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Introduction

HE understanding of the laws operating at the microscopic scale, originating from
the first quantum revolution of the twentieth century, has allowed the emergence of
new technologies and instrumental tools. Among them, we can cite the first realization
of a solid-state Laser in 1960 by T. Maiman with a crystal of ruby [1], or the invention
of the scanning tunneling microscope (STM) by G. Binnig and H. Rohrer at IBM in
Zurich in 1981 [2]. These "tools" are now essential and participate in the elaboration of
new nanotechnologies based on the manipulation and measurement of individual quan-
tum systems. These new quantum devices, as part of the second quantum revolution,
exploit the quantum logic and its counter intuitive aspