochromator, the light source is coupled with the monochromator through reflective
mirrors; (b) after the exit slit of the monochromator, the light beam is focused on the
sample surface and the reflected beam is collected by the photo-multiplier detector (PM);
an optical chopper, a pre-amplifier and a Synchronous Detection (S.D.) system provide a
synchronous detection of the signal. All the elements are placed in Ny environment.

Spectral resolution:

The spectral resolution of our system is determined by the monochromator slit widths
(e = 100pum) and the reciprocal dispersion (rq = 3nm/mm) of the grating used (Newport
74021): AN = e X gy = 0.3nm. In terms of energy and for a wavelength A = 200nm,
AFE ~ 10meV.

Synchronous detection:
In order to detect the reflectance signal, we use a photo-multiplier (PM), a pre-amplifier and
a lock-in amplifier (5210 Princeton) that is indicated in figure 2.4 (b) by S.D. (for synchronous

detection).

The principle of synchronous detection consists firstly, to modulate the signal we want
to measure with a reference signal of a known frequency and secondly, to de-modulate and
integrate the signal of interest using a lock-in amplifier. The modulation is given by turning
repeatedly on and off the excitation signal. In our case, an optical chopper with a frequency
of ~1 kHz is used. The lock-in amplifier first amplifies the input signal, then multiplies the
input and the reference signals (the reference signal is given by the optical chopper and the
detected signal by the PM at the same frequency) and finally integrates with a low-pass filter
that removes all frequencies except the one of interest. This is resumed in figure 2.5.

For a good accuracy with a noise level < 0.2% we should increase the gain (which represents

the overall amplification of the signal before injection into the S.D.) at the maximum with a
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condition on the entry not to be saturated. In our case we use a gain of 10* V.A~1. However,
to improve the signal to noise ratio, one has also to choose the time constant 7, which defines
the lock-in amplifier’s low-pass band-width. It ranges between 300ms and 1s depending on
the sample. The measurement is carried out over a time equal to 3 x 7, for each wavelength.

Finally, the measured signal is detected, and saved on the computer through a Lab-View

interface.
PM Pre- Signal input De- Integrator | Signal output Computer
(detector) amplifier modulator (LP filter) Pt

Reference input

Chopper

Lock-in amplifier (S.D.)

Figure 2.5: Principle of synchronous detection: scheme resuming the process of
synchronous detection in our setup with a phase shift chosen to maximize the modulated
signal.

Complications of the setup

Doing reflectance experiments seems to be basic and easy to realize. In the DUV, the presence
of optical aberrations makes the alignment of the optics complicated. Moreover, we are dealing
with energies/wavelengths overlapping with the absorption bands of oxygen. In this part, we

will discuss the main difficulties we faced while building our reflectance setup.

Optical aberrations:

In the previous section, we presented the platform of our reflectance setup and the detection
of our signal, but we did not discuss the alignment of the optics when building our setup. Here
we will discuss especially the alignment of the monochromator and the optical aberrations that
are present in our system.

We note that the alignment of our setup is realized with visible light: the grating of the
monochromator is set at the zeroth-order.

In an ideal case, when no aberration exists in the system and if the grating is tilted to the
zeroth-order, one can see a rectangular form for the illuminating beam after the exit slit, with
a homogeneous intensity among the surface. The light intensity decreases homogeneously

on the rectangular surface when closing both the input and output slits and the form of the
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image should remain the same. However, in practice, for widths narrower than 150um, the
monochromator output shows two separated “bean shapes” of light, suggesting the presence of
optical aberrations in our system.

Optical aberrations exist in different forms, we separate them between chromatic aberrations
and geometrical aberrations. Chromatic aberrations are usually observed when using lenses
which fail to focus all colors on the same convergence point, due to the different refractive indices
of the glasses for different wavelengths of light. While aberrations with monochromatic light
are caused by the geometry of the optics and include spherical aberration, coma, astigmatism?,
field curvature and image distortion. In our system, all the optics we used are reflective mirrors
(flat and spherical mirrors), and the monochromator is a Fastie-Ebert instrument® composed
of one large spherical mirror and one plane diffraction grating. Then, the presence of optical

aberrations in our system is limited to the geometrical family.

Illumination

diagram

' i 200 mm

Figure 2.6: Simulation of our experiment using Zemax: The input and output
slits of the monochromator are presented by two converging points. The dispersion of
light by the monochromator is simulated by 3 mirrors and one grating with M2 being the
one collimating the beam and M3 the one focusing the beam and giving the image at the
exit plane; M4 is a flat mirror.

4Coma is produced when rays from an off-axis object point are imaged by different zones of the optical
element, one sees the images are circular in shape and of varying size, displaced with respect to each other.
While astigmatism results from the failure of a single zone of an optical element to focus the image of an
off-axis point at a single point, and the rays that propagate in two perpendicular planes have different focal
points on the plane.

°In a Fastie-Ebert instrument, a portion of the spherical mirror firstly collimates the light and then reflects
the beam upon the grating. A separate portion of the spherical mirror focuses the dispersed light from the
grating into images of the entrance slit in the exit plane.
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In order to understand the shape of the illumination spot after the exit slit of the monochro-
mator, we performed an optical simulation of our setup using Zemax®, that we present in
figures 2.6 and 2.7.

Firstly, we considered that the light is perfectly focused on the entrance slit of the monochro-
mator. The results of this simulation is presented in the illumination diagram shown in figure
2.7 (a). The illumination diagram shows the form of a cross for slit width of about 30um,
suggesting the presence of off-axis aberrations in our system, like astigmatism. This is in
agreement with the suggestions of the producer proposing not to work for widths less than
50um.

As a second step, we took into account the impact of the focusing element at the entrance
of the monochromator. To align our setup, we use a spherical mirror to couple the light at
the entrance slit of the monochromator. This induces the presence of spherical aberrations’
at the input of the monochromator. The result of such type of aberration is that all the
rays emerging from the pupil will not cross at the same point on the focal plane. When
closing the input slit of the monochromator, some rays are cut resulting in dark shapes
in the pupil, after the exit slit. Moreover, the relatively high aperture of the monochroma-

tor (F/4) enhances the effect of these aberrations when a tiny off-center misalignment is present.

Figure 2.7: Illumination diagrams after the exit slit of the monochromator
simulated using Zemax: (a) result of the simulation for slit width of about 30um ; (b)
result obtained for slit width of 150um and by adding to the previous simulation a tiny
off-center misalignment at the input slit of the monochromator.

We added to our simulation a small misalignment at the entrance of the monochromator:
the result is presented in figure 2.7(b). The illumination diagram shows two separated spots

with “bean shapes” for slit widths of 150um. The spot form corresponds perfectly to what we

6Zemax is a professional optical design program that serves to design and analyze imaging and illumination
systems by modeling the propagation of rays through an optical system.

"Spherical aberrations are caused by spherically shaped optics. Parallel light rays that pass through the
central region focus farther away than those that pass through the edges. The result is many focal points.
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observe in practice when aligning our setup, and we can remark that the two forms presented
in (a) and (b) are complementary.

From what we presented here, one can conclude that at the exit slit of our monochromator the
light beam is affected by many types of geometrical aberrations which came from the spherical
shapes of the mirrors used but mostly from the off-axis design of the monochromator which

exhibits of a limited ability to maintain an image without aberrations.

In order to resolve this problem, one can either de-center the spot on the entrance slit of
the monochromator in order to get the same form as in the case (a) or work with the case (b)
by selecting one of the two beams. As we had enough intensity on our detector, we decided to
cut one of the two spots in case (b) using a spherical iris/pinhole before the sample surface

and the spot selected was the one with the higher intensity.

Oxygen absorption:

As it is mentioned in the beginning of this section, we are interested in measurements
of reflectance up to 7 eV (~177 nm). In this spectral range, the absorption of oxygen is
inconvenient and is due to the Schumann-Runge bands®. In order to resolve this issue and
do measurements without being disturbed by oxygen absorption, we decided to work in a
nitrogen-gas environment. For that, we covered the optical table by a plastic film and we built
a box covering the setup with a scaling keeping the nitrogen gas inside it.

The nitrogen flux was provided by a cryogenic liquid container that allows to extract the
gaseous nitrogen through an internal vaporizer and then inject it inside the box. The percentage

of oxygen inside the box was measured using an oxygen-meter.

In figure 2.8 (a), we plotted in red solid line the intensity of the reflected signal from the
surface of a flat mirror (aluminum) as a function of the energy (eV). The graph is plotted in
log scale. The spectrum was recorded using our Deuterium lamp under ambient conditions
and it shows a series of bands between 6.2 and 6.8 eV. We compared our data with a reference
spectrum of reflectance [65] plotted in a green dotted line, and recorded using a deuterium
lamp too. The comparison between the two spectra shows that the bands present in our data
correspond perfectly to the ones attributed to the absorption of the UV light by the oxygen
existent in the air.

Figure 2.8 (b) shows the plot of the intensity of the reflected signal from the surface of the
same flat mirror. The box is purged by a nitrogen flux, and the oxygen percentage inside the

box is null with an uncertainty of the oxygen-meter about 0.1%.

8Set of absorption bands of oxygen that occur at wavelengths between 176 and 192.6 nm.
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Figure 2.8: Intensity of the reflected light in the spectral range of the Schu-
mann—Runge bands plotted in semi-log scale: (a) In red solid line is the spectrum
measured by our setup from a reference sample, using a deuterium lamp and under
ambient conditions; in green dotted line is plotted a spectrum of reflectance showing the
Schumann-Runge bands from Ref.[65]. (b) The spectrum measured by our setup from a
reference sample, using a deuterium lamp and under nitrogen-gas conditions.

The spectrum under nitrogen-gas conditions shows the total disappearance of the oxygen
absorption bands. In addition, the intensity of the signal increases by a factor of 8 for energies

around 6 eV and by a factor of 28 for energies higher than 6.6 eV.

Normalization of our measurements

A reflectance spectrum shows for each wavelength/energy, the ratio between the intensity of
the light reflected by the sample and the intensity of the incident light, given by:
1,(A)
R(\) =
) Io(N)

Is(\) and I,.(\) being the intensities of the incident and reflected light from a sample surface

(2.4)

respectively. I,()) is directly measured from the reflected signal of the considered sample’s
surface, it is given by: I, (X) = Io(A\) X Rsampie(A) X 1, with n being the sensitivity of the PM
detector. Iy(A) cannot be directly measured due to the experiment conditions: the presence of
cryogenic conditions in our experiments and the need to pass the light by the cryostat window

leads to the impossibility of measuring directly Ip(\). For that, we use a reference mirror that

permits us to measure I,.f(A) = Io(A) X Ryef(A) x 1. Consequently, I[T'JE’(\;\) = R;m;’(;()’\). The
reflectance of the sample is then given by Rsample()\)zw.

As mentioned, we use as a reference a mirror with a diameter size of 5mm, held next to

the sample inside the cryostat, it permits us to measure I,.¢;. The mirror used is covered
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with an aluminum coating and protected by a thin film of MgF; (the same coating as the
one of the optics used to align our setup) providing a reflectivity R,.; sufficiently flat for
the wavelength /energy domain that we use which allows us to normalize our measurements.

The reflectivity spectrum of the mirror we use is given by the producer (Acton optics), it is
re-plotted in figure 2.9.
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Figure 2.9: Reflectance of our reference sample: curve presenting the reflectance
spectrum given by our reference mirror for a spectral range between 180 and 600 nm.
These data are provided by the producer (Acton optics).

It shows that for the spectral range between 180 and 600 nm, the reflectance of the mirror
is constant (of about 87%) all over the spectrum, with the absence of any oscillation, so that
the mirror can be used as a good reference in order to normalize our measurements. The
reflected signal from the mirror surface was measured for each set of data, at the beginning
and at the end of the acquisition of the spectrum of the h-BN sample.

In order to validate the reflectance measured by our setup, we used a graphite sample.
We measured the intensity of the reflected beam by the graphite surface I,.(\) (presented in
figure2.10 (a)), then the intensity of the reflected beam by the mirror /,.;()\) (presented in
figure 2.10 (b)). The normalization between the intensity of the reflected signal from the
sample surface and the intensity of the reflected signal from the surface of the reference mirror,
% is plotted in figure 2.10 (c¢) with blue solid line. The reflectance of graphite shows a
smooth variation between 4.5 and 7 eV with a maximum of about 35% at around 5.2 eV. We
compared our data with the calculated reflectance of graphite (dotted red line). The calculated
spectrum is evaluated from the optical constants of graphite published in Ref [66].

The comparison between the two curves shows an overall agreement between the variation of
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our spectrum and the maximal reflectance of graphite in the literature. The relative deviation
of the reflectance varies between 14% and 30% for the spectral range between 5.2 and 6.7 eV.
For energies lower than 5.2 eV and higher than 6.7 eV, the deviation is more than 50% and we
do not have any explanation for this except the possible influence of the graphite fabrication
conditions, our graphite being HOPG (Highly Oriented Pyrolytic Graphite).
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Figure 2.10: Normalization of our reflectance spectra (a) Intensity of the reflected
signal from the surface of a HOPG sample as a function of energy; (b) intensity of

the reflected signal from the surface of reference mirror as a function of energy; (c)

Normalization of % in solid blue line compared with the calculated reflectance

of graphite (dotted red line).

2.1.2 Photoluminescence spectroscopy
Principle of photoluminescence

PL spectroscopy is a non-contact method, that probes directly the opto-electronic properties

of materials. It occurs when photons induce the emission of other photons from a medium.
When a light beam excites a medium, photons are absorbed by the matter, generate carriers
that recombine, a process called PL. The photo-generated carriers remain in their excited state
for a short time (~107%s), before relaxing to lower states by non-radiative processes. When
the carriers return to their equilibrium states, the excess energy is released and a radiative
process occurs which causes the emission of a photon.
In the case of a semiconductor, the radiative recombination process usually occurs between
the states located in the conduction and valence bands extrema and the energy of the emitted
photon depends on the band gap energy of the material. However, radiative transitions may
also involve energy levels located inside the band gap. The latter are due to the presence of
localized defects or impurities in the semiconductor.

The principle of PL is summarized in figure 2.11 below.

38



2.1. EXPERIMENTS

Non-radative
processes CB

Excitation Luminescence
photon photon

VB

Figure 2.11: Principle of photoluminescence spectroscopy for semiconductors.

Experimental Setup

A brief history about our PL setup: Our PL setup was firstly built in 1994 in order to
perform time-resolved photo-luminescence spectroscopy for materials with high energy gap
like nitrides (GaN) and oxides (ZnO) using the third-harmonic of a Ti-Sa oscillator (260-270
nm). Later our engineer P. Valvin has upgraded this setup and in 2012-2013 a fourth-harmonic
generator was installed in order to perform PL spectroscopy for wavelengths around 195 nm
and a cryostat to realize temperature-dependent measurements. In 2014-2015 our group started
to study the optical properties of h-BN [45, 63, 60].

During my PhD, we only changed the configuration of the collecting system using new reflective
mirrors (parabolic and spherical) with M gF, coating for the DUV. The actual configuration of
the PL setup is described in the following section.

Description of the setup: The experimental setup for our PL spectroscopy is displayed
in figure 2.12. The excitation beam is provided by the fourth harmonic of a cw mode-locked
Ti:Sa oscillator with a repetition of 82 MHz. The latter is pumped by a cw pump laser at
532 nm. The fourth harmonic is given by the addition of 3w and lw. The wavelength of the
excitation pulse varies in the spectral range between 192 nm and 196 nm.

The sample is held on a cold finger of a closed-cycle cryostat for which the temperature can be

controlled between 8K and 300K in order to perform temperature-dependent measurements.
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The excitation beam is focused on the sample surface through a lens (L) tilted by a small angle
about 3°, in order to avoid the mixing between the reflected beam by the cryostat window and

the PL signal. The spot diameter is of the order of 50 um, with a power of 30 pW.

Figure 2.12: Scheme of our experimental setup used for PL measurements of
h-BN samples: cryostat for temperature-dependent measurements, excitation beam
provided by the fourth-harmonic of a Ti-Sa laser with wavelength varying from 192 and
196nm; (PM) = Parabolic mirrors; (SM) = Spherical mirrors; (M) = flat mirrors, (P) =
prism and (L) = lens.

An achromatic optical system which is composed of parabolic and spherical mirrors, couples
the emitted signal to our detection system. All mirrors are coated with aluminium and
protected by M gF; film, that gives an anti-reflective film for 180nm. The detection system is
composed of a Czerny—Turner monochromator with a focal distance f = 300mm, equipped with
three diffraction gratings: a 1800 grooves.mm™! grating blazed at 250nm, a 1200 grooves/mm

grating blazed at 250nm, and a 300 grooves/mm grating blazed at 250 nm. We usually used
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the 1800 grooves.mm ™! grating for all my measurements in order to get the highest possible
resolution. The detector is a back-illuminated CCD camera (Andor Newton 920) that gives a
quantum efficiency of 50% at 210nm. The camera is operated over different integration times
varying between 1 and 5 mins. For measurements with wavelengths higher than 260nm, we use
a long-pass filter (266RU Semrock) at the input slit of the spectrometer in order to avoid the
second and third orders of diffraction from our PL spectrum. The spectral resolution provided

by our system is about 2.5 meV for 200nm.

2.2 Samples

During my thesis, I used h-BN samples from two different sources: Nottingham University
in the UK and Kansas state University (KSU) in the USA. The samples grown in Nottingham
are epitaxial layers having a thickness around one monolayer. These samples were grown using
Molecular Beam Epitaxy on graphite substrates. The samples grown in KSU are bulk crystals
synthetized using a metal flux method at atmospheric pressure.

In this section we will present the different samples used during this thesis and their growth
methods.

2.2.1 Samples grown by Molecular Beam Epitaxy

Our h-BN epilayers samples were grown in the group of Prof. Sergei Novikov, at the University
of Nottingham in the UK. These samples were grown by the Molecular Beam Epitaxy (MBE)

technique at high temperature and using graphite as a substrate.

In the MBE approach, the crystalline growth is performed by the reaction between molecular
or atomic beams on a heated substrate. The beams are turned out of heated effusion cells
which are spatially separated and thermally isolated. The temperature of each cell controls
the intensity of the projected beam. The deposition is assisted layer by layer and the process
occurs under ultra-high vacuum (UHV) environment.

In order to grow high quality h-BN samples, the need is to have an environment under
high temperature conditions. When using the MBE process, one has to manage very high
temperatures at the surface of the substrate, while the intrinsic properties of metals such as
high thermal conductivity makes the thermal exchange between the substrate holder and the
rest of the metallic growth chamber very high. This fact makes the development of such growth
technology very difficult in the high temperature range. Our collaborators in Nottingham
managed to solve these difficulties by building a specific and expensive design of MBE system
in order to grow h-BN under high temperature conditions.

The system used is a dual-chamber Veeco GENxplor MBE, capable of achieving growth
temperatures of up to 1850 °C under UHV conditions. Their system is equipped by a rotating
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substrate holder of 3 inches in diameter in order to get a homogeneous growth on the substrate
surface, provided with a high temperature heater. The substrate temperature is provided by a
thermo-couple reading. A high-temperature effusion cell provides the evaporation of boron,

and a standard Veeco RF plasma source delivers the active nitrogen flux.

Substrate used

The substrate used to grow thin films by MBE has to be stable at high temperatures (>
1500°C), easily available, and of relatively low cost. The best candidates for these conditions are
sapphire, templates of AIN on sapphire and silicon carbide (SiC). While graphite is isostructural
to h-BN, the choice to use it as a substrate for growing h-BN epilayers provides several potential
advantages since the lattice mismatch between h-BN and graphite is very small (1.7%). Our
collaborators in Nottingham have shown the possibility to grow high quality epitaxial h-BN
using a substrate of highly oriented pyrolytic graphite (HOPG) [67]. The substrates are highly
ordered along the c-axis and display a tilt between the domains of about 0.4°. The surface of
the substrates is 10x10mm?2.

Before introduction into the MBE growth chamber, the substrates are exfoliated using an
adhesive tape to obtain a fresh surface before the growth. Then they are cleaned in toluene
overnight to remove any remaining residue, and finally thermally cleaned at 200 °C in a flow
of Ar:H2 (95:5).

Quality of h-BN grown by MBE

As mentioned above, in 2017, our collaborators in Nottingham reported the growth of h-BN on
HOPG substrates [67].

In their paper, they demonstrated that the h-BN deposited on the growth surface was de-
pendent on the growth temperature T and that the surface coverage was reduced when Tg
was increased higher than 1390°C. In order to grow h-BN using MBE, T has to be fixed at
1390°C.

Samples grown within this condition showed the emission of intrinsic phonon-assisted
recombination in the PL spectra and attesting the high quality of their epilayers [67]. Moreover,
X-ray and angle resolved photo-emission spectroscopy (XPS and ARPES) performed on their
samples [68] demonstrated the high quality of their h-BN layers after the observation of the
valence band dispersion. They demonstrated also that their h-BN layers grow parallel to the
graphite layers, and that the two materials are hold together by Van-der-Waals interactions
[68].
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Samples studied during this thesis

The h-BN epilayers were grown using a fixed RF power of 550W and a nitrogen (Ns) flow
rate of 2 scem. The h-BN coverage is reproducibly controlled by the growth time, substrate
temperature and boron to nitrogen flux ratios. The substrate temperature for all the sample
used in this thesis was fixed at 1390°C. The characteristics of the samples studied during this

thesis are summarized in the table 2.1 below with the different growth conditions and their

thicknesses *.
Sample B cell temperature Growth time Coverage thickness
N1 1875°C 3 hrs < monolayer
N2 1888°C 3 hrs > monolayer
N3 1900°C 3 hrs multilayers
N4 1925°C 3 hrs multilayers
N5 1950°C 3 hrs multilayers
N6 1875°C 5 hrs > monolayer

Table 2.1: Growth parameters of the h-BN samples grown by Molecular Beam Epitaxy
under ultra-high vaccuum conditions in Nottingham University and the approximative
thickness of each sample.

The MBE-grown layers were studied by atomic force microscopy (AFM) and spectroscopic
ellipsometry under ambient conditions. From our side, we have performed PL and reflectance
spectroscopy using the experiments detailed in the previous section 2.1 under cryogenic
conditions. All the results obtained from these measurements will be detailed in the next

chapter 3.

2.2.2 Bulk h-BN
Growth method

Our bulk h-BN crystals were produced in the group of Prof. J. H. Edgar, at the department
of Chemical Engineering, Kansas State University, USA. The amalgamation of these samples is
obtained from a molten metal solution at atmospheric pressure. This growth method is derived
from the paper of Yoichi Kubota et al. [13], where they exhibited the feasibility of synthesizing
BN at atmospheric pressure. This method allows to grow crystals at temperatures lower than
their melting points. h-BN has a melting temperature around 3000 °C, while it can be grown
at a temperature of 1500°C when using a Ni-Cr metal flux for example [69]. This is interesting

since it permits to grow crystals with lower density of defects due to the lower thermal stress.

9More details about the coverage will be given in chapter 3, with the AFM characterization.
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The metal flux crystal growth method is based on dissolving the source material in a molten
metal or what we call a metalloid flux: the metal is heated to a high temperature in order to
dissolve and then kept for an enough time up to the saturation. After that the metal is cooled
down. This cooling process decreases the solubility and permits to produce the precipitation of

the desired crystal on the metal surface.

In the case of h-BN crystal growth, boron is highly soluble in Ni and Fe (melting points
1455 /1538°C respectively), with maximum solubilities of 18.5 % and 17 %, respectively, while
nitrogen has a good solubility in chromium (melting point «~1907°C). However, utilizing Fe is
of a paramount benefit in reducing the production cost, since it is abundantly obtainable on
earth. Regardless, nickel is found in Earth’s crust only in tiny amounts, fact that classifies it
among expensive materials for synthesizing h-BN.

The crystal growth process consists of placing the metal powders (Ni-Cr or Fe-Cr with a
proportion of 50-50wt%) in a hot-pressed BN (HPBN) boat'® (Figure 2.13), then loading the
crucible into an alumina furnace providing two heating zones. The system is placed under
nitrogen flux (850 Torr) with a small amount of hydrogen in order to remove any oxides from
the source materials. After that, both zones of the furnace are heated at high temperatures
(about ~ 1600°C) with a rate of 200°C/h, and then kept at this temperature for a period of 24
hours, in order to melt the metals and dissolve the h-BN from the crucible until saturation
and allowing the time for mixing.

After that, two cooling processes can be performed: the first one is a uniform cooling process
while the other one is a temperature-gradient process. In the first case, both zones are cooled to
the same temperature 1400°C with a rate of 4°C/h (the cooling rate can be changed). During
this process, h-BN crystals precipitate on the metal surface, since the solubility decreases with
the temperature. After that the furnace reaches a temperature of 1400°C. The whole system is
cooled down to room temperature with a rate of 200°C/h.

In the second case corresponding to the temperature-gradient process, one zone is cooled
to 1400°C with a rate of 4°C/h, while the other is kept at 1600°C in order to apply the
temperature-gradient on the boat placed in between the two heating zones. During this cooling
process, the h-BN source dissolves continually in the high temperature zone (maintained at
1600°C) whereas h-BN crystals precipitate in the other zone during the cooling process (Figure
2.13).

After the temperature of the second zone reaches 1400°C, the whole system is cooled down to

room temperature with a rate of 200°C/h to produce a metal ingot.

10Tn this case, the boat serves as the material source for growth. However, another material source can be
used: pure BN powder and in this case the boat used is made of alumina
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Metal-ingot taking-off
Fe-Cr ingot

Figure 2.13: Hot-Pressed BN (HPBN) boat crucible for h-BN crystal growth:
this crucible is used in the metal flux method with a temperature-gradient cooling process

(left-side); Metal-ingot taken off from the crucible (right-side); both pictures show the
h-BN crystals covering the metal-ingot.

A picture of the ingot produced in the HPBN boat after a temperature-gradient cooling
process, is presented in figure 2.13 and it shows the precipitation of h-BN crystals on one side

of the ingot corresponding to the cooler zone, while on the high temperature side, we don’t see
precipitation of h-BN crystals.
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Figure 2.14: h-BN bulk crystals grown by metal flux method: on the left side
is an image taken by an optical microscope; on the right side is a macro image of the
peeled h-BN flake with a size of about 3 cm placed in the wafer carrier.

In order to remove the crystals from the metal surface, our collaborators in KSU use a
heated release tape (130 °C) in order to peel-off the crystals from the ingot surface.
Large crystal domains (about «~3cm) are obtained with their growth method with a single
crystal size about «3mm (Figure 2.14) [17, 16]. Their samples are of high-crystalline quality
presenting narrow linewidths of Raman modes («~7.8 ecm™!) [69, 70].
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Studied samples

The h-BN crystals that I studied during my thesis and for which the data are presented in the

appendix A of this manuscript are resumed in the following table 2.2.

Sample BN source material Solvents Cooling rate Cooling process
K1 HPBN Fe-Cr 4°C/h uniform
K2 pure BN powder Fe-Cr 1°C/h uniform

Table 2.2: Growth parameters of the h-BN samples grown from a metal molten solution
under high temperature and atmospheric pressure conditions in Kansas State University.

2.3 Conclusion

In this chapter we presented the experimental aspects on which the results of this thesis are
based and the growth methods used to produce the h-BN samples we studied.

We presented the experimental setups used during this thesis in order to perform optical
spectroscopy on h-BN samples in DUV. We firstly detailed the reflectance setup that was
built during my PhD, in addition to the difficulties related to the spectral range in which we
work and that we faced when building our setup. The built reflectance setup can perform
experiments for energies up to 7 eV after the elimination of oxygen by purging nitrogen gas
in the experimental environment. The absorption of oxygen is inconvenient in this spectral
range, since the reflectance spectra measured in an oxygen environment are noisy and could
hide important information about the optical properties of the material in study. We detailed
the optical aberrations that exist in our setup as well and their effect on our operating system.
In order to normalize our reflectance measurements we used a reflective mirror coated with a
MgF; film and that gives a flat spectrum in the DUV spectral range. The spectral resolution

provided by our reflectance setup is about 10 meV.

The PL setup for the DUV range was built a few years before my PhD. The laser is provided
by the fourth harmonic of a Ti-Saphire laser, allowing measurements for wavelengths up to
192 nm. The system provides a spectral resolution of about 2.5 meV.

Both experiments are complementary when studying the optical properties of solids since
reflectance probes the dielectric function comprising all the optical transitions in solids while
PL probes the recombination processes.

In the second part of this chapter, we have exposed the different growth techniques used by

our collaborators for the growth of the h-BN samples we studied. The first method used by

our collaborators in Nottingham University is Molecular Beam Epitaxy realized under very
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high temperature. For this method h-BN monolayers are produced. The second method is
the metal-flux technique, used by our collaborators in the KSU in order to grow bulk h-BN
crystals. Within this growth method, large domain crystals were obtained (~ 3 cm) with a

single crystal-size (about 3 mm).
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CHAPTER

MONOLAYER BORON NITRIDE

3.1 Direct band gap in monolayer boron nitride

3.1.1 DModification of the band gap nature in 2D materials

The exfoliation of graphene by Novoselov and Geim in 2004 [1] and the discovery of its
remarkable electronic properties have opened up a new avenue of research with a new type of
materials having a potential for revolutionizing electronics. The band structure of graphene
and its zero-gap at the K point of the first Brillouin zone lead to unique physical and
electronic properties [71, 72]. In parallel to graphene, two-dimensional (2D) transition metal
dichalcogenides (TMDs) have been discovered as a new class of semiconductors, for atomically
thin electronics and opto-electronics, with a finite energy gap and they have emerged as new
optically active materials for developing novel 2D light emitters [73, 74]. Of particular interest
are exfoliated ultrathin monolayers from TMD crystals, which have demonstrated a change
in the band gap nature from the bulk crystal to the single monolayer [2, 3]. Most of them

demonstrated a cross-over from an indirect to a direct band gap in the monolayer limit [75, 76].
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Figure 3.1: Direct band gap in monolayer MoS,: PL spectra for mono- and bi-layer

MoSs samples in the photon energy range from 1.3 to 2.2 eV. These data are taken from
Ref.[2] and they were measured at room temperature for an excitation energy at 2.33 eV.
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The most known among TMDs is molybdenum disulphide MoS,. Mak et al. studied the
optical properties of MoS, as a function of the number of layers [2]. The measurement of the
PL intensity from suspended mono- and bilayer samples showed that the PL intensities were
very different (see figure 3.1). They demonstrated that a transition occurs from an indirect
band gap for samples thicker than two layers to a direct gap in the single monolayer [2, 77]. In
2D monochalcogenides, the inverse transition can occur: for example GaSe has a direct band

gap in the bulk crystal and an indirect gap in the monolayer case [78, 79, 80].
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Figure 3.2: Calculations showing the variation of the band structure for h-BN
as a function of the number of layers: (a) for monolayer; (b) for bilayer; (c) for
trilayer and (d) for pentalayer. The band extrema for monolayer are situated at the K
point of the first Brillouin zone (BZ). For the number of layers higher than 2, the band
extrema are situated along the MK direction [8].

The current interest in 2D materials and the development of techniques to handle few-layer
materials motivated the study of h-BN as a function of the number of layers, as done for

graphene, TMDs and monochalcogenides. Similarly to the other 2D materials, the gap nature
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of h-BN depends also on the number of layers (see figures 3.2), and the theoretical calculations
predict a transition from an indirect gap in bulk h-BN to a direct gap in monolayer BN (mBN)
[8]. In 2016, it was experimentally demonstrated that bulk h-BN has an indirect band gap
between the M and K points of the first Brillouin zone (BZ) [59]. The opto-electronic properties
of bulk h-BN were discussed and detailed in the first chapter of this thesis.

On the other hand, an isolated monolayer of hexagonal boron nitride is predicted theoretically
to be a direct-gap semiconductor with a band gap energy around 6 €V [8, 9, 24, 25]. So an
indirect—direct transition is expected as in MoS, [2] with band extrema situated at the K point
of the first BZ (see figure 3.2 (a)). As soon as a second layer is added, the band gap nature
of bilayer h-BN becomes indirect between the M and K points (see figure 3.2 (b)), and the
recombination process is predicted to occur at roughly the same energies as in bulk h-BN (see

figures 3.2 (b), (c) and (d)).

The issue of the indirect-direct band gap transition in h-BN was unresolved at the beginning

of this PhD for many reasons:

From one side, the lateral size of exfoliated flakes is around tens of micrometers, which
makes the study of exfoliated layers using a macro-PL setup (like the one presented in
the second chapter of this thesis) unfeasible. The need is either to use a microscope setup
operating at 200 nm, or to study crystals with a larger size.

From the fabrication point of view, the possibility to grow large h-BN crystals with
mono-crystal domains larger than 100 pum is technologically very difficult’ and growers
were not able to produce such samples at the beginning of my thesis (large crystals with
~ 3 mm mono-crystals were obtained very recently: see chapter 2, section 2.2.2).

In parallel, the operation of a microscope at 200 nm is very difficult due to the optical
aberrations in the system and the dispersion of light which becomes detrimental in this
spectral regime. Such a microscope was developed in our team during the thesis of T.

Pelini [81, 82] and just a short time ago it came to be operational at 200 nm [83].

From the other side, cathodo-luminescence (CL) has shown that it is not able to resolve
the emission spectrum from samples with a thickness lower than 6 monolayers [84].
CL measurements have been done by Schué et al. in order to understand the optical
properties of h-BN as a function of the number of layers [84]. Their experiments were
performed on samples of bulk h-BN and flakes with thicknesses going from 100 down to
6 layers (figure 3.3). Their results showed the presence of the phonon replicas in all the
emission spectra. For few h-BN layers, the phonon replicas are at the same energies as in
the emission spectrum of bulk h-BN but with different intensities of the PL lines.

These experiments were inconclusive to understand the optical properties of the h-BN

IThe difficulty of growing large h-BN crystals is due to the high melting temperatures of boron and to the
low solubility of nitrogen in liquid boron, which leads to a low growth rate and an easy formation of defects.
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bulk-mBN system. Much remained to be done and a precise knowledge on the optical

properties of mBN was still required at the beginning of my PhD.
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Figure 3.3: Variation of the emission spectrum of h-BIN as a function of the
number of layers: CL spectra measured at 8K from bulk h-BN and flakes of 100, 60, 27,
20, 8 and 6L. The blue vertical arrow shows the position of the LA-TA phonon replicas in
the emission spectra of h-BN. These data are taken from Ref. [84].

All the difficulties discussed above had left the question about the emission of mBN
unanswered and motivated an original approach within this thesis in order to study this issue.
We have used a strategy which is different from the standard methods documented in the
literature and used to demonstrate the band gap modification in TMDs and other 2D materials.
Here, we take advantage of the progress achieved in growing high-quality h-BN films in
Nottingham using the MBE epitaxial method at high temperatures [67]. This strategy relies
on the scalable growth of mBN which enables the use of macroscopic PL and reflectance
measurements in the DUV to demonstrate a band gap crossover from indirect in bulk h-BN to

direct in the monolayer.

3.1.2 State of the art for h-BN monolayer

Growth of h-BIN: The production of atomically thin layers from h-BN crystals by mechani-

cal exfoliation induces chemical contamination, in addition to the reduction of the lateral size of
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the exfoliated sheets. The limited size hinders their application in large devices. Additionally,
industrial applications require progresses of h-BN growth using epitaxial methods such as CVD
or MBE. These growth methods provide controllable thicknesses of the deposited layers and
avoid their chemical contamination.

The growth of materials by epitaxial methods requires many processes: firstly, the adsorption
of the precursors on the substrate surface; secondly, the decomposition of the precursors and
the formation of mobiles species on the substrate surface; thirdly, the diffusion of these species
and finally the nucleation and the incorporation of these species into the growing layer. These
successive processes are mainly affected by the choice of the reactants, the process conditions
(temperature, time and reactant flux rates or ambient gas conditions) and the choice of the

substrate.

Many efforts have been done in order to grow h-BN by epitaxial methods using substrates
such as metals, dielectrics or 2D materials. Considerable advances have been obtained on the
fabrication of h-BN by CVD methods since they are less expensive and can be performed at low
pressure conditions. The precursors in CVD methods can be gaseous, liquid or solid. Gaseous
precursors such as BF3/NHs, BCl3/NHj3, and ByHg/NHjs, face the problem of their toxicity
[85], while liquid and solid precursors are largely used to grow h-BN layers [86, 87, 88, 89, 90].
Usually, to grow h-BN by CVD methods, metal substrates are preferred, with Ni and Cu being

the main used substrates.

The growth of mBN on Ni substrate has been achieved since 1995 in Japan using CVD

methods [26, 27, 46]. But generally, the grown h-BN films on metal substrates are made of
small grains (about tens of micro-meters) with different shapes varying from an equilateral
triangle to a hexagonal form [86, 87, 88]. The shape of the h-BN grains depends on the ratio
between the B and N fluxes (figure 3.4). It was demonstrated that it takes a triangular form
when the edge of the domain is N-terminated. In contrast, it takes either a truncated triangular
shape or semi-hexagonal shape when the samples are grown in a B-rich environment [91].
The size of the h-BN grains and the roughness of the deposited film depend on the surface
morphology of the substrate. For example, the size of the h-BN layers grown on Cu and Ni
surfaces is typically less than 100 um. In order to get h-BN grains with larger size, it is required
to use a substrate with a low nucleation density and a smooth surface.
Many studies reported the effect of the substrate surface on the roughness and the size of the
h-BN grown films [92, 93, 94]. Lu et al. reported that the use of a Ni-Cu alloy rather than
Cu for the substrate plays a crucial role on the grain size indicating that the Ni decreases the
nucleation density on the surface of the Cu and permits to obtain a larger domain size for the
grown h-BN grains [92].
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Figure 3.4: Shape dependence of the h-BN grains on the growth conditions:
first line: SEM images of the h-BN domains grown at 1065°C by CVD method on Cu
foils; second line: Sketch of the resulting h-BN crystal shapes and corresponding to
N-termination in blue and B-termination in red. Form left to right the N:B ratio was
decreased during the growth. These figures are taken from Ref. [91].

In 2018, large h-BN single layers have been produced on a flat surface of molten gold
(figure 3.5) [89]. In that work, the grains take circular shapes rather than triangular due to the
diffusion of the atoms on a molten metal surface at high temperature (the triangular forms are
only observed in the case of solid substrates).

O Boron atom . Nitrogen atom

Self-
collimation

Increase of
(IV) l grain density
Pgn B

Complete film Self alignment

Figure 3.5: Growth of h-BN single layer on the surface of a molten Au:
Schematic illustration for the growth of h-BN film by means of circular h-BN grains with
a rotation invoked by the attractive Coulomb interaction of B and N edges between grains

(i to vi). And a photograph of the wafer-scale h-BN film on a SiO-Si wafer. This figure
is taken from Ref. [89].
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The existence of Coulomb interaction between B and N atoms at the grains edges led to
the coalescence of the h-BN domains and resulted in a continuous h-BN layer (see figure 3.5).
This process is referred to by the authors as self-collimation of the h-BN grains.

After a sufficient growth time, the grains transform into a hexagonal structure giving a crys-
talline h-BN film with a surface about 3x3 cm?. The h-BN films are transferred later onto a
Si04/Si wafer as indicated in figure 3.5. However, no measurements investigating the optical

properties of these samples have been reported yet.

The issue with all these methods allowing the growth of h-BN on metal surfaces is that
they require further transfer steps for any practical application. This may induce a damage
of the grown layer and a contamination by some residues of the transferred layers. In order
to avoid the transfer-induced contamination, it is required to use a substrate different from
metals and which permits to use directly the h-BN layer grown on it.

Some papers reported the growth of h-BN using Si, SiO,/Si and quartz as tentative substrates
in order to avoid transfer stages [95, 96, 97, 98]. However, most of the studies reporting the
growth of h-BN on these substrates have shown a broad peak in the measured Raman spectra
(FWHM 40-50 cm ™! compared to 8 cm™! in high quality crystals) indicating that the crystalline

structure of the grown layers is lower.

For devices based on III-N materials, usually sapphire and SiC are used as substrates. Few
studies have investigated the growth of h-BN on SiC substrate [99]. Most of the h-BN growth
efforts have been done on sapphire as being a dielectric substrate with a less expensive choice
for future applications. Moreover, it can be used for growing h-BN by avoiding transfer stages.
In order to grow h-BN, sapphire has been largely used in both CVD [100, 101, 102, 103] and
MBE methods [104, 67, 86, 105]. The nitridation of Al;O3 induces the formation of a buffer
AIN layer on the surface of the substrate before h-BN starts to grow. The reported Raman
measurements on these samples usually indicate the presence of a peak at 1370 cm~! with a
FWHM varying from 40 to 50 cm™! (which is broad in comparison with h-BN crystals 8 cm™!),
similarly to what is usually reported on Si or SiO,/Si.

Usually, the luminescence spectra measured from h-BN layers grown on sapphire substrates
demonstrate that the emission is dominated by a broad emission band at around 5.5 €V, in
addition to an emission line coming from the AIN buffer layer at 6.05 eV [106, 107]. The
emission band at 5.5 eV is attributed to the presence of stacking faults in bulk h-BN (Chapter
1 section 1.4), and it indicates that the layers grown on sapphire present an important amount
of defects in their crystalline structure, especially the N-vacancy defect [62]. The presence of an
important amount of defects in the crystalline structure induces non-radiative recombination
processes and may not allow the observation of phonon replicas related to the intrinsic optical
properties of h-BN (chapter 1, section 1.4).

Furthermore, the formation of an AIN buffer layer between Al;O3 and the grown h-BN is not
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favorable in the case of growing h-BN as an active layer. AIN is a direct band gap material with
an energy about 6.12 eV very close to the energy gap of h-BN. Consequently, the interpretation
of the optical properties of h-BN will be complicated by the presence of an AIN buffer layer.
The need is to find an alternative substrate to sapphire which permits to grow h-BN without
the requirement to transfer steps after the growth and which allows to obtain h-BN films with

less defects in their structure.

Besides the efforts done for growing h-BN using metal and dielectric substrates, the group of
Prof. Novikov in Nottingham University reported in 2016 the growth of graphene on sapphire
substrate and on h-BN flakes using MBE [104]. The reason for growing graphene on h-BN
flakes is the small lattice mismatch between the two materials (about 1.7%). In Nottingham,
they use MBE at high temperature and under UHV conditions. This technique permits to
control the thickness of the grown layers, additionally the UHV environment offered by the
MBE and the high purity of sources provide crucial advantages for films grown over large areas.
The work reported in the Ref. [104] is based on previous studies indicating that high growth
temperatures are needed in order to grow high quality graphene films. The results in Ref. [104]
demonstrated that the quality of graphene layers is significantly improved when growing on
h-BN layers rather than on sapphire substrates. This publication demonstrated the existence
of a high compatibility between these 2 materials for epitaxial growth and opened up a new
direction for growing 2D materials. It was an important step toward the development of
graphene-BN van-der-Waals heterostructures and devices.

Few months later, the group of Prof. Novikov adopted the opposite strategy by using graphite
as a substrate for growing h-BN. This approach allows to get rid of any influence of AIN formed
by the nitridation of sapphire on the emission spectrum of the grown h-BN layers. They used
HOPG (Highly Oriented Pyrolytic Graphite) as a substrate, for which the graphite domains
are highly ordered along the c-axis with a tilt between the domains about 0.4°.

In order to compare the epitaxy of h-BN on graphite to the one on sapphire, they have grown
h-BN simultaneously on sapphire and on HOPG substrates under the same conditions [67] and
under high growth temperatures (T between 1200°C and 1700°C).

The morphology of the samples grown on HOPG was completely different from those grown
on sapphire (figure 3.6): the h-BN films grown on sapphire are poly-crystalline (figure 3.6 a)
while those grown on HOPG present flat mono and multi-layer domains (figure 3.6 b). The PL
measurements showed the presence of a large emission band centered at 5.5 eV in the samples
grown on sapphire, very similar to what was observed on the h-BN layers grown by CVD
methods. Nevertheless, the PL spectra measured in the samples grown on HOPG substrates
showed the presence of bright emission at 5.9 eV in addition to a large emission band at 5.5 eV.
This emission band is similar to what is usually observed on epitaxial h-BN samples. While

the emission at 5.9 eV was never measured before in h-BN epilayers and is characteristic of
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intrinsic phonon-assisted recombination in high quality crystals. The presence of these phonon
replicas in the PL spectra from h-BN grown on HOPG is a direct proof of the high quality of
the epilayers [67].

Oy

S0 A

h-BN/Sapphire h-BN/HOPG
Figure 3.6: Atomic force microscopy images of h-BN by MBE at high tem-
perature: (a) AFM image of h-BN grown on sapphire; (b) AFM image of h-BN grown
on HOPG. Both samples were grown for 3 h, at T¢=1390°C and a boron cell temperature
Tp=1875°C. These data are taken from Ref.[67].

These results indicated that growing h-BN/HOPG heterostructures could be the solution
for studying the optical properties of mBN on a large scale (HOPG surface: 10 x 10 mm?)
and that could allow the use of our macro-PL and reflectance techniques in order to perform

optical spectroscopy.

Optical experiments performed on mBN: The electronic and vibrational properties of
single mBN layer are not fully explored. In this part we will give a brief summary of the
optical experiments that have been performed on mBN. We will start by presenting experiments
performed using Raman spectroscopy on mBN and later we will recall absorption measurements
done on thin BN layers.

Gorbachev et al. [50] were the first to measure vibrational properties of mBN. They
performed Raman spectroscopy on mono-, bi- and tri-layers h-BN. The sheets were exfoliated
from single h-BN crystals, and then deposited on SiO,/Si substrate. The measured spectra
have been compared to the one measured from a bulk h-BN crystal (see figure 3.7). The data
showed the presence of a peak at 1366 cm™! (169.36 meV) in the spectrum corresponding to
bulk h-BN and which corresponds to the Eg;gh Raman-active mode (chapter 1, section 1.3).
The comparison between this spectrum and the ones measured from exfoliated layers showed

that the intensity of the Raman peak at 1366 cm ™! decreases progressively with the decrease
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of the number of layers. Additionally, the energy of the detected peak blue-shifts with the
decrease of the number of layers. For mono-layer, it was detected at 1370 cm ™" (169.86 meV),
and the FWHM increased from 9 cm™! for bulk h-BN to 12 em™! for mBN [50].

Intensity (a.u.)

1300 1325 1350 1375 1400 1425

Raman Shift (cm'l)

Figure 3.7: Raman spectra of atomically thin BN: Dependence of the Raman
spectra on the thickness of h-BN exfoliated layers. The layers have been deposited on
Si0q/Si substrate. These data have been measured using a green laser with an excitation
wavelength of 514.5 nm. The data are taken from Ref.[50].

Cai et al. reported later another work investigating the phonons of mBN by Raman
spectroscopy [51]. They demonstrated that the blue-shift of the Raman peak observed in
the case of mBN is not related to the thickness or to the number of layers but rather to the
strain caused by the substrate on which the layers are deposited. In that work, they compared
Raman spectra measured from layers deposited on SiOs/Si substrate to spectra measured from
suspended mono-, bi- and tri-layers h-BN. The results showed that the spectral position of
Raman peak measured from all the suspended layers was the same as the one detected from
bulk h-BN crystal. Their results gave an indication of the dependence of the phonon modes on
the interaction between mBN and the substrate and which causes some strain on the deposited
h-BN layer [51].

The optical properties of h-BN thin films are not very well known. Here, we mention the
work reported in 2010 by Song et al. and in which they measured the absorption spectrum
from h-BN films with a thickness of about 1.3 nm (~3MLs) [108]. Their films were grown
using CVD method on a Cu substrate and then transferred on quartz plates. The absorption
spectrum measured from their h-BN films showed a peak at ~6.1 eV (203 nm).

However, this is the only work reporting optical experiments on thin BN layers. In the following

pages of this manuscript we will present our optical experiments performed for the first time
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on a single mBN layer in order to understand its opto-electronic properties.

3.2 Boron nitride monolayer grown by MBE

In chapter 2 we explained that in the MBE approach, the crystalline growth is performed
between reactants beams provided by effusion cells and a heated substrate and that the flux of
reactants is controlled by the temperature of the effusion cell. The high temperature condition
is crucial for growing wide gap semi-conductors and it gives high mobility for the atoms on the
growth surface.

In order to grow IlI-nitride materials by MBE, the group Ill-elements are typically provided
by effusion cells while the active nitrogen flux is provided by either a radio-frequency plasma
source or ammonia. The ratio between the two reactants is very important for the quality of
ITI-N materials. For example, the growth of high-quality GaN has to be realized in a IIl-rich
condition, since it allows the migration of Ga atoms all over the growth surface in order to give
flat and uniform epilayers [109, 110]. In the case of h-BN, the opposite condition is required,

and a N-rich environment has to be present in the growth conditions.

In this section we will discuss how our collaborators in Nottingham control the h-BN
coverage by MBE. We will examine the effect of the different parameters that affect the growth
of h-BN in order to achieve the scalable growth of a mBN layer on HOPG substrate.

The control of the h-BN coverage and of the thickness of deposited layers is achieved by
adjusting the following parameters: the growth temperature T, the temperature of the boron
source Tz and the MBE growth time t,. The growth temperature T has to be maintained
at 1390°C [67]. The effect of this parameter was discussed in chapter 2, section 2.2.1. In this
section, we show the effect of the other two parameters (T and t,) by fixing T at 1390°C.
We display variable angle spectroscopic ellipsometry (VASE) measurements and we present
Atomic Force Microscopy (AFM) measurements, both performed in Nottingham in order to
study the surface morphology and the thicknesses of the grown samples.

We note that AFM and VASE measurements were acquired under ambient conditions. VASE
was carried out using a M2000-DI instrument made by J.A. Woollam Inc. The results were
obtained over a wavelength range from 192 to 1690 nm [111]. For AFM they use an Asylum
Research Cypher-S AFM and Multi75A1-G cantilevers (Budget Sensors, stiffness ~3N/m,
Resonant frequency = 70 kHz). The grown samples were also studied by RHEED # [111].

2Reflection high-energy electron diffraction (RHEED): An electron beam strikes the sample at a small angle
relative to the sample surface. Incident electrons diffract from atoms at the surface of the sample, and the
diffracted electrons interfere constructively and form regular patterns on the detector. The diffraction pattern
at the detector is a function of the sample surface.
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3.2.1 Control of the coverage by the temperature of the boron
source T'p

The growth of high quality h-BN samples requires high temperature of the source effusion
cells and high growth temperature T in order to give a high mobility of the atoms on the
growth surface. For h-BN, the growth is performed for a boron cell temperature Ty higher
than 1800°C. The increase of the temperature of the boron source Tg results in the increase of
the boron flux and in an increase of the growth rate on the substrate surface.

Five different h-BN samples were grown on HOPG substrates. The growth temperature was
T¢=1390°C, the growth time was t,=3 hours and the Nitrogen flow rate was fixed at 2 sccm.
T was the only parameter that changes in the growth conditions from one sample to another,
with the following values: 1875°C, 1888°C, 1900°C, 1925°C and 1950°C.

VASE was used to estimate the thickness of the h-BN deposited on HOPG. The estimated
thicknesses are presented in figure 3.8 as a function of Tz. The results show that the thicknesses
of the samples grown for temperatures Ty between 1875°C and 1900°C are less than 1 nm (3
ML) with an uncertainty of £ 0.5 nm. For the samples grown at Tp=1925°C and 1950°C, the
thicknesses are about 3 nm and 32 nm, respectively. This indicates that the thickness of the
deposited h-BN increases in an abrupt way for Tg > 1925°C. In order to achieve the growth
of mBN, Tz should be taken < 1900°C.
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Figure 3.8: Variation of the h-BN thickness versus Tpg: the thickness of the
grown layers has been estimated by the mean of VASE measurements performed by the
group of Prof. Mellor in Nottingham.

The surface morphology of the grown samples was studied using AFM, in Nottingham.
The measurements have been done in tapping mode AFM and are presented in figure 3.9 as

a function of Tg. The upper row presents height images, and the bottom one presents the
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corresponding phase images. In the height ones, the bright spots correspond to the thickest
regions, while the darkest ones correspond to the lowest thickness. In the phase images, it
is the reverse case: the bright regions correspond to the thinnest h-BN while the dark ones
correspond to thicker h-BN.

Figure 3.9 (a) shows a smooth and rather homogeneous h-BN film deposited on the growth
surface with the presence of bright spots along the HOPG step edges corresponding to 3D
aggregates. Figure 3.9 (f) corresponds to the phase image of figure 3.9 (a). In this figure one
can see the h-BN plates in grey, deposited homogeneously on the surface with some uncovered

HOPG regions (bright regions indicated by white arrows).

Boron cell Temperature (Tg)

Y

Phase

Y. TR

Tg = 1875°C Tg = 1888°C Tg = 1900°C Tg = 1925°C T = 1950°C

Figure 3.9: Tapping-mode AFM images measured under ambient conditions
on h-BN samples grown by MBE on HOPG substrates for increasing boron
cell temperatures: the boron cell temperature increases from left to right; (a-e) are
topographic height-channel images showing the evolution of the surface morphology with
the increase of the boron cell temperature; (f-j) phase images corresponding to the height
ones shown in (a-e). The white arrows in image (f) indicate the regions of HOPG that
remain uncovered during the growth and which present a bright contrast in comparison
with the rest of the surface. These samples were labeled in chapter two by N1-N5.

The increase of the boron cell temperature induces a higher boron flux. In figures 3.9 (b
and g) we can see that the surface is completely covered by h-BN with no identifiable gaps in
the h-BN film (no bright spot corresponding to uncovered HOPG is identified in the phase
image (g)). This increase in boron flux is accompanied by a simultaneous increase of the
amount of 3D aggregates deposited on the surface (bright and dark spots in figures (b) and

(g), respectively). In figure 3.9 (c¢), we see some hexagonal domains with a brighter color than
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the rest of the sample surface, in addition to the high density of 3D aggregates (bright and
dark spots respectively in (b) and (g)). We displayed figure 3.9 (¢) in a bigger size in order
to distinguish the regions with a brighter color (figure 3.10), and that we highlight by white
dashed arrows. These regions are attributed to bi-layers that start to form on the growth
surface [112].

For temperatures > 1925°C, the samples are much thicker (figure 3.9) and the surface presents
only bright spots (see figures 3.9 d and e) indicating the predominance of 3D clusters. This is

shown also in the phase images (figures 3.9 i and j).

Figure 3.10: The same figure presented above corresponding to figure 3.9c,
but sketched this time in a bigger size in order to distinguish multi-layer
regions: white dashed arrows indicate the regions of bi-layer coverage.

The VASE and AFM measurements for samples grown as a function of Ty indicate that
the formation of 3D clusters is probably caused by the decrease of reactants (N:B) ratio; when
increasing the boron flux (Tg), the formation of 3D clusters was highly marked. For the lowest
(N:B) ratio the morphology of the samples was completely different and the deposited h-BN is
polycrystalline (figures 3.9 (d), (e), (i) and (j)).

B has a high sticking coefficient, when it arrives to the growth surface it sticks on the nucleation
sites. N has a low sticking coefficient, when it arrives to the growth surface it can re-evaporate
and leaves the growth surface with an excess of B. The excess of boron on the growth surface
is responsible of the formation of 3D clusters. In order to get homogeneous h-BN films and
avoid the formation of 3D clusters, the growth has to be performed with low B and high N

fluxes. Based on our topographic images, the lowest density of 3D aggregates is observed in
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figure 3.9 (a and f) corresponding to Tp=1875°C. For this temperature the 3D clusters are
only observed along the HOPG step edges, where the nucleation density is the highest and B

atoms firstly stick when arriving to the growth surface.

3.2.2 Control of the coverage by tuning the growth time t,

Another way to control the MBE growth of h-BN layers is to change the MBE growth time t,.
In this part, we will show the effect of t; on the growth of h-BN. AFM measurements have
been performed in Nottingham on samples grown for different growth times: t,: 1, 3 and 5 h.
All the other growth parameters were fixed as following: growth temperature T = 1390°C,
nitrogen flux : 2 sccm and temperature of the boron source Tg = 1875°C. The AFM images
are presented in figures 3.11 and 3.12.

AFM images for the sample grown during 1 hour shows h-BN islands formed along the HOPG
step edges and on the HOPG plates with an average size of ~250 nm [112].

Figure 3.11: AFM images of MBE-grown h-BN on HOPG for t,=1 h: (a)
height image; (b) phase image [112].

The AFM measurements corresponding to the samples grown for deposition times of 3 and
5 h are presented in figures 3.12. The upper row presents images for the sample grown for 3
hours, while the bottom row shows AFM images for the sample grown for 5 hours. The first
column shows the topographic AFM images for both samples, the second row presents a zoom
in regions indicated by white boxes in the first column, and the third one corresponds to the

phase-channel images.

The surface of the sample grown for 3 hours shows that the h-BN islands have coalesced
and form one monolayer with almost a homogeneous coverage (figures 3.12 a, b and ¢) except
some bright/dark (height/phase-chanel) spots along the HOPG step edges. The phase image
(c) reveals the presence of small areas of uncoated HOPG (bright region highlighted by a white
arrow). This means that after 3 h of growth, the h-BN coverage is still slightly below one ML.
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It shows also the appearance of bi- and tri-layer regions near the HOPG step edges (hexagons
which appear in a brighter grey in comparison with the rest of the surface). These regions are
highlighted by white dashed arrows.

With a further increase of the growth time up to five hours, the h-BN islands achieve a com-
plete coalescence (no identifiable bright regions in the phase image (f) i.e. uncoated HOPG),
accompanied by an increase of the density of 3D clusters (bright spots in (d) and (e) and dark
ones in (f)). In figure (f), we can distinguish the presence of different domains (we highlight
them by white lines). They appear bright in figure (e) (we highlight them by black lines), and
they correspond to multilayer regions at the edges of the HOPG plates. They are due to the
twist between the HOPG plates [112].

Figure 3.12: AFM images of MBE-grown h-BN on HOPG for different growth
times: The growth temperature and the boron cell temperature are T, =1390°C and
Tp =1875°C, respectively. (a) Topography image for h-BN growth after 3 hours; (b) zoom
of the region indicated by the white box in (a); (c) phase-channel data for image (b), and
the white arrow indicates the position of an exposed region of HOPG or uncovered by
mBN growth and the white dashed arrows indicate multilayer regions; (d) topography
image for h-BN growth after 5 hours; (e) zoom of the region indicated by the white box
in (d); (f) phase-channel data for image (e), the black dots correspond to the bright
aggregates in the topography images.

The comparison between these AFM images shows for t, greater than 3 hours, the surface
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morphology of the grown samples becomes dominated by 3D clusters. With a further increase
of t4, the h-BN film becomes poly-crystalline and the surface morphology becomes comparable
to what was observed for samples grown at Tp > 1925°C in the previous section.

This study shows that the formation of continuous films of given thicknesses (1, 2, 3 MLs) is
still not possible by MBE. Once a second layer starts to grow, the density of the 3D clusters
increases, and the film becomes by polycrystalline. On the contrary, the fabrication of a single

monolayer can be achieved with a moderate Ty and short growth time t,.

3.2.3 Growth of mBN by MBE

In the previous sections, we have seen how the growth parameters modify the h-BN coverage
and the morphology of the deposited film. For a growth time of 3 hours and a temperature Ty
of 1875°C, the grown h-BN gives a smooth and rather homogeneous film except few regions
covered by 3D clusters that originate from the high nucleation density on the HOPG step
edges. Consequently, in order to grow h-BN samples as close as possible to a single monolayer,
our collaborators in Nottingham chose the following set of parameters: T = 1390°C; Ty =
1875°C; ty = 3 h and a nitrogen flux = 2 scem.

Figures 3.13 (a-e) present AFM images for the sample on which we performed macro-PL and
reflectance in the DUV in order to study the opto-electronic properties for mBN. The first
column shows height images with (d) being the zoom of the region denoted by a white box
in (a). The second column presents the phase images corresponding to the ones presented in
the first column. Figure (c) presents AFM measurements performed in contact mode at the

interface between the mBN grown layer and uncovered HOPG.

The analysis of the phase-channel data performed on our mBN sample indicates that there
is an overall coverage of ~95% of mBN on the surface of our sample. Only about ~5% are
uncovered HOPG. About ~87% from the covered surface is predominated by mBN and the
rest ~13% are shared between regions of bi- and tri-layers coalesced near the 3D clusters which
deposit at the HOPG step edges.

The monolayer height of the grown mBN layer at the interface with the uncovered HOPG
surface is shown in figure 3.13 (c). The line profile associated to the region indicated by a
white line is presented in figure (f). It indicates a step height of about 3.5 A. This value is
expected for mBN (chapter 1: interlayer distance co= 3.3 A).
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Figure 3.13: Surface morphology of epitaxial monolayer BN on graphite:
Atomic force microscopy (AFM) of mBN grown on HOPG (boron cell temperature
TB= 1875 °C, growth temperature Tg = 1390 °C and growth time of 3 h); (a) large-area
AC-mode AFM topography of mBN growth on HOPG; (b) phase-channel data for image
(a) and the white arrows indicate regions of exposed HOPG; (c) small area contact-mode
AFM image of the mBN boundary next to an exposed region of HOPG, showing the
characteristic monolayer BN step height; (d) zoom of the region indicated by the white
box in (a). (e) phase-channel image for image (d) and the zoom of the region indicated
by the white box in (b); (f) line-profile along the interface between mBN and exposed
HOPG as indicated by the white line in image (c¢) showing the characteristic monolayer
BN step height.

Conclusion: In this part we presented how our collaborators in Nottingham control the
h-BN growth by MBE. We showed how the growth of h-BN changes with the variation of N:B
ratio. In order to get a monolayer coverage and a low density of 3D clusters, the growth has
to be formed in low B and high N fluxes. The morphology of the grown h-BN films can be
affected also by the increase of the growth time.

We highlighted how the growth of mBN can be achieved on a large scale (10 x 10 mm?)
using MBE at high temperature. The growth of this mBN sample enabled us to perform PL
and reflectance in the DUV and allowed us to demonstrate the presence of a direct band gap

transition in monolayer boron nitride as we will see in the next sections of this chapter.

We summarize in table 3.1 the h-BN samples that we studied in this chapter together with
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their estimated thickness.

Sample  Growth temperature B cell temperature Growth time Estimated thickness

N1 1390°C 1875°C 3 hrs <1 nm
N2 1390°C 1888°C 3 hrs <1 nm
N3 1390°C 1900°C 3 hrs <1 nm
N4 1390°C 1925°C 3 hrs ~ 3 nm
N5 1390°C 1950°C 3 hrs ~ 32 nm
N6 1390°C 1875°C 5 hrs <1 nm

Table 3.1: Growth parameters of the h-BN samples grown by Molecular Beam Epi-
taxy under ultra-high vaccuum conditions in Nottingham University and their thickness
estimated by VASE.

3.3 Experimental results

In this section we present our results on the opto-electronic properties of mBN. First, we display
the photo-luminescence spectrum measured from mBN and we show how it compares to the
one of bulk h-BN. We exhibit the conditions on the excitation energy of mBN and we explain
how the excitation process occurs. We also compare PL measurements from thick samples to
the emission of mBN. Second, we present reflectance measurements on mBN samples and we
show how these measurements compare to the PL spectra. This allows us to conclude on the

direct nature of the optical transition in mBN.

3.3.1 Photo-luminescence spectroscopy

PL of monolayer BN

In order to study the optical properties of mBN, we first performed PL measurements using
our experimental setup optimized for the DUV, described in chapter 2 (section 2.1.2).

The PL spectrum measured on our mBN sample was recorded at a cryogenic temperature of
8K and for an excitation energy of 6.37 eV (194.47 nm) and it is plotted in figure 3.14 (blue
solid line). We compare this PL spectrum to the signal recorded from the surface of HOPG,
on the back-side of one of our samples, where no BN was deposited.

The signal recorded from the HOPG surface corresponds to the diffusion of the laser (centered
at 6.37 eV). The PL spectrum of mBN on HOPG exhibits a broadband emission centered at
5.55 eV and two sharp lines at 6.05 eV and 6.08 eV, superimposed on the signal coming from
the laser diffusion. We observe also that the emission in mBN for energies higher than 5.8 eV

is not limited to this doublet. We can distinguish the presence of a weak emission peak at 5.98
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eV and a broad band of width ~ 90 meV, centered at 5.9 eV. On the high-energy side of the

doublet we detect the presence of weak emision lines at 6.16 eV.

The broadband emission at 5.55 €V is attributed to defects in h-BN epilayers [100, 67]
because it overlaps with the emission of the stacking faults identified in bulk crystals (chapter
1, section 1.4), while the emission of the doublet at 6.05 eV and 6.08 eV is a totally new feature

as detailed below.

Wavelength (nm)
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PL intensity (arb. units)

52 54 56 58 6 62
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Figure 3.14: Photoluminescence of epitaxial monolayer BN on graphite: left-
side: in blue solid line is the PL spectrum recorded from mBN; in dotted grey line is the
signal recorded from HOPG; both spectra are recorded at 8K, with a laser excitation
of 6.375 €V (194.47 nm); right side: schematics of the mBN-graphite heterostructure
synthesized by van-der-Waals epitaxy, and HOPG substrate. HOPG stands for highly
oriented pyrolytic graphite.

How does the emission of bulk h-BN compare to the one of mBN? In order to
understand the origin of the emission lines in the PL spectrum measured from the mBN sample,
we begin by comparing the emission of mBN to the one of a bulk h-BN crystal. In figure
3.15 we plot in a linear scale the PL spectrum of mBN (blue solid line) in comparison with
the normalized PL spectrum recorded from a h-BN bulk crystal bought from HQ-graphene
company (red dashed line). Both spectra are measured at a cryogenic temperature of 8K. We
use one-photon excitation for mBN at an energy of 6.37 eV and two-photon excitation for bulk
h-BN at an energy of 3.03 eV. We indicate the position of the band gap in bulk h-BN by a
black vertical arrow located at 5.95 eV.

As discussed previously, bulk h-BN is an indirect band-gap semiconductor with the fundamental
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indirect exciton at 5.95 eV. Consequently, the PL emission is red-shifted with respect to this
energy and the phonon replicas corresponding to the optical transitions appear at energies
lower than 5.95 eV. The PL spectrum shows emission lines at the energies of 5.87 ¢V and 5.76
eV corresponding to the LA/TA and LO/TO phonon replicas in addition to emission lines at
lower energies coming from the emission of defects in h-BN. No PL emission is detected at

energies higher than the fundamental gap.
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Figure 3.15: Photoluminescence of epitaxial monolayer BN on graphite: (left-
side) in the blue solid line is the PL spectrum recorded from mBN; in the red dashed
line is the normalized PL spectrum in bulk h-BN at 8 K. It is plotted for comparison and
the energy of the indirect gap of bulk h-BN is presented by a vertical arrow at 5.95 eV;
both spectra are recorded at 8K, the laser excitation for the mBN sample is 6.375 eV
(194.47 nm) while for bulk h-BN we use two-photon excitation at 3.03 eV; (right-side)
zoom of (left-side) in the spectral region between 5.7 €V and 6.2 eV. Schematics of the
mBN-graphite heterostructure synthesized by van-der-Waals epitaxy and the crystalline
structrure of h-BN bulk crystal are displayed between (left) and (right) plots.

In figure 3.15 (left-side), we compare the emission spectrum of bulk h-BN with the one
detected from our mBN sample. The comparison shows that the broad band emission centered
at 5.5 eV in the case of mBN overlaps with the emission of the stacking faults in the case of
bulk h-BN. In agreement with what was mentioned previously, the emission band at 5.5 eV is
attributed to defects in h-BN. In figure 3.15 (right-side), we plotted the same data but in a
smaller spectral region (between 5.7 and 6.2 eV). We highlighted the emission lines from mBN
by green arrows for the comparison with bulk h-BN. It shows that the emission band at 5.9
eV in the PL spectrum of mBN overlaps with the LA /TA phonon replicas detected from bulk
h-BN. Nevertheless, all the other emission lines detected from the mBN sample at energies
higher than 5.95 eV do not overlap with any emission of bulk h-BN. We interpret the detection
of the emission at 5.9 eV as originating from the multi-layer h-BN regions that coalesce near
the step edges of HOPG. At 5.76 eV, we also observe a small modulation in the PL spectrum
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of mBN, which overlaps with the LO/TO phonon replicas for bulk h-BN.

The comparison of the spectra in figures 3.15 shows that there is no possible overlap between
the phonon replicas in bulk h-BN and the doublet at 6.05 and 6.08 eV in mBN. This comparison
rules out any misinterpretation of the doublet as being due to carrier recombination in the
indirect-gap of bulk h-BN and it indicates that the emission of these lines is a new feature

specific to the emission of mBN.

Selective excitation: In order to detect the PL doublet that we presented previously, a
selective excitation is necessary in mBN. We present below PL spectra for different excitation
energies and we show that a selective optical pumping is mandatory to detect the emission of
mBN.

In figure 3.16 (a), we display the PL spectra between 6 €V and 6.16 eV, for 4 different excitation
energies. These spectra are measured at a cryogenic temperature of 8K and excitation energies
of (i) 6.4 eV, (ii) 6.39 eV, (iii) 6.375 eV and (iv) 6.345 eV. We plot them after the subtraction
of the stray light coming from the laser diffusion. They are plotted in a linear scale and are
vertically shifted for clarity. We observe a strong modification in the intensity of the PL doublet
when changing the excitation energy. Particularly, for E.,=6.345 eV (orange line (iv)) there
is barely any emission of the PL doublet, while for the three other excitation energies the
PL lines are detected with a strong intensity. We note that for excitation energies less than
6.345 eV no emission line can be detected around 6.1 eV. Moreover, the comparison of the four
spectra in figure 3.16 (a) shows that for E.,=6.4 ¢V (magenta line (i)), a strong modification
in the intensity of the two lines in the doublet occurs in comparison to the other spectra. This
modification inverses the intensity ratio between the two lines. We point out the existence
of a supplementary component for which the energy varies linearly with the variation of the
excitation energy. This component is situated at about ~318 meV below the energy of the
laser, and it is indicated by vertical arrows in figure 3.16 (a) for each spectrum.

The measurements plotted in figure 3.16 (a) reveal two important facts. Firstly, in order to
detect the PL doublet, a selective excitation is required: for the 4 spectra shown here, we
observe that an efficient excitation pathway exists for E., between 6.375 eV to 6.4 eV i.e ~318
meV above the emission doublet. Secondly, there is an additional component that modifies the

form and the intensity of the PL spectrum, suggesting a Raman-related process.

Let us compare the PLE (Photoluminescence Erxcitation)® spectra in bulk h-BN and in mBN.
In figure 3.16 (b) we plot the PL intensity as a function of the excitation energy for bulk h-BN
in red dotted line monitored at an emission energy of 5.78 eV. The black solid line indicates
the spectral position of the fundamental gap at 5.95 eV for bulk h-BN. These data are taken

3In this spectroscopy method, the energy/wavelength of the excitation light is varied and the luminescence
is monitored at a typical emission energy/wavelength of the material studied.
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from Ref.[113] and have been recorded using a mono-chromatized UV synchrotron-radiation
excitation in vacuum and at a cryogenic temperature of 10K. We compare the normalized PLE
data of bulk h-BN to the ones extracted from figure 3.16 (a) corresponding to mBN. The PL
intensities corresponding to mBN are extracted at the energy 6.07 eV 7.e. at the minimum
situated between the PL lines of the doublet.

A
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PLE intensity [a.u.]
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Figure 3.16: Emission of mBN: (a) emission of mBN (after subtraction of laser stray
light) for different values of the excitation energies F.,: (i) 6.4, (ii) 6.39, (iii) 6.375, and
(iv) 6.345 eV from top to bottom (the three top spectra are shifted vertically for clarity);
the vertical arrows indicate the Raman-shifted energy E., — 2A, with A =159 meV,
corresponding to the energy of the LA(M) phonon in mBN. The vertical arrows point at:
(i) 6.088, (ii) 6.078, (ii) 6.063, and (iv) 6.033 eV; (b) in red dotted line PL signal intensity
as a function of the excitation energy for bulk h-BN from Ref. [113], compared to the
PLE measured from our mBN sample. The black solid line shows the spectral position of
the fundamental band gap of bulk h-BN at 5.95 eV.

The PLE spectrum of bulk h-BN displays a peak at 6.02 eV, followed by a lower plateau
and then a continuous increase above 6.4 eV. The PLE spectrum in bulk h-BN shows that an
intense PL signal can be detected for any excitation energy higher than 6 eV. In particular,
the PLE for the bulk shows that for an energy of 6.3-6.4 €V, an intense PL can be recorded
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in bulk h-BN, while in the case of mBN, the PL intensity is very sensitive to the excitation
energy (orange point in figure 3.16 (b)). The comparison between the two PLE spectra shows
that for mBN, an efficient excitation is limited to a narrow spectral range: it is forbidden for

energies lower than 6.345 eV and it is maximal for 6.375 eV.

Our data show that h-BN bulk and mBN systems are distinct systems because their PL
and their PLE spectra are strongly different.

Resonant Raman Scattering (RRS): In the previous paragraph, we highlighted the
distortion of the emission spectrum when varying the excitation energy E.,. In particular, for
E.. = 6.4 eV, the intensity ratio between the two lines at 6.05 eV and 6.08 eV reverses. An
efficient pathway is present when the excitation energy is situated at ~ 318 meV above the
PL doublet. This energy matches perfectly to the energy of two LA phonons at the M point
of the first BZ in mBN (the phonon band structure has been presented in chapter 1, section
1.3.1 it shows that the LA(M) phonon has an energy of about ~150 meV [47, 48]). It suggests
the presence of a resonant raman scattering (RRS) process that occurs after the emission of 2

LA (M) phonons and which overlaps with the PL emission.

oy
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Figure 3.17: PL spectrum for MoSes: showing a narrow Raman line superimposed
on the broader emission that corresponds to the X exciton in MoSey [114].

The contribution of RRS was first observed by Chow et al. when performing PL mea-
surements on MoSe; monolayers (figure 3.17) [114]. Their spectra showed a narrow line
(corresponding to RRS) that superposes to the PL line which takes a broader linewidth. For
MoSe,, the distinction between RRS and PL lines was easier than our case because the exci-
tation of MoSy ML has been performed using a tunable cw laser, so the RRS linewidth was
much smaller than that of the PL [114]. In our experiments, the mBN sample is excited with a
femtosecond laser (the fourth harmonic a Ti:Sa laser). This excitation source gives a broad
line with a FWHM of ~9 meV. Since the RRS arises here from the emission of two LA(M)
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phonons, which means that we are dealing with second-order Raman scattering, we expect a
FWHM equal approximately to twice the FWHM of Rayleigh scattering ~18 meV. This value
is comparable to the FWHM of the PL doublet lines (~ 32 meV). Consequently, one cannot

easily discriminate between RRS and PL from their linewidth.

In figures 3.18, the comparison between the linewidth of the laser diffusion and the PL
spectra is given. We re-plot the four spectra presented previously (figure 3.16 a) in separate
panels: figure 3.18 (a) for E., = 6.345 eV, figure 3.18 (b) for E., = 6.375 eV, figure 3.18 (c) for
Eer = 6.39 €V and figure 3.18 (d) for E., = 6.4 eV. Rayleigh scattering of the laser is shifted
in energy by 2 LA(M) phonons (~ 318 meV) and superposed to each of the spectra in the
different panels. It is displayed in a black dotted line. Its intensity is normalized with respect

to the signal of each spectrum in order to compare them easily.
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Figure 3.18: PL emission of mBN for different values of the excitation energy:
data are plotted after subtraction of stray laser light; the excitation energies are F,, :
(a) 6.345 €V; (b) 6.375 eV, (c) 6.39 eV, (d) 6.4 eV; Rayleigh scattering of the laser is
plotted in black dotted lines and shifted by the Raman energy 2A, with A =159 meV,
corresponding to the energy of the LA(M) phonon in mBN.

In figure 3.18 (a) (orange line), the spectrum is measured under off-resonance conditions
with a weak signal intensity which is lower by one order of magnitude in comparison to the
other spectra (panels b, ¢ and d). It is dominated by the contribution of the PL signal without
any indication for the presence of RRS. The intensity ratio between the 6.05 and 6.08 eV lines
is 1.29 for this spectrum.

For E., = 6.375 eV (green line in panel (b)), the position of the second order Raman line
overlaps with the PL line at 6.05 eV. We point out the observation of a narrow line that

superimposes to the PL peak (see inset). This line is comparable to what was observed in
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MoSe, (figure 3.17). It corresponds to second-order RRS in mBN and its linewidth corresponds
to the double of the one of Rayleigh scattering (black dashed line). The ratio between the
doublet PL lines is 1.32, it is comparable to the one in figure 3.18 (a) (orange line) indicating
that the contribution of the RRS in this spectrum is low, and is limited to the small modulation
highlighted in the inset.

For E.,=6.39 eV (panel c¢), the RRS line is positioned at 6.072 eV. It changes slightly the
emission of the PL doublet, and gives a ratio of 1.15 between the intensities of the PL lines at
6.05 and 6.08 eV. Nevertheless, it changes strongly the PL intensity at 6.07 eV (the minimum
between the lines of the doublet) and gives a doublet less contrasted in comparison to the other
spectra. For E.,=6.4 eV (magenta line in panel (d)), the form of the spectrum is importantly
changed and the intensity ratio between the two lines reverses from 1.3 to 0.8. An impor-

tant contribution from the RRS modifies the form of the PL spectrum for this excitation energy.
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Figure 3.19: Excitation of mBN: Scheme explaining the optical process investigated
in mBN and which allows the detection of the PL emission.

In order to understand in a clearer way how the optical process excitation occurs when
exciting mBN, we sketched in figure 3.19 the scheme resuming the optical process that permits

us to detect the PL lines in the emission spectrum of mBN.

Calculations predict a huge exciton binding energy in the case of mBN, and the first excited
state is calculated to be at 0.9 eV above the fundamental exciton, i.e at about 7 eV [8]. This
energy level is situated beyond the reach of our laser source with a maximum excitation energy
of 6.45 eV. In order to excite mBN optically, a resonant excitation of phonon modes is required.
The optical pumping has to be performed with a detuning between excitation and detection
given by the energy of 2LLA(M) phonons. This resonant excitation leads to an efficient pathway
at ~6.38 £ 0.03 eV (A = 194.5 £ 1 nm).
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PL of thick samples

The transition from a direct to an indirect band gap in h-BN is expected to occur between
1ML and 2ML, as discussed at the beginning of this chapter. In principle, one would like to
perform PL in a 2ML sample grown by MBE. It was explained that the MBE technique is
so far limited to a film with a mono-layer thickness, while it is still not possible to produce
continuous epilayers of 2ML, 3ML... The reason comes from the high density of 3D clusters

which prevents the growth of a complete second layer, as discussed previously in section 3.2.

We have studied the PL signal of our set of samples with an increasing amount of deposited
h-BN. In figure 3.20 (a), we present the PL spectra for the samples grown at different Tp.
All the measurements are performed at cryogenic temperature and under the same excitation
energy 6.375 eV (194.47 nm). The spectra are plotted in a semi-log scale and we note that
they correspond to the absolute PL signal intensity (they are not vertically shifted). Tp is
indicated for each spectrum.

Figure 3.20 (a) shows that the PL spectra of the five samples present a broad emission band
centered at 5.5 eV. The intensity of this emission band, which corresponds to defects in h-BN,
increases from one sample to another with Tpg, except for sample N5 grown at the highest Tp.
In that case, the whole PL spectrum is weaker than in N3 and Ny.

On the high energy side, more specifically at energies higher than 5.8 €V, the spectra of samples
N;(1875°C) and N5(1888°C) reveal the presence of the PL doublet at 6.05 eV and 6.08 eV.
For sample N3 (T5=1900°C), there are no strong PL lines at the energies 6.05 ¢V and 6.08
eV (just a weak modulation in the spectrum). For samples Ny and N5 (grown at Tp=1925°C
and Tp=1950°C), no emission line can be detected for energies higher than 5.8 eV. Still, we
observe that the intensity of the laser diffusion strongly changes and that in samples N3 and
Ny (orange and black lines) it is higher than in the 3 other samples. This increase may be due
to the morphology of sample surface and to the presence of defects on the surface.

In order to get rid of the influence of laser diffusion on the doublet visibility, we re-plot the
spectra presented in figure 3.20 (a) after the subtraction of the laser diffusion, in a narrow
spectral range (between 5.95 eV and 6.15 eV). In figure 3.20 (b), the spectra are plotted in
a linear scale and are vertically shifted for clarity. The subtraction of laser diffusion shows
that for the samples Ny, Ny and N3, the emission of a doublet at 6.05 and 6.08 €V is present
in the spectrum. The emission of the doublet was obvious for samples N; and Ny before the
subtraction of the laser diffusion, while it was hidden by laser scattering and it appeared only
as a weak modulation in the spectrum of sample N3 (orange line). For samples Ny and N5, no

emission line is present in this spectral range after the subtraction of the laser diffusion.
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Figure 3.20: Photoluminescence spectroscopy of h-BN epilayers at 8 K: (a)
raw PL data plotted in a semi-log scale. The spectra are not vertically shifted; (b) after
subtraction of the laser diffusion. The spectra are vertically shifted. The samples are
grown with five different MBE boron source temperatures Tp : Ny :1875°C, No: 1888°C,
N3:1900°C, Ny: 1925°C and Nj: 1950°C. The surface morphology of these samples is
presented in figures 3.9.

Figure 3.20 (b) shows firstly, that the presence of a high diffusion level can hide the emission
of the doublet at 6.05 and 6.08 eV, secondly, that the emission of the doublet is only detectable
in the samples with a thickness less than 1nm, which have more or less a complete mono-layer
coverage and a density of 3D clusters that increases with T (section 3.2). However, we note
that the intensity of the PL doublet decreases with the increase of Tg. The emission of the
doublet disappears in the samples having thicknesses of 3 nm (10 ML) and 32 nm (100 ML)
respectively.

We have extracted the intensity of the PL doublet after subtraction of the laser diffusion and
we have plotted them in green as a function of Tp in figure 3.21 (a). We compare them to
the variation of the PL intensity corresponding to the defects emission at 5.5 eV (red cir-
cles), and to the variation of the thickness of the deposited h-BN (blue stars) measured by VASE.

Figure 3.21 (a) shows that for samples Ny, Ny and N3, the intensity of the PL doublet
varies in opposite way to the PL intensity at 5.5 eV: it decreases by a factor of 2 between N;
and N3 before disappearing for Ny and N5. The PL intensity at 5.5 eV increases for Tp =
1875°C to 1925°C consistently with the increase of defects density pointed out in figure 3.9.
The low PL intensity in the thickest sample N5 suggests efficient non-radiative recombination

process in this highly polycristalline sample.
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Figure 3.21: Photoluminescence spectroscopy of h-BN epilayers at 8 K: (a)
The PL intensities for the band emission at 5.5 eV (red circles) and for the PL doublet
(green diamonds) as a function of Tp. The blue stars present the thickness of the h-BN
deposited, provided by VASE measurements. The y scale for each of the date is presented
in the same color as the symbols. (b) PL spectra for samples Ny: 1925°C (black line) and
Nj5: 1950°C (green line) compared to the PL spectrum measured from bulk crystal of
h-BN (red dotted line).

In figure 3.21 (b), we compare the PL spectra measured in the thick samples N, and Nj
with the PL emission in bulk h-BN (red dotted line). The comparison between the PL spectra
shows that the emission band centered at 5.5 eV overlaps with the emission lines related to
stacking faults in h-BN. However, in the PL spectra measured from our samples N4 and Nj,
we do not observe any signature of the phonon replicas around 5.8 eV. The PL signal of these

samples is dominated by the emission of the defects.

3.3.2 Reflectance spectroscopy

In section 3.3.1, the emission of mBN grown by MBE has shown the existence of a new PL
doublet at 6.05 eV and 6.08 eV. These lines were never detected before and they do not
correspond to any transition related to bulk h-BN. They are a unique feature specific to mBN.
However, PL spectroscopy is controlled by the relaxation dynamics in a semiconductor and it
probes the recombination process of the states of lowest energy. In order to study the existence
of a direct gap transition in mBN, we performed reflectance spectroscopy using the setup
described in chapter 2 (section 2.1.1). Reflectance spectroscopy probes the dielectric function
of a material, which takes into account all the optical transitions and examines their oscillator
strength. In the case of a direct transition, reflectance spectroscopy and PL emission are
usually in resonance. In this section, we will show reflectance measurements performed on the

samples presenting the emission of the PL doublet at 6.05 eV and 6.08 €V in order to examine
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3.3. EXPERIMENTAL RESULTS

if they correspond to a direct transition in mBN.

Reflectance of mBN on HOPG

Reflectance of HOPG: Before presenting the reflectance measurements performed in mBN
samples, we show the reflectance spectra on HOPG, since our samples are made of a single
atomic layer of BN deposited on a HOPG substrate with a thickness of about ~1.5 mm. The
reflectance spectrum measured on HOPG is presented in figure 3.22 (a) for a spectral range
between 4 eV and 6.5 €V (185-300 nm). It was measured at the cryogenic temperature of 8K,
in a nitrogen environment using the deuterium lamp as a source of light. These data have been
shown in chapter 2. We re-plot them here, in order to compare the optical response of HOPG
with the one of mBN on HOPG.
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Figure 3.22: Optical response of graphite in the DUV (a) reflectance spectrum
in the deep ultraviolet for the bare graphite substrate, measured at 8K, under nitrogen
environment and using Deuterium lamp; (b) real (¢1) and imaginary (e2) parts of the
dielectric permittivity of graphite: these data are taken from ref. [66].

Figure 3.22 (a) shows a smooth variation of the reflectance spectrum as a function of the
energy, with the presence of a maximum of about 35% of reflectivity at around 5.2 eV. This
non-monotonic behavior in the response of HOPG results from a key property of its dielectric
function in the DUV range.

The dispersion of the real and imaginary parts (e; and es, respectively) of the dielectric
permittivity of graphite were measured in Ref. [66]. We re-plot them in figure 3.22 (b): € is
displayed in violet line while €5 is shown in orange solid line. €; and €3 show a smooth variation
between 4 €V and 7 eV, with the absence of any particular resonance in this spectral range.

Of particular interest is the decrease of €5 for energies higher than 4.5 eV, corresponding to
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a reduction in the optical absorption of graphite in the DUV range. The behavior of € is
of particular interest for an active layer on the top of graphite, since it does not show any

resonance that could affect the optical properties of mBN.

Reflectance of mBN on HOPG: Here, we compare the reflectance spectra of mBN/HOPG
(sample Ny) with the one recorded from HOPG, as displayed in figure 3.23 (a). The reflectance
of mBN/HOPG is displayed in blue solid line and the one from HOPG is shown in a grey
dashed line.
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Figure 3.23: Reflectance of epitaxial monolayer BN on graphite: (a) reflectance
spectrum in the deep ultraviolet for the bare graphite substrate (grey dashed line) and
mBN on graphite (blue solid line), both at 8K; (b) comparison between PL (blue solid
line) and reflectance (green symbols) spectra of mBN/HOPG; in the middle: schematics of
the reflectance experiment performed on HOPG and on the mBN/HOPG heterostructure
synthesised by van-der-Waals epitaxy; HOPG stands for highly oriented pyrolytic graphite.

The reflectance of mBN/HOPG shows a smooth variation between 4 eV and 5.2 eV, with
an increase of reflectance from 10% to 35%. This variation is comparable to the one of HOPG
with a relative deviation between 0.5% and 18% in this spectral range. For energies higher
than 5.2 €V, we observe a pronounced dip of 15% reflectivity at 6.1 eV for the reflectance
of mBN/HOPG. We observe two minima: one at 6.11 eV and a secondary minimum less
contrasted at 5.98 eV.

The comparison between HOPG and mBN/HOPG shows that the epitaxy of a single atomic
layer of h-BN on HOPG changes drastically the reflectance spectrum of HOPG with a decrease
of its reflectance by a factor of 2 (from 30% to 15%).

In figure 3.23 (b), we replot the reflectance spectra of mBN/HOPG between 5.2 ¢V and
6.3 eV and we compare it to the PL spectrum that we measured in the same sample. The

comparison between the two spectra shows that the width of the reflectance lines are very large
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(110-150 meV: section 3.4.4) compared to the width of the PL lines (32 meV). However, we
observe a resonance between the reflectance minima and the PL emission in mBN indicating

the presence of a direct gap at 6.1 eV in mBN.

Reflectance spectra of Ny, N, and Ng samples: In figures 3.24, we compare in separated
panels the reflectance spectra for samples N, Ny and Ng on which we detected the emission of

the PL doublet. In each panel we compare the reflectance spectrum to the one of HOPG (grey
dashed line).
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Figure 3.24: DUV reflectance spectrum for several mBN samples measured
at 8 K, obtained for different MBE boron cell temperatures (75) and growth
times: (a) Tp=1875°C, 3 hours, (b) Tp=1875°C, 5 hours, (c) TB=1888°C, 3 hours. The
solid grey line is the reflectance spectrum of the bare HOPG substrate for reference.

The comparison between the data plotted in figures 3.24 (a, b and ¢) shows that the overall
shape of the reflectance spectra is robust for samples grown with slightly different growth
conditions and all getting a coverage close to mBN. Moreover, the absolute reflectance minimum
is positioned at 6.11 eV for the three samples. Meanwhile, the visibility of the secondary
minimum at 5.98 eV changes from one sample to another. It is well resolved for Ny (panel (a))
and still apparent for Ng (panel (b)) but with a lower contrast in comparison with N;. For Ny
the 5.98 eV-minimum is hardly observable and appears as a shoulder on the low energy side of
the main resonance at 6.11 eV.

The comparison between these spectra suggests that the resonance at 6.11 eV is intrinsic and
that it corresponds to the direct optical transition in mBN, while the secondary minimum has

an extrinsic origin depending on the growth conditions as discussed below.

Temperature-dependent reflectance measurements are presented in appendix B. They
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complement our measurements at low temperature without any significant new physical insight

due to the large width of the reflectance lines.

3.4 Interpretation

3.4.1 PL emission in mBN

PL doublet

In the previous sections, we have presented PL and reflectance measurements in mBN samples
grown by MBE. The PL spectra showed two emission lines at 6.05 eV and 6.08 eV, while
the reflectance measurements showed a pronounced minimum at 6.1 eV, approximately in
resonance with the PL emission, supporting the existence of a direct optical transition in mBN.
However, the observation of a doublet structure rather than a singlet in the PL spectrum seems
puzzling for the emission of a direct-gap transition. In the case of MoSe; monolayers, Lindlau
et al. [115] reported the emission of a PL doublet and their measurements showed features of
two bright PL peaks, closely analogous to the doublet we observe in our data on mBN samples.

In this part, we will present our interpretation for the emission of a doublet in the PL spectrum
of mBN.

The excitonic states in mBN have been described in chapter 1 (section 1.2.3) of this thesis.
In mBN as in graphene and TMDs, the band extrema are lying at K and K’ points of the
first BZ [115, 41, 42]. However, K and K’ are two non-equivalent points of the first BZ, since
they cannot be connected by a wave-vector of the reciprocal lattice. As a result, four types of
excitons can be constructed by the combination of an electron and a hole situated either at K
or K": two zero-momentum excitons are obtained if both electron and hole are situated in the
same valley; and two momentum-dark excitons are obtained if the electron and the hole are
situated in two different valleys (chapter 1: section 1.2.3). These excitons are specific to the
valley-physics in hexagonal lattices and their recombination requires the emission of a phonon
at the K point. As a result, a doublet may arise in the PL. emission with one line emerging
from the recombination of a direct exciton (|.S,0,), chapter 1, p.16) in the same valley (K or
K’), and a second line at a lower energy, from an indirect transition of the momentum-dark
exciton (|S, K4)).
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Figure 3.25: Doublet origin in the photo-luminescence spectrum of mBN: (a)
PL spectrum after subtraction of the laser diffusion presented in the spectral range from 6
to 6.15 eV, with the energy splitting of the doublet being 34 meV; (b) scheme of the band
structure at K and K’ points of the first Brillouin zone in a one-particle configuration;
the green arrows illustrate the recombination of the electron and hole in the same valley
(ke = k) and the blue arrows illustrate the photon after recombination of the electron
and hole in different valleys (ke # ky,); dotted red arrows illustrate the phonon emission.

We have observed in section 3.3.1 that there is no significant contribution of RRS with an
excitation energy of 6.375 eV (Figure 3.18 b), suggesting the absence of a real exciton state at
6.05 eV, but probably a virtual state. While for the line at 6.08 eV, we have seen that RRS
changes drastically the spectrum for E., = 6.4 €V indicating the presence of a real excitonic
state at 6.08 eV. Consequently, we interpret the luminescence line at 6.08 eV as the direct
recombination of an exciton with both electron and hole in the same k-valley (singlet |S,0.)),
and the line at 6.05 eV as the phonon-assisted emission of a dark-exciton in mBN (singlets

‘Sv K:t>)

The splitting in energy between the two lines is equal to 34 meV. This energy splitting
matches the energy of the out-of-plane phonon ZA at the K point (phonon band-structure in
chapter 1, section 1.3.1). In this case the emission process of both excitons can be represented as
in figure 3.25 (b). However, there may be a splitting due to the presence of a Coulomb interaction
between the excitons |S,0,) and the other excitons |S, K_) and |S, K ). Consequently, the 34
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meV could be the sum of the Coulomb interaction and phonon energy making the identification
of the phonon mode tricky.

Finally, we note the PL spectrum goes beyond a simple doublet at 6.05 ¢V and 6.08 eV, since
it presents additional lines on the lower (5.98 €V) and higher (6.16 €V) energy sides of the

dominant doublet. The origin of these emission lines is not clear at the present.

Reflectance versus emission in mBN

We have interpreted the doublet in the PL spectrum as being the result of two different
transitions: a direct transition at 6.08 eV resulting from the direct bright exciton in mBN and
the phonon-assisted emission at 6.05 eV of a momentum-dark exciton. However, the reflectance
spectrum displays only one transition at 6.11 eV, approximately in resonance with the PL
emission. For direct transitions, the PL and reflectance are resonant. For indirect transitions,
the phonon-assisted absorption and phonon-assisted emission are mirror processes occurring at

different energies as sketched in figure 3.26 (a).

In this part, we compare the emission and the reflectance spectra in the context of a possible
mirror effect between PL and reflectance for the indirect transition at 6.05 eV in the PL spec-
trum. Assuming that the emission of a photon at 6.05 eV results from the emission of a phonon
(ZA(K)) having an energy of 34 meV, there should be an absorption at 6.118 eV (Figure 3.26 (a)).

In figure 3.26 (b), the energy of the absorbed photon of 6.118 eV is indicated by the blue
dashed line on the high energy side of the fundamental exciton (6.084 eV). The energy of
the emitted photon of 6.05 eV is shown in red dashed line on the low-energy side of the
fundamental exciton. The splitting in energy between the emitted and absorbed photons is
twice the phonon energy. This energy splitting is lower than the linewidth of the reflectance
minimum at 6.11 eV (100-150 meV section 3.4.4) preventing any analysis about a mirror effect
that could occur between the emission and the absorption processes in mBN. Still, the broad
reflectance minimum at 6.11 eV appears fully consistent with both direct and indirect optical

transitions in mBN.
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Figure 3.26: Reflectance versus PL in mBN: (a) Scheme presenting the emission
and absorption processes for an indirect optical transition; (b) reflectance spectrum (green
symbols) and photo-luminescence (PL) spectrum (blue solid line) of mBN on graphite at

8K.

3.4.2 Temperature dependence of the photoluminescence

In the previous sections, we have seen that the emission in mBN is conditioned by a selective
excitation giving rise to RRS, which is completely different from the excitation of bulk h-BN.
Moreover, the emission of mBN at cryogenic temperature showed a PL doublet with a spectral
separation between the lines equal to 34 meV. In this part, we study the influence of temperature
on the direct-gap emission in mBN. This dependence could be characterized by three aspects:
(i) a red-shift of the emission energy; (ii) a broadening of the doublet lines and (iii) a decrease
in the intensity of the PL. The analysis of these three aspects provides us information on
the phonon-exciton interaction in mBN. We will in particular compare the exciton-phonon

interactions in both systems: mBN and bulk h-BN.

PL measurements depending on the temperature of the sample:

Here, the PL measurements are realized by varying the temperature from 8K to room temper-
ature. The excitation energy is 6.375 eV (194.47nm). Our data are presented in figure 3.27 (a)
with open circles after the subtraction of laser diffusion. The temperature is indicated on the
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right side for each spectrum. The spectra are vertically shifted for clarity.

Figure 3.27 (a) shows that when increasing the temperature from 8K to room temperature the
lines of the PL doublet broaden and the PL intensity decreases. We observe that the spectral
positions of L; and Ly shift toward lower energies.

In order to analyze quantitatively the change in the PL spectra as a function of temperature,
we fitted our data by using the sum of two Lorentzian functions centered at E;=6.05 eV and
E5=6.08 eV (dark blue solid line in figure 3.27 (b) with L for Lorentzian). We also used the sum
of two Gaussian functions centered at F;=6.05 eV and E,=6.083 eV (see solid line in magenta
with G for Gaussian). The comparison between our data and two curves given by G and L
fits are presented in figure 3.27 (b). Both functions fit more or less the PL doublet present in
our data. We used Gaussian functions for our quantitative analysis because of inhomogeneous
broadening that is present in our data. Inhomogeneous broadening usually leads to a Gaussian

line.
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Figure 3.27: PL spectra in mBN as a function of temperature: (a) data are
presented with open circles and fit with solid lines; all spectra have been corrected for
the background arising from laser light scattering, and they are vertically shifted for
clarity. (b) PL spectrum in mBN measured at 8K compared to fits given by the sum
of 2 Lorentzian functions centered at E1=6.05 eV and E2=6.08 eV (L in blue solid line)
and by the sum of 2 Gaussian functions centered at E;=6.05 ¢V and E2=6.083 ¢V (G in
magenta solid line)
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In our fit, the Gaussian functions have the same linewidth I" and their amplitudes are defined
by A; and A, respectively. The fitting parameters are adjusted to reproduce our experimental
data focusing on the central part of the spectrum and avoiding the spurious contributions on
the low and high energy sides. The fits are displayed in solid lines and superposed with the

measurements presented in figure 3.27 (a).

The energy positions E; and Es; corresponding to PL lines L; and Ly respectively are
extracted from our fits in figure 3.27 (a) and plotted as a function of temperature in figures 3.28
(a) and (b). The energy position of lines L; and Ly shifts similarly toward lower energies (Ly
shifts by 5 meV and Ly by 4 meV) from 8K to 300K. This energy shift is small in comparison
to bulk h-BN; for which the temperature-dependent energy-shift was estimated about 35 meV
from 8K to 300K [23] and it indicates that the electron-phonon interaction is modified in mBN
with respect to bulk h-BN.
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Figure 3.28: Temperature dependence of the emission in mBN: (a) spectral
position of Li; (b) spectral position of Ly versus temperature of the sample. Error bars in
both figures indicate the uncertainty on the extracted data.

Temperature dependence of the amplitudes

The extracted amplitudes for both emission lines are displayed in figures 3.29 (a) and (b) as a
function of temperature. The data presented in both figures are normalized relatively to the
values of A; and A, at 8K.

The amplitudes of both lines decrease with the temperature: for line L; the amplitude decreases
by a factor of 3.2, and for Ly it decreases by a factor of 2.6 from 8K to 300K. Both amplitudes
have a comparable variation, except for temperature equal to 200K, we perceive that the

extracted parameter corresponding to line Ly is equal to the one at 8K.
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Figure 3.29: Temperature dependence of the emission in mBN: (a) normalized
amplitude A versus temperature of the sample; (b) normalized amplitude Ay versus
temperature of the sample. Error bars in both figures indicate the uncertainty on the
extracted data.

The variation of the PL intensity by a factor of ~3 in mBN is slightly smaller than in bulk
h-BN, where the intensity decreases by a factor estimated between 4 and 7 from 8K to room
temperature [116, 43]. This difference is due to the modification of the interaction with the
phonon modes in the case of mBN since the inter-layer phonon modes do not exist anymore
for a single h-BN layer. This effect will be demonstrated in the next section 3.4.2.

The emission of light at room temperature in h-BN is due to the high binding energy (in mBN
and bulk h-BN), since the thermal energy at 300K will not be able to dissociate the exciton.
This effect is of paramount importance for applications of h-BN in the DUV opto-electronic

devices operating at room temperature.

Temperature dependence of the linewidth I'

The exciton-phonon coupling in a semiconductor induces a broadening of the excitonic reso-
nance. This phenomenon may overpass the excitonic binding energy and it may dissociate the
exciton at room temperature. In bulk h-BN, the exciton-phonon coupling has been identified
to be in a strong coupling regime and the thermal broadening is larger than 30 meV between
8K and 300K [61]. This phonon-assisted broadening is dominated by acoustic phonons below
50K, and by optical phonons corresponding to inter-layer breathing modes above 50K. In mBN,
the inter-layer breathing mode is absent because of its atomically-thin structure. In this part,
we will analyze how the phonon-assisted broadening evolves as a function of temperature in
the case of mBN and we compare it to bulk h-BN.

The variation of the linewidth as a function of temperature was extracted from the fits
displayed in figure 3.27 (a) and it is displayed in figure 3.30. The linewidth I" shows an increase
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from 32 meV to 38 meV from 8K to room temperature. This means that the temperature
causes a thermal broadening of only 6 meV in mBN. This value is much smaller than for bulk
h-BN (~30 meV [61]), where the phonon-assisted broadening is mostly dominated at room
temperature by the vibrations occurring between the h-BN layers. The decrease in the value
of thermal broadening in mBN is due to the absence of inter-layer breathing modes and the

limitation of thermal broadening to quasi-elastic acoustic phonon scattering.
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Figure 3.30: Temperature dependence of the emission in mBIN: variation of full
width at half maximum I" for the lines in the PL doublet as a function of the temperature
of the sample (From 8K to 300K); extracted parameters are shown in symbols and the fit
is shown in blue solid line.

In order to further analyze the variation of I' in mBN, we have performed a fit by using the
expression of the thermally-induced broadening for the exciton-phonon coupling in a strong
coupling regime as used in bulk h-BN [61]. The only difference with Ref. [61] is that the
thermal broadening is calculated by taking into account only the contribution of acoustic
phonon scattering [117, 118] given by:

Ea

I =S,E
a SA ACOtthBT

(3.1)

As we are using Gaussian functions, then the convolution of two Gaussian of widths A,
and A, takes \/A? + A2 as a width. The expression used in our fit in figure 3.30 is given by:

Ea
I' = Fg + FZ = \/F% —+ SAEACOtthBT (32)

with 'y the broadening in the limit of zero temperature I'y=32 meV. The mean energy for

quasi elastic scattering by acoustic phonons E, is taken to be equal to 4 meV. S4= 8 meV
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being the coupling strength to acoustic phonons and its value is corrected by a factor of 1.7
compared to bulk h-BN.

The comparison between the thermal broadening in mBN and bulk h-BN reveals three
important differences:
(i) In the case of mBN, there is no need for an additional term due to optical phonons in order
to reproduce our data. As mentioned previously, these phonons correspond to the inter-layer
breathing mode in bulk h-BN, for which the broadening becomes dominant for temperatures
above 50K. This contribution is absent in mBN.
(ii) T’y accounts for the linewidth at zero-temperature. It originates from inhomogeneous
broadening in addition to the finite radiative broadening. T’y is absent for bulk h-BN because
the linewidth is only controlled by phonon broadening, while in mBN this term dominates over
the thermal broadening and reduces the visibility of the square root temperature dependence
of the phonon broadening observed in bulk h-BN.
(iii) The broadening due to acoustic phonons is slightly higher in mBN than in bulk h-BN (Sy4
is higher by a factor of 1.7 in mBN compared to bulk h-BN). This may originate from the
increase of the exciton binding energy and consequently the reduction of the excitonic Bohr

radius in mBN.

3.4.3 Secondary reflectance minimum at 5.98 eV in mBN

In the previous sections of this chapter, we presented the reflectance spectrum of mBN measured
on three different samples. The presence of a minimum at 6.1 eV was the same for the three
different samples. In parallel, the presence of a secondary minimum at 5.98 eV was dependent
on the growth conditions and its visibility was not the same in the three samples. Here, we

discuss the possible origins of this secondary minimum.

In the first chapter of this manuscript, we presented the excitonic states of single mBN

layer following the approach of Ando on carbon nanotubes [42]. Taking into account the valley
and spin degrees of freedom, there are 16 different states, for which 4 correspond to singlet
states and 12 to triplet states.
In a perfect crystal, singlet states are optically allowed while triplet states are optically inactive
due to the forbidden spin transitions. The observation of a brightened triplet state requires
some symmetry-breaking mechanism that affects the selection rules and allows transitions
from triplet states. In carbon nanotubes, it was demonstrated that the presence of defects and
distortions efficiently brightens the forbidden triplet states by mixing the singlet and triplet
states [119, 120].

The energy splitting between the two minima in reflectance of about 130 meV lies in the same
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energy range as what was reported on the brightening of triplet states in carbon nanotubes
[119, 120]. In analogy to the case of carbon nanotubes, the origin of the minimum at 5.98 eV may

also be interpreted as being the result of a defect-induced brightening of the triplet dark exciton.

We have previously shown that the visibility of the secondary minimum decreases from
sample N; and Ng to sample Ny when changing the growth conditions. The thickness of these
samples increases progressively from slightly below one monolayer (sample Np) to slightly
above one monolayer (samples Ng and Ny). This increase in the thickness was accompanied
by an increase in the density of defects and of 3D clusters (section 3.2) on the mBN surface.
Nevertheless, the variation of the samples growth conditions reduced the visibility of the peak in
reflectance spectra of samples Ng and Ny. This may be due to different levels of growth-induced
residual doping, which are known to play a key role in transition metal dichalcogenides [121]
and also in carbon nanotubes [122]. Consequently, an alternative interpretation can be adopted
for the minimum at 5.98 eV as being the absorption of a trion.

A trion is a three-particle bound state consisting of two electrons and a hole (negative trion),
or one electron and two holes (positive trion). Trions have been observed in atomically thin
two-dimensional (2D) transition-metal dichalcogenide semiconductors [123, 121]. The ratio of
trion to exciton binding energies is about 10% in monolayer transition metal dichalcogenides
[121]. If we assume that this ratio in mBN is similar to the value found in monolayer transition
metal dichalcogenides, one could interpret the red-shifted peak in reflectance spectrum as being

the absorption of a trion state.

The observation of a secondary minimum in reflectance measurements raises the question of
its appearance in the PL spectrum. We highlighted the presence of a weak emission line in the
PL spectrum at around 5.98 eV (figure 3.14, page 68), this emission line is in resonance with
the secondary minimum in reflectance (see figure 3.26 (b)). Consequently, the emission line at
5.98 eV could be signature for the radiative recombination of a brightened triplet exciton or
trion.

We note that the PL line at 5.98 €V is very weak compared to what we observe in reflectance.
In PL spectroscopy, the carrier relaxation time is the parameter that plays a key role in the
intensity of the PL signal, while in reflectance the oscillator strength is the only relevant
parameter. In order to get an intense PL signal from the triplet state or trion, the transi-
tion rate or the inter-system crossing rate should compete with the radiative recombination
of the singlet. In the next section we will give theoretical interpretation of the reflectance

spectra which will provide us with information on the radiative recombination dynamics in mBN.
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3.4. INTERPRETATION

3.4.4 Quantitative modeling of the lineshape fitting of the reflectance
in mBN

In this section, we fit our reflectance data using a full quantized approach in order to estimate
the radiative efficiency in mBN.
The model we use here is based on the work done on 2D TMDs materials [124, 125, 126] in

order to fit reflectance measurements from 2D thin layers.

Reflection coefficient: We consider a normally incident plane wave on mBN deposited on
a HOPG substrate. The system is assumed to be translationally invariant in the xy plane,
with the incident wave propagating along the z axis. A fully quantized treatment is considered
for both the excitons and the electric field. The amplitude of the reflection coefficient is given

by (details of the calculations are given in appendix C):

r=ro— (1+70)? x L(w — wp) (3.3)

where L(w — wp) is defined by:

“r
L(w — = 2 3.4
(w—wo) 6+ Im(ro) L + it (3:4)

with 6 = w —wp and T' = 294 + Y + 7-(1 + Re(rg)). The first term in equation 3.3
corresponds to the response of the substrate and the second term is the response of mBN.
ro denotes the complex reflection coefficient of the HOPG substrate without mBN layer. -,
denotes the radiative decay rate of the exciton at the frequency wy, 74 the dephasing rate and
Ynr the non-radiative decay rate.

This model permits us to evaluate the minimal value of the radiative rate of the exciton

transition v, in mBN. Let us evaluate the radiative efficiency by the usual expression:

Tr

n= Tt (3.5)

We then re-write L(w — wp) as:

Y
L(w—wp) = 5 ]mzro)}—r " (3.6)
We have:

Yor + 9 < T (3.7)
(3.8)
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3.4. INTERPRETATION

with I' = 274 + vnr + 7 (1 + Re(rg)) and (1 + Re(rg)) > 0. Then,

@&<L<1

| A

or

&L <<l (3.9)

Our calculations will allow us to evaluate a lower bound of the radiative efficiency. In the

following, we rename % as 7. Therefore, we have two independent fitting parameters I' and

Nmin-

Inhomogeneous broadening: In order to account for the inhomogeneous broadening, we

consider a Gaussian distribution of w:

Glw—Q) = We(“%ﬂ)z (3.10)

o\/T
with o the width of the Gaussian function and €2 the distribution center. The convolution
of L(w) (equation 3.3) with the Gaussian G(w — §2) gives the response of the sample. The

convolution is given by:

(L+G)(w) = /+°° L(w — wo)Glwo — Q)duy (3.11)

— 00

The total reflectance is then given by:
2
R =|ro(w) + (1 +1o(w))*L * G(w)| (3.12)

Fit of the reflectance data with a single GGaussian distribution of oscillators

We start by fitting the reflectance spectrum presented in figure 3.23 and corresponding to
sample Ny grown for 3 hours at T = 1875°C. In figures 3.31 (a), (b) and (c), we display
our calculations using a single Gaussian distribution of oscillators. Three different cases are
displayed in the panels of figures 3.31. The measured data are displayed in blue symbols and
our fit in red solid lines.

As a first step, we examine the case with a very weak inhomogeneous broadening Al' >> o.
For this case, if 7,,;,,=0% no contrast can be observed and R is given by the response of HOPG
while for 7,,;, = 100% our fit gives 0% reflectance at 6.1 eV. In order to improve our fit, we
have to decrease the value of 7,;,. In panel (a), we display the result for 7,,,=30 + 1%, with
o=1 meV and Al'=145 + 5 meV. The panel (a) shows that with a response determined only by

homogeneous broadening, the oscillator (1) at 6.12 eV has a radiative efficiency of at least 30%.

From the other side, reflectance lines are much larger than PL lines (Figure 3.23 b): this

is due to the presence of inhomogeneous broadening in the reflectance response in mBN. We
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thus increase the inhomogeneous broadening in our fit. In panel (b) we take homogeneous and
inhomogeneous broadenings more or less equally (o = 60 +2 meV and A' = 50 + 2 meV): 7,
takes a value of 59 + 2%.

In order to increase o, we have to increase 7,;,. For a maximal value of 7,,;, = 100% (panel
(c)), o takes a maximal value of 74 £+ 4 meV. For this fit AI' = 30 & 1 meV, this value is very
close to the linewidth of PL lines (32 meV).
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Figure 3.31: Fit of the reflectance spectrum in mBN taking into account one
oscillator at 6.12 eV: Our data are plotted in blue symbols and compared to the
red solid line which displays the calculated data; (a) with negligible inhomogeneous
broadening o=1 meV, homogeneous broadening Al' = 145 £ 5 meV and 7, = 30 = 1%;
(b) homogeneous and inhomogeneous broadening are very close : ¢ = 60 £ 2 meV,
R’ =50 + 2 meV and 1 = 59 + 2%; (¢) inhomogeneous broadening o = 74 + 4 meV,

homogeneous broadening AI' = 30 + 1 meV and 7,3, = 100%.

Fit of the reflectance data with two Gaussian distributions of oscillators

As it was shown previously, our reflectance spectra present a secondary minimum at 5.98 eV
and its visibility is dependent on the growth conditions. In order to account the contribution
of oscillator (2) at 5.98 eV in the reflectance spectrum of sample Ny, we consider the sum of
two Gaussian functions G; and Gg centered at €21 = 6.12 eV and {2, = 5.98 eV. By taking the

same value o for the two Gaussian functions, we now have 3 fitting parameters I', n,(izn and nffz)n

As in the previous section, we examine the case with a very weak inhomogeneous broadening
(figure 3.32 (a)). The response of the sample is dominated by homogeneous broadening

(A" = 150 &£ 5meV >> o = 1meV'). The contrast in our fit is given now by the two values of
n,(;z)n and nggn. In order to get a curve that fits the doublet present in our data, nﬁrb)n and 777(32”

take the values 35+ 1 % and 14+ 1 %, respectively.
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Figure 3.32: Fit of the reflectance spectrum in mBN taking into account two
oscillators at 6.12 and 5.98 €V: Our data are plotted in blue symbols and compared

to the red solid line which displays the calculated data; (a) inhomogeneous broadening o=1
meV << homogeneous broadening AI' = 150£5 meV, ngl)n = 35+1% and ngzn = 14+1%;
(b) homogeneous and inhomogeneous broadening are equivalent : ¢ = 66 + 2 meV ~
hT' = 60 + 1 meV, n,(i) =65+ 1% and 77(2) = 30 £ 1%; (c) inhomogeneous broadening

n T min ~
o = 75+ 2 meV > homogeneous broadening Al' = 36 4+ 1.5 meV, ngz)n = 100% and
() — 48+ 2%.

Niin

As before, in order to account for inhomogeneous broadening in our fit, we have to increase
the value of 0. In order to improve our fits, we increase nﬁi,)n and 77,(52“ with the increase of o.
In panel (b) of figure 3.32 we take homogeneous and inhomogeneous broadenings more or less
equivalent (0 = 66 &2 meV, Al' = 60 £ 1 meV). For this case the minimal bounds of 7 take
the values 65 + 1% and 30 £ 1% for oscillators (1) and (2), respectively.

The maximal value of inhomogeneous broadening is given when n,(;)n is maximal 7.e. 100%.
For this case 0 = 75 £ 2 meV, Al' = 36 £ 1.5 meV and 777(733”:48 + 2%.

Based on these fits, we point out firstly that the radiative efficiency given by oscillator (2) is
about half the contribution of oscillator (1) in the three cases discussed here. Secondly, for the
maximal value of the inhomogenous broadening, Al" takes a value comparable to the width of
the PL lines (even if we consider 1 or 2 oscillators).

By considering two different oscillators centered at 5.98 eV and 6.12 €V, our fits reproduce
perfectly our data for the spectral range between 5.7 and 6.17 €V. On the high energy side (>
6.17 eV), our fits do not overlap with our measured data and give a reflectance level higher by
a factor 1.5 compared to our measured data. Consequently, it is difficult to evaluate the real
value of inhomogeneous broadening by our fits.

Whatever the contribution of inhomogeneous broadening in our reflectance data, n,%l)n takes a
value of at least 30% in order to reproduce the high contrast in our reflectance spectra. The

radiative decay rate hy(" can be estimated between 35 and 55 meV. In MoSe; monolayers,
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radiative decay rate is evaluated to be about 4-7 meV [127, 124]. This means that in mBN, the
radiative decay rate is at least higher by a factor of ~8 than in MoSe,. Finally, the radiative

decay rate hy(? is lower than Ay() and is estimated about ~18-20 meV.

Fit of the reflectance data with more Gaussian functions

In order to improve our fit on the high energy side (above 6.17 €V), we added to our model two
additional distributions (3) and (4) centered at 6.29 eV and 6.39 eV. The fitting parameters for
distributions (3) and (4) are chosen in a way to not affect the fitting parameters for distributions
(1) and (2). The results are displayed in figure 3.33 (red solid line) and compared to our data
(blue symbols). The comparison between both curves shows that the addition of (3) and (4)
improves the fit by decreasing the level of reflectance from 35% (figures 3.32) to 27%, for the
energies higher than 6.17 eV. However, this is still not sufficient to fit perfectly our data in
this spectral range. Furthermore, the interpretation of these oscillators will not be conclusive
since their physical origin is unknown. Their addition to our model shows only that they
could provide a better fit to our data for energies > 6.17 €V without any relevant information
about physics in mBN for this energy range, except for the presence of additional electronic

transitions.

0.35

0.25

Reflectance

0.15

Energy (eV)

Figure 3.33: Fit of the reflectance spectrum in mBN taking into account 4
Gaussian distributions centered at )1 =6.12 eV, (), =5.98 eV, 23 =6.29 €V and
Q4 =6.39 eV: inhomogeneous broadening ¢ = 76 + 2 meV >> homogeneous broadening
AD =35+ 1 meV, ntt) =100%, %) =50+ 2%, 512} =30+ 2% and ) = 20%.
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Fit of the reflectance spectra for other mBN samples

In this section, we present a quantitative analysis for the reflectance spectra measured on
samples Ny and Ng. We fit the corresponding spectra following the same procedure as described
previously for sample N; (Figure 3.32). The comparison between the radiative decay rates
of three different samples will provide us more information about the radiative efficiency of
oscillators (1) and (2), more particularly we will estimate Ay(") and hy(? in samples Ny and
Ng. Our fits are presented in figure 3.34 in black solid lines for sample Ng (a-b) and for sample

Ny (c-d).
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Figure 3.34: Reflectance spectrum in monolayer Boron nitride for samples

Ny and Ng: (a) Sample Ng: inhomogeneous broadening o = 1 meV, homogeneous
broadening AI' = 160 + 5 meV, 777(m)n = 33 + 1%, nmm = 11 £ 1%; (b) Sample Ng:
inhomogeneous broadening o = 76 + 2 meV, homogeneous broadening Al' = 150 £ 5 meV,
nszn = 100%, nmz)n = 44 £ 2%; (c) Sample Nj: inhomogeneous broadening o =1meV,
homogeneous broadening il' = 150 £ 5 meV, nﬁm)n =32+ 1%, 77mm = 5% 1%; (d) Sample

Ns: inhomogeneous broadenlng o = 78 &£ 2 meV, homogeneous broadening hl' = 36 + 1
meV, 1Y =100%, n2) = 26 + 2%.

mwn nmzn

In sample Ng, hy(Y varies between ~ 35 and 53 meV and Ay(? is about ~ 16-18 meV.
In sample Ny, hy(Y) varies between ~ 35 and 50 meV and hy? is about ~ 7-10 meV.
The comparison between the three samples Ny, Ny and Ng shows that the radiative efficiency
for oscillator (1) (at 6.12 eV) takes comparable values in the three samples and does not depend
on the growth conditions. ngfn is lower than 7]7%211 in all the three samples and it depends on
the growth conditions. Its contribution is weaker in the reflectance spectrum of sample No.
Unfortunately, no conclusive information about the origin of the secondary minimum at 5.98

eV could be obtained whether it is due to an absorption of a trion or a brightened triplet exciton.
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3.5 Conclusion

In this chapter, we demonstrated the existence of a direct transition at 6.1 €V in mBN revealing
a band gap crossover from indirect to direct in the h-BN bulk/mBN system. This crossover is

similar to many 2D materials like MoSy, MoSe,, etc...

For that project, we used an original strategy relying on the scalable growth of mBN layer
by MBE on HOPG substrate which allowed us to perform macro-PL and reflectance in the
DUV. Our strategy did not follow the methods usually used in literature for 2D materials.
The growth of the mBN samples was performed in Nottingham, by controlling the growth
time t,, the temperature of the boron source Tp and the growth temperature Tq. It was
demonstrated that the B:N ratio affects the morphology of the grown samples and its increase
results in the increase of 3D clusters of the growth surface. In order to get a monolayer coverage
with a low density of 3D clusters, h-BN has to be grown in a N-rich environment. By the
control of the growth parameters, our collaborators in Nottingham have achieved the growth

of a single mBN layer with a thickness of 3.54 on a large scale HOPG surface (10 x 10 mm?).

Both PL and reflectance measurements have been performed on the mBN layers. PL
spectroscopy has revealed the emission of a doublet at 6.05 eV and 6.08 eV. This doublet
is a unique feature and it has never been detected before. Reflectance measurements have
shown the presence of a highly contrasted minimum centered at 6.11 eV in resonance with the
PL doublet. Both reflectance and PL spectra demonstrated the presence of a direct optical
transition at 6.1 eV in mBN.

The excitation process in mBN is very different from bulk h-BN, it is conditioned by a
selective excitation. The photo-excitation in mBN is assisted by 2LA(M) phonon overtones
which provide a pathway allowing to excite mBN. This condition affected the form of the PL
spectrum due to resonant Raman lines. Our results demonstrated that both excitation and

recombination processes are very different in mBN and in bulk h-BN.

The existence of a doublet rather than a singlet in PL emission spectrum of a direct gap
material was snot expected. Nevertheless, the optical response of direct-gap 2D materials
involves two transitions: a direct transition resulting from the exciton states in the same K
valley, and an indirect transition resulting from excitons with electron and hole in two different
valleys. Such transitions are phonon-assisted. In mBN, phonon-assisted transitions could

involve ZA phonons at the K point.

Temperature dependent experiments were performed in order to analyze the exciton-phonon

interaction in mBN. PL measurements demonstrated a 6 meV thermal-broadening. This value
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is much smaller than the one observed in bulk h-BN. It comes from the absence of the inter-layer
vibrating mode in mBN because of its atomically-thin structure thus reducing the efficiency of

phonon-assisted broadening.

Finally, we provided a quantitative interpretation of the reflectance spectra using a model
that allowed us to estimate the radiative efficiency for the optical transitions involved in mBN.
The radiative efficiency of the direct exciton at 6.1 eV was estimated to be at least 30% and
the radiative broadening to be between 35 and 55 meV. This value is about 10 times higher
than in other 2D materials.

Moreover, reflectance spectra revealed the presence of a secondary minimum at 5.98 eV. The
visibility of this minimum was dependent on the growth conditions. We interpreted its origins to
be extrinsic and due to either a trion absorption or to the brightening of a triplet dark-exciton
in mBN. The radiative efficiency of this transition was estimated to be lower than the one at
6.1 eV and it was dependent on the growth conditions. Our quantitative analysis allowed us to

estimate a radiative broadening varying from 7 meV to 20 meV for this excitonic state.
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(GENERAL CONCLUSION

The exfoliation of graphene by Novoselov and Geim in 2004 has opened a new field of research
on heterostructures of layered semiconductor compounds, with the generic name of 2D materials.
The properties of these materials range from a zero-gap in graphene and finite gaps in the
visible range in TMDs to the deep UV in h-BN. h-BN is highly demanded by the 2D material’s
community for its interesting properties to encapsulate and protect other materials from their
environment or for passivizing their surfaces. Moreover, its captivating optical properties in
the deep-ultraviolet make it a promising material for UV lighting. However, the fundamental
properties leading to these interesting properties are not fully understood yet. Within this
thesis we studied the optical properties of mBN and we demonstrated a bandgap cross-over
from indirect to direct when scaling the BN size from the bulk to the monolayer (mBN).

At the beginning of this thesis, our objective was to study several important points related
to the emission processes in mBN: is the bandgap in mBN direct or not? What is the energy
of the fundamental gap in mBN? How does the emission spectrum in mBN compare to the one
in bulk h-BN? How does the emission spectrum vary with the number of layers and how the
electron-phonon coupling will be modified for thin layers?

In order to bring quantitative answers to these questions, we built a reflectance setup in the
deep-ultraviolet that allowed us to perform photoluminescence and reflectivity measurements

to unravel the optical response in mBN.

Our samples were grown in Nottingham University in the group of Prof. S. Novikov. These
samples have been studied by Variable Angle Spectroscpic Ellipsometry and Atomic Force
Microscopy measurements performed in Nottigham. These measurements demonstrated that
the morphology of the grown mBN layers is strongly dependent on the growth parameters
and that in order to get the growth of high quality mBN on HOPG substrates, one has to
grow h-BN in a N-rich environment, for a growth time equivalent of 3 hours and a growth
temperature of 1390°C. The growth of large scale (10x10mm?) mBN on HOPG was achieved
with MBE in Nottingham. This achievement allowed us to perform macro-photoluminescence

and reflectance measurements in deep UV in order to study the optical properties in mBN.

We have measured the emission spectrum from mBN using our macro-PL setup. It showed
the presence of a broad band emission centered at 5.5 eV related to defects in h-BN, in addition
to the emission of a PL doublet at 6.05 and 6.08 eV which was detected for the first time in
our mBN samples. This doublet is a unique feature related to emission process in mBN. Later,
we studied the dependence of the PL spectrum on the excitation energy. In order to excite
mBN optically, a resonant excitation of phonon modes was required and the optical pumping
was performed with a detuning between excitation and detection that is given by the energy of

2LA(M) phonons. These results showed that the excitation process in mBN is very different
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from that in bulk h-BN and that it is conditioned by the excitation wavelength/energy. The
emission of a doublet was only measured from samples with a thickness around one monolayer

and this emission totally disappeared from the emission spectra measured on thicker samples.

We performed reflectance spectroscopy in our mBN samples. The spectra revealed the
presence of a highly contrasted minimum centered at 6.1 eV with the presence of a secondary
minimum less contrasted on the low energy side (at 5.98 eV). The minimum at 6.1 eV was
present and well contrasted in all the spectra measured from different samples having a thickness
of one monolayer, whatever the growth conditions are, while the visibility of the secondary
minimum at 5.98 eV was dependent on these growth conditions. The resonance between the
PL doublet emission and the reflectance minimum revealed the presence of a direct gap at 6.1
eV in mBN.

Temperature dependent PL measurements demonstrated that the thermal broadening in mBN
was smaller than in bulk h-BN and that is driven only by the acoustic phonons. This is due to
the absence of the interlayer breathing mode in atomically-thin h-BN monolayers.

We interpreted the emission of a doublet in mBN as being the result of one direct optical
transition (6.08 eV) with the recombination of a direct exciton with both electron and hole
sitting in the same valley, and an indirect optical transition (6.05 €V) resulting from the
recombination of a momentum dark-exciton with electron and hole in different valleys.

The secondary minimum in reflectance spectra at 5.98 eV was interpreted of extrinsic origin.

It most probably originates from a brightening of a triplet dark exciton or a trion.

A quantitative analyze has been performed in order to estimate the radiative efficiency
in mBN. Our calculations revealed a minimal value of 30% for the radiative efficiency of the
direct exciton with a radiative broadening of about 20 meV. This value is 8 times higher than

the one estimated in other monolayers of 2D TMDs materials.

During this thesis, several aspects were addressed without being presented in this manuscript.

o Photoluminescence and reflectance measurements have been performed on samples
with sub-monolayer thicknesses (partial covering of the substrate). The goal of these
measurements was to understand the strain effect that could be caused by the substrate

on the bandgap of monolayer boron nitride (Appendix D).

e Reflectance measurements have been performed on bulk h-BN crystals in order to
investigate the direct excitons in bulk h-BN (at K and H points of the first BZ) that are
lying at energies close to the fundamental gap (along MK). The interpretation of these

results is work in progress (Appendix A).
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h-BN is a promising material for a broad range of applications. In this PhD study we have
highlighted key advances including the growth of monolayer BN on a large scale using MBE
and the fundamental properties of its direct gap. This progress constitutes an important step
towards future studies on h-BN. From the technological point of view, the growth of mBN
using MBE sets the basis for complementary studies in order to obtain a stacking of continuous
monolayers grown on a large scale. A long-term objective would be the growth of wide gap
semiconductors with van-der-Waals heterostructures for developing compact solid-state devices.
From the fundamental point of view, we discussed the optical properties of the direct gap
in monolayer BN while many other properties still have to be explored. The origin of the
additional lines observed in the PL spectrum remains to be elucidated. Besides the monolayer,
a particular interest is to examine the optical properties of h-BN as a function of the number

of layers and the effect of Moiré supperlattices on the opto-electronic properties.
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APPENDIX

REFLECTIVITY OF BULK H-BN

In this appendix we present complementary reflectivity measurements performed during this
PhD work on bulk h-BN crystals. These results are not discussed in the chapters of the
manuscript since the interpretation of these measurements is not established yet.

This appendix is split into four parts: in section A.1 we present the motivation for these
measurements. In section A.2 we compare reflectance measurements on h-BN crystals from
different growth sources. In section A.3 we compare reflectance and PL measurements for bulk

h-BN. And finally we discuss temperature-dependent reflectance measurements.

A.1 Motivation

We previously highlighted the presence of direct excitons (dX) in bulk h-BN at K and H points
of the first BZ. The energies of these excitons are calculated to be close to the one of indirect
exciton (¢X): about 6.1 eV for direct excitons versus 5.95 eV for indirect one in the 2-particle
representation (chapter 1, section 1.2).

In order to study the properties of the energy levels higher than the fundamental gap, one
has to use a technique which probes excited energy levels that can contribute to transitions
higher in energy than the fundamental exciton. As it was explained within chapter 2, the PL
spectroscopy probes the relaxation dynamics of charge carriers for a system brought out of
equilibrium after laser excitation. Consequently it only investigates the lowest energy states of
the excited crystal. h-BN has an indirect fundamental gap (chapter 1, section 1.2) i.e. the
fundamental exciton (at 5.95 eV) is the one probed by PL spectroscopy. The optical properties
of iX have been largely studied before my thesis and have been summarized in chapter 1.
However, the comparison between energies of dX and ¢X in bulk h-BN is not known with high
precision yet.

Reflectance technique allows to probe high energy states in bulk h-BN, more particularly the
direct excitons lying at ~ 6.1 eV. It investigates the dielectric function of a material at the
thermodynamic equilibrium. All the optical transitions involving fundamental and excited
energy states contribute to the dielectric constant of the material. The dielectric constant per-

mits to probe rapid variations of the light matter interaction at allowed direct energy transitions.
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A.2. REFLECTANCE SPECTRA FROM TWO DIFFERENT H-BN CRYSTALS

We note that few papers reported previously the reflectance spectra of h-BN and the under-
standing of the physics related to excitonic states has not been completed yet. In 1984, Hoffman
et al. measured the reflectance spectrum of pyrolytic boron nitride in the energy range 0.05-10
eV (figure A.1 (a)) at room temperature. In their work they calculated a direct band gap at 5.2
+ 0.2 eV [128]. However at that time h-BN was only available in powder form and the growth
of high quality crystals was not achievable. In 2009, K. Watanabe and T. Taniguchi [129] per-
formed reflectance measurements on high quality h-BN crystals at a cryogenic temperature 8K

(figure A.1 b) however the contribution of the excitons close to the gap has not been understood.

In this appendix we show reflectance measurements performed on high quality h-BN crystals
in order to resolve this issue and understand the contribution of dX and iX to the optical
response of bulk h-BN. The reflectance setup that we used in order to perform our measure-

ments was described in chapter 2, figure 2.4.
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Figure A.1: Reflectance of BN: (a) Reflectance spectrum measured from pyrolitic BN
at room temperature. These data are taken from Ref. [128]; (b) Reflectance measurements
from high quality h-BN at 8K. These data are taken from Ref. [129].

A.2 Reflectance spectra from two different h-BN crys-
tals

In order to perform reflectance measurements on bulk h-BN, we firstly used h-BN crystals
coming from HQ-graphene company. Our measurements on these crystals have been performed

at a cryogenic temperature of 8K and using our deuterium lamp (see chapter 2, pages 28-31)
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A.2. REFLECTANCE SPECTRA FROM TWO DIFFERENT H-BN CRYSTALS

as a light source. The reflectance spectrum that we measured from this crystal is presented
in figure A.2 (a). It shows a reflectance level that varies between 2 and 7 % for the spectral
range between 5.4 and 7 eV. The spectrum shows a large band centered at 6.2 eV with a
FWHM of about 370 meV to which are superimposed 3 features: a weak line at 6 eV, a well
contrasted maximum at 6.135 €V, and a line at 6.3 eV. The maximum at 6.135 eV gives a
maximal reflectance of 8% for this h-BN crystal. We note that the form of the spectrum for the
spectral range between 5.6 and 6.2 €V is very similar to what was observed by K. Watanabe
and T. Taniguchi in 2009 (figure A.1 b).

As it was shown in chapter 2, section 2.2.2, large h-BN crystals (~ 3 cm in total size, with
domain made of single crystals with 3 mm size) were grown by our collaborators at the Kansas
State University (KSU). The studies performed on these samples such as PL and Raman
spectroscopy showed intense PL signal coming from the intrinsic phonon replicas (the ratio
between defect-related PL signal at 5.5 eV and intrinsic LO/TO phonon lines is less than
1) and narrow Raman lines (~ 7.8 cm™') which indicate that the quality of these samples
is higher than the ones from HQgraphene company [16, 17, 23, 82, 83]. We measured the
reflectance spectra from samples K1 and K2 which are described in table 2.2, page 46. The
form of the reflectance spectra measured on K2 are very similar to what was measured from the
sample coming from HQgraphene company. Here we present only the spectrum corresponding
to sample K1 (figure A.2 b). This spectrum has been measured using the Xenon-plasma light
source which provides a spot size of 100 x 100 pm (5 times smaller than the one provided by
Deuterium light source: see chapter 2, page 29). This spot size is smaller than the relative size
of domains of single crystals supplied to us by prof. J. H. Edgar from KSU. The conditions
provided by the spot size of the Xenon-plasma light source and the crystal size allowed us to

measure reflectance spectra from a single h-BN crystal with better resolution.

The reflectance spectrum measured from sample K1 shows a reflectance level that varies
between 6 and 55 % for the spectral range between 5.4 and 7 €V. The spectrum shows a
large band centered at 6.2 eV with a FWHM of about 460 meV, superimposed by five relative
maxima at 6.02 eV, 6.05 eV, 6.11 eV, 6.14 ¢V and 6.3 eV. The one at 6.14 eV gives a maximal

reflectance level of 55%.

The comparison between both spectra in panels (a) and (b) shows firstly that the overall
form of the spectra is more or less the same in both cases, while the one plotted in (b) presents
fine structures that were hidden in the spectrum plotted in (a). Moreover, it shows that the
sample K1 coming from Kansas State University reflects efficiently the light with one order of
magnitude higher than the one coming from HQgraphene company. This comparison highlights
the improvement achieved on our experimental setup which will allow us to understand the

physics lying behind these resolved fine structures and the optical properties of h-BN for
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energies higher than the fundamental gap. This improvement is due to the high quality of our

samples and to the spot size provided by our Xenon-plasma light source.

Reflectance
Reflectance

0.02 [ L i i i i L i i i i L i i i .I ] [ L L L h 0
5.5 6 6.5 7 5.5 6 6.5 7

Energy (eV) Energy (eV)

Figure A.2: Reflectivity of bulk h-BN (a) Reflectivity spectrum measured from bulk
h-BN crystal from HQgraphene company at 8K using a Deuterium lamp as a light source;
(b) Reflectivity spectrum measured from bulk h-BN crystal from Kansas University at 8K
using a Xenon-plasma light source. Both spectra are normalized following the procedure
described in chapter 2, section 2.1.1 using the same reference mirror.

A.3 Reflectance versus emission in bulk h-BN

As we discussed in chapter 3, page 83, for direct optical transitions absorption and luminescence
processes are in resonance. For indirect optical transitions, the phonon-assisted absorption and
phonon-assisted emission are processes spectrally mirrored with respect to the indirect exciton
(7X) and are thus occurring at different energies (A.3 (b)). In figure A.3 (a), we compare the
PL (red line) and reflectance (green line) spectra from bulk h-BN (K1 sample). In order to
identify a possible mirror effect between PL and reflectance for the indirect transition at 5.95
eV (highlighted by a vertical dashed line), we have plotted the mirror of the PL spectrum with
respect to the ¢X energy in blue line.

The comparison between the red and green curves shows that the weak modulations appearing
in the reflectance spectrum at around 5.77 eV and 5.87 eV respectively correspond to phonon
replicas in the PL spectrum given by LO/TO and LA /TA modes. These modulations correspond
to light absorption process in bulk h-BN and they appear in our reflectance spectrum. These
modulations correspond to light absorption process in bulk h-BN and they appear in our

reflectance spectrum. More important, the comparison between the blue and green curves
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shows that the energy positions of the relative maxima at 6.02 eV, 6.05 eV, 6.11 eV and 6.14
eV correspond to the mirror image of the phonon replicas due to TA, LA, TO and LO phonons
in PL (blue line). We indicate them by horizontal dotted arrows. This comparison shows
that we can identify both phonon emission and absorption processes from our reflectance
spectrum measured on sample K1. Both processes are assisted by LO/TO and LA/TA phonon
modes. Figure A.3 (a) highlights the contribution of the indirect exciton (iX) to the reflectance
spectrum of bulk h-BN. However, this comparison does not permit us to quantify in terms of
intrinsic numbers the contribution of direct excitons to the reflectance spectrum of bulk h-BN
except its resonance energy since dX are not investigated in the PL spectrum (red and blue

curves).
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Figure A.3: Reflectance versus PL in bulk h-BN (a) Comparison between re-
flectance and PL (red line) spectra measured from bulk h-BN at 8K. The vertical dashed
line at 5.95 eV presents the energy position of the fundamental indirect exciton (iX) in
bulk h-BN. The blue spectrum shows the mirror of the PL spectrum with respect to
the ¢X energy. The phonon assisted transitions of X are indicated by horizontal dotted
arrows. TA, LA, TO and LO indicate the modes of emitted phonons in reflectivity; (b)
Schematic representation highlighting the mirror effect between absorption (blue arrow)
and emission (red arrow) processes assisted by phonon emission (black zigzag arrows).
The blue and red dashed lines indicate the virtual levels of the phonon-assisted absorption
and emission processes respectively. The solid line indicates the excitonic level of i.X.
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The understanding of the contribution of direct excitons to our reflectance spectrum has to
be complemented by theoretical calculations that investigate the dielectric function in bulk
h-BN for energies higher than the fundamental gap. The interpretation of our reflectance
measurements is in progress in order to fully understand the origins of the large band observed

in our measurements and the contribution of dX to the optical response.

A.4 Temperature-dependent measurements

In this part, we present temperature-dependent measurements of reflectivity in bulk h-BN. Fig-
ure A.4 (a) summarizes our reflectance measurements performed from 8K to room temperature

on sample K1.
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Figure A.4: Reflectance spectra in bulk h-BN as a function of temperature
(a) Reflectance for different temperatures of the sample. For each spectrum we indicate
the temperature on the left side; (b) Variation of the energy position E; indicated in
panel (a); (c) Variation of the energy position Eg indicated in panel (a).

The comparison between the plotted curves shows that increasing the temperature produces
a broadening of the fine structures, in parallel with the broadening of the large band centered
at 6.2 eV. The FWHM of the band at 6.2 eV increases about 160 meV from 8K to room
temperature. This broadening is accompanied by a shift of the relative maxima toward lower
energies. In figures A.4 (b) and (c) we show the variation of the energy positions of lines E;
and E, highlighted in panel (a). Panels (b) and (c¢) show that the energies of these two lines

decrease in the same way with the increase of temperature. E; shifts by about 22 meV towards
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lower energies and E,y red-shifts by about 15 meV from 8K to 300K. Our estimation is in the

same order of what was observed in PL [23].

A.5 Conclusion

In this appendix we provided reflectance measurements performed on h-BN crystals. We firstly
presented measured data from samples coming from two different growth sources: Kansas
University and HQgraphene company. The one coming from HQgraphene company presented
a reflectance spectrum very similar to what was reported previously in the Literature. The one
coming from Kansas State University (sample K1) showed a reflectance spectrum with a rich
fine structure that led us to identify the phonon-assited transitions of the iX lying at 5.95 V.
This improvement in the experimental setup is related to two effects: firstly the size and the
quality of the samples grown in Kansas State University. Secondly the size of the spot provided
by the Xenon-plasma light source is smaller than the size of a single crystal in our sample. We
finally provided temperature-dependent measurements from 8K to room temperature.

The interpretation of our reflectance data is still work in progress in order to elucidate in details
the physics lying behind the large reflectance band centered at 6.2 eV and the contribution of

direct exciton to these reflectance measurements.
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APPENDIX

T-DEPENDENCE OF REFLECTANCE
MEASUREMENTS IN MBN

In this appendix we present temperature-dependence of reflectance measurements that we
performed on sample Ny. The measurements were realized in a nitrogen environment, by
varying the temperature of the sample from 8K to room temperature (300 K). The light source
utilized was Deuterium lamp. These measurements are displayed in figure B.1 for a spectral

range between 5.7 and 6.6 eV. The spectra are vertically shifted for clarity.
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Energy (eV)

Figure B.1: Temperature dependance of reflectance in mBN: All spectra are
vertically shifted for clarity. These measurements were performed on sample No.

These measurements do not provide us any additional information on intrinsic physics in

mBN due to the large width of the reflectance lines.
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APPENDIX

THEORETICAL MODEL USED TO FIT OUR
REFLECTANCE DATA: QUANTUM APPROACH

In this appendix, we reproduce the theoretical model developed in order to calculate reflectance
for MoSe, single layer encapsulated in hexagonal boron nitride. Their results are given
in Ref.[130, 124]. They use exfoliated h-BN and MoSe; monolayers deposited on SiOy/Si
substrates.

In their model they consider a normally incident plane wave reflecting on the MoSe; monolayers
embedded between dielectric layers. The system is considered to be invariant in the xy plane
and the incident wave to be propagating along the z axis.

Within the Born-Markov approximation, the positive part of the electric field evolves as:

E*(z,t) = Ef (2,1) + k—gG(z)P;D(t). (C.1)

€0

Ej (2,t) being the free evolution of the electric field without MoSe, layer; kg is the free space
wave-number of the incident field; G(z) is the electromagnetic Green’s function. It is calculated
from the transfer matrix techniques. P55, (¢) is the two-dimensional polarization of the TMD
monolayer with P,=pc with o being the dipole moment of the exciton transition and ¢ the

exciton annihilation operator given by the master equation as:

jt (cle) =i(6 — A +1i7) (c|c) +ipEs
4 (cx|ex) = — (cx|ex) + ipEy (ex|cx) — ipFEy (c|c) (C.2)

dt
d =w —wo; A = avkoRe[G(0)]) (it is equal to null in the vacuum); v, denotes the radiative
decay rate of the excitons in free space and it is given by: v, = %. The radiative rate is
modified by the substrate and it becomes: 27,koIm[G(0)] (in the vaccuum G(0) = g-).
At the position z=0 (at the MoSe, layer), the electric field is given by:

r =

2
EY = roB + IESG(O)Q (ele) (C.3)

ro denotes the complex reflection coefficient of the entire stack of dielectric layers without
22
-t

the MoSe, layer. From the equation C.2 they can get (c|c) = — and 7 =74+ 3 =
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va+ %" + ko Im[G(0)],
where 7, denotes the non-radiative decay rate, and 4 corresponds to the pure dephasing rate
between the layers.

We define I' = 25 = 27, + v, + 27, Im[G(0)]. Replacing these quantities in equation C.3

one gets:
/{32 pE+
Ef =ryEf + 2G(0)p(———2—
r To m+ € ( )p( 5—A+Z’?>
k’op2 E+
Ef =roEf — koG(0 g
r ToLyy, 0 ( ) € (S—A«I»Z’j/
EY 1 Ef
a0 A ey e 13

At z=0: Ef = (1 +1y)E}, and G(0) = 2270(1 +79)

EY i Ve
= Eil_:; =Ty — 5(1 ‘l‘TO)m(l +7"0)
L =ry—(1 — C4
AR SRR sy (C4)
Finally,
~ ’Y’I”LT'
¥ =1+ 5 +wkoIm[G(0)]
. Y 1+ Re(rg)
— g
Y=+ 5 + o ok
~ ’YTL'/' IYT
§ =1+ -5 + 5 (1+ Re(ro) (C.5)
and for a =1
A = aykoRe[G(0)]
Im(ro)
A = ayk
kol =5 )
A= %I (7o) (C.6)
Replacing now equations C.7 and C.6 in C.4 one gets
r=—"=ro—(1+r :
Bf (L) 5 ZIm(ro) +i(va + 2= + L (1 + Re(ro))
Y
= R=|r]*=|ro— (1 +1r)? 2 =[? (C.7)

6 —Im(ro) % + i35

In comparison with their interpretation, we consider in our case a system presenting a

single mBN layer grown by MBE on HOPG substrate. ry denotes then the complex reflection
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coefficient of the HOPG in our system and it is given by the real and imaginary parts of the
dielectric function of HOPG.

Equation C.7 gives two separated terms: the first one denotes the optical response given by
the substrate i.e. HOPG, and the second term the response of the mBN layer.

v4 in our case denotes the dephasing rate of the exciton at the interface between the mBN and
HOPG.
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APPENDIX

EPITAXIAL H-BN WITH SUB-MONOLAYER
THICKNESS

In this appendix we present PL and reflectance measurements performed during my PhD
thesis on h-BN samples with sub-monolayer thicknesses grown by MBE on HOPG substrates.
These measurements are in the continuity of our work done on mBN that have been discussed
in chapter 3 of this manuscript. The interpretation of the measurements presented in this
appendix is not completed yet.

This appendix is split into four parts: in section D.1 we present the growth conditions of our
samples on which we performed our optical measurements. In section D.2 we present AFM
measurements performed in Nottingham University in order to characterize the morphology of
the grown samples. In section D.3 we present PL. measurements performed on these samples.
Finally we show reflectance measurements (section D.3.2).

D.1 Motivation

In the continuity of chapter 3 on epitaxial monolayer BN, we present in this appendix PL and
reflectance measurements on epitaxial h-BN samples grown by MBE with thicknesses below
one monolayer. The growth method of these samples was presented and discussed in chapter
2 (section 2.2.1). The control of the thickness of the deposited h-BN layers was discussed in
chapter 3, section 3.2. In this appendix, the thickness of deposited h-BN is controlled by the
variation of the boron cell temperature Tp. We demonstrated in chapter 3 (section 3.2.1)
that, in order to achieve a monolayer thickness, Tg has to be maintained at 1875°C, with
growth time t,=3 h and T=1390°C. For temperatures T higher than 1875°C, the thickness
of the deposited h-BN increases and the layers become polycrystalline. PL measurements
on these samples demonstrated that the increase of T induces an increase in the intensity
of the PL signal related to defects in h-BN (figure 3.20). The emission doublet at 6.05 and
6.08 eV is only present on samples with thickness of 1 ML and this emission disappears for
thicker samples. Here, in this appendix we examine the optical response of samples grown by
MBE with thicknesses lower than one monolayer. These samples are grown for Ty lower than
1875°C. The goal of this work is to study the effect of the possible strain in the heteroepitaxy
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of h-BN on HOPG substrate: when the grown domains are small, the strain due to the lattice
mismatch with the substrate is higher, and when the domains are large and achieve coalescence
in a monolayer, we expect a reduced strain due to the formatioin of relaxed h-BN domains.
Since the lattice parameter of graphene is smaller than the one of h-BN (ag=~2.42 A vs
ap_pN=r2.46 A) we expect a compressive strain of h-BN domains grown on the surface of
HOPG.

D.2 Morphology of the samples

As it was discussed in chapter 3 (section 3.2.1), the growth of high-quality h-BN by MBE
requires that the temperature of the source effusion cell (Tg) is higher than 1800°C. Here,
the samples have been grown for different boron cell temperature (Tg) between 1800°C and
1875°C in order to grow high quality h-BN layers with a thickness less than one monolayer.
Four different h-BN samples have been grown on HOPG substrates. The growth temperature
(Te) was fixed at 1390°C for a growth time (t,) of 3 h and a Nitrogen flow rate of 2 scem. Tp
was the only parameter that changes in the growth conditions from one sample to another,
with the following values: 1800°C, 1825°C, 1850°C and 1875°C.

The surface morphology of the grown samples was studied using AFM, in Nottingham

University. The data were acquired in tapping AFM mode at ambient conditions. These
measurements are presented in figure D.1 as a function of Tz. The upper row presents height
images and the bottom one shows their corresponding phase images. Similarly to before, the
bright spots in height images correspond to the thickest regions and the dark ones to the
thinnest regions. In phase images, it is the reverse case.
For Tp=1800°C, figures D.1 (a) and (e) show that h-BN hexagonal domains are grown along
the HOPG step edges. As we mentioned previously in chapter 3, at the HOPG step edges the
nucleation density is higher than on the HOPG plates. The uncovered HOPG surface appears
white in (e). For this sample the surface coverage appears dominated by uncovered HOPG.
When Tp is increased to 1825°C and 1850°C (figures D.1 (b), (c), (d) and (f)), the h-BN layers
start to coalesce on the HOPG plates in order to form a complete monolayer. The comparison
between phase images of samples Ng and Ny with sample N7 shows that the h-BN coverage
is comparable in Ng and Ng and it is higher than in N;. The increase in h-BN coverage for
Ng and Ny is accompanied by the appearance of bright spots in the height images (b and c).
These bright spots are along HOPG step edges. These spots do not appear in figure D.1 (a)
for Tp=1800°C.
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When Tp is increased to 1875°C, the surface coverage corresponds to a complete monolayer

as it is shown in the phase image (h): no identifiable white regions appear on the surface of
this grown sample. In the height image (d) one can identify a surface with a high density of
bright spots along the HOPG step edges in comparison with the other grown samples.
The morphology of the four grown samples show rather flat h-BN domains deposited on the
surface of HOPG. Bright spots start to appear more abundantly on the grown surface when
Tpg increases to values higher than 1875°C. These bright spots correspond to 3D clusters that
originate from the step edges where the nucleation density is higher that the one at HOPG
plates and from the excess of Boron on the growth surface as we already explained it in chapter
3.

Boron cell Temperature Ty

=1825°C

Figure D.1: Tapping-mode AFM images measured under ambient conditions
on h-BN samples grown by MBE on HOPG substrates for increasing boron
cell temperatures: the boron cell temperature increases from left to right; (a-d) are
topographic height-channel images showing the evolution of the surface morphology with
the increase of the boron cell temperature; (e-h) phase images corresponding to the height
ones shown in (a-d). The growth parameters of these samples are given in table D.1
below.

In table D.1, we summarize the growth parameters of h-BN samples that are presented in

figure D.1 with their coverage as it appears in AFM images.
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Sample Tq Tg tg Coverage thickness
N7 1390°C 1800°C 3 hrs < monolayer
N8 1390°C 1825°C 3 hrs < monolayer
N9 1390°C 1850°C 3 hrs < monolayer
N10 1390°C 1875°C 3 hrs ~ monolayer

Table D.1: Growth parameters of the h-BN samples grown by Molecular Beam Epitaxy
under ultra-high vaccuum conditions in Nottingham University and the estimated thickness
of each sample.

D.3 Experimental results

In this section we present our experimental measurements on h-BN samples with sub-monolayer
thicknesses grown by MBE. We will present our PLL measurements on the four samples and
later the corresponding reflectance measurements, in order to study the influence of the strain

given by the substrate on the opto-electronic properties of mBN.

D.3.1 PL measurements

In order to study the optical properties of the different samples presented in figure D.1, we
first performed PL measurements using our experimental setup that was presented in chapter
2 (section 2.1.2). The PL spectra have been recorded in the same conditions, at a cryogenic
temperature 8K. The excitation energies for each spectrum are given in the caption of figure
D.2 (a). The four recorded spectra are plotted in a linear scale in figures D.2 (a) and (b) after
subtraction of the laser diffusion.

In Figure D.1 (a) we plot the recorded spectra for a spectral range between 5.2 and 6.2 eV.
This figure shows that the PL signal recorded from samples N9 and N10 exhibit a broad band
emission centered at 5.5 eV and a PL doublet at 6.05 and 6.1 eV. For samples N8 and N7
we observe that the PL spectra present only emission lines around the energies of the PL
doublet and that the emission of a broad band at 5.5 €V disappears from the PL spectra
of these two samples. The comparison between the four recorded spectra shows that the
intensity of the PL signal increases with the increase of Tg. This effect was already observed
in chapter 3 (figure 3.20). Moreover, the PL intensity at 5.5 eV increases in an abrupt way
from N9 to N10: the PL intensity at 5.5 €V in N10 is higher than in N9 by a factor of 50.
These results are in agreement with the AFM images, for which we observe that the density of

bright spots on the grown surface increases. In sample N7 no bright spots appear on the surface.

In order to analyze the variation of the PL signal at the energies of the doublet as a
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function of the different samples, we re-plot the four spectra in figure D.2 (b) for a narrower
spectral range (between 5.9 and 6.13 eV). The spectra are vertically shifted for clarity. For
each spectrum we indicate the energy position of the corresponding Raman line by vertical
arrows: Erps=Fe.-2A, with A=159 meV (chapter 3, section 3.3.1). The comparison between
the four spectra shows that with the decrease of Tg, the intensity of the PL doublet decreases.
The intensity of the emission line at 6.05 eV decreases and this emission disappears from the
emission spectrum of N7. The emission line at 6.1 eV shows that its intensity depends on the
sample, it corresponds to PL in the spectrum recorded from N10, while it corresponds to RRS

in the spectra measured from N9, N8 and N7.
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Figure D.2: Photoluminescence spectroscopy of h-BIN epilayers measured at
8K: (a) PL data plotted in a linear scale after subtraction of the laser diffusion. The
excitation energies are E.;.:6.407 eV (193.5 nm), 6.407 eV (193.5 nm), 6.413 eV (193.3
nm) and 6.351 eV (195.2 nm) for N7, N8, N9 and N10 respectively; (b) same Data as (a)
plotted in the spectral range from 5.9 to 6.17 eV; the spectra are vertically shifted. The
vertical arrows correspond to: Eege - 2A, with A=159 meV. The samples are grown with
four different MBE boron source temperatures Ty : N7 :1800°C, N8: 1825°C, N9:1850°C,
Nyp: 1875°C. The surface morphology of these samples is presented in figure D.1.

The PL spectra recorded on these samples exhibit an energy splitting of about 45 meV
between the two PL lines of the doublet (samples N9 and N10). This energy splitting is larger
than what we measured on our previous samples (N1: 34 meV, see figure 3.25), on which we
performed the measurements detailed in chapter 3. Moreover, for sample N1 that was grown
under the same conditions as sample N10, the PL signal showed an intensity of the PL doublet
higher than the one of defects in h-BN at 5.5 eV. In N10 the intensity of the 5.5 eV band
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predominates.

D.3.2 Reflectance measurements

In this section, we present reflectance measurements performed on the four samples presented
previously. The four measured reflectance spectra are presented in figure D.3 (a). We normalized

them with respect to the maximum at 5 eV.
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Figure D.3: DUV reflectance spectra for several h-BN epilayers samples mea-
sured at 8 K, obtained for different MBE boron cell temperatures Tp: (a)
Tp=1800°C, 1825°C, 1850°C and 1875°C and a growth time t4: 3 hours; (b) variation
of the A peak position in reflectance spectra presented in (a) as a function of Tp; (c)
variation of the B peak position in reflectance spectra presented in (a) as a function of
Tpg. The surface morphology of these samples is presented in figure D.1.

The four reflectance spectra show a smooth variation between 4 and 5.2 eV, with an increase
of the reflectance level by a factor of ~1.5 between 4 and 5 eV. For energies higher than 5 eV,
we observe pronounced dips around 6.1 eV, similarly to what was observed in chapter 3 (figure
3.24) on the other mBN samples (N1, N2 and N6). The comparison between the four spectra
shows that the contrast observed in the reflectance dip between 5 and 6.1 eV depends on the
sample. This contrast decreases from ~5 in sample N10, to ~4 in N9, ~3 in N8 to about 2
in N7. This decrease in contrast is related to the h-BN coverage on the HOPG surface. The
decrease in contrast is accompanied by an energy shift toward higher energies between N10
and N7 for the dip around 6 eV (labeled A). Additionally to a shift towards higher energies

for the maximum around 5 eV (labeled B). The energy shift of the maxima B and minima A
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for each sample are given in figures D.3 (b) and (c), respectively. They both shift similarly:
the minimum A shifts by about 52 meV from N10 to N7 (figure D.3 (b)) and the maximum B
shifts about 110 meV from N10 to N7 (figure D.3 (c)).

D.4 Conclusion

In this appendix we provided AFM images on h-BN samples grown by MBE on HOPG
substrates. The coverage of the h-BN was varying from one monolayer to below monolayer.
Our samples have been studied using PL and reflectance spectroscopy.

PL measurements showed the presence of a large emission band centered at 5.5 ¢V for samples
N10 and N9 and which corresponds to defects in h-BN. This emission was observed in parallel to
the emission of the PL doublet at 6.05 and 6.1 eV and which corresponds to the recombination
of the direct exciton in mBN. The emission of this PL doublet was observed on the PL spectra
measured from N9 and N10, except that the intensity of the PL signal at theses energies was
dependent of the h-BN coverage. For samples N8 and N7 only RRS signal is recorded at these
energies.

Reflectance measurements showed the presence of a minimum around 6.1 eV corresponding to
direct gap in mBN. The contrast given by the minimum depends on the samples and more
importantly the energy of the minima changes with the h-BN coverage. This change may be
the first evidence of a dependence of the band gap energy with the strain given by the HOPG

substrate.
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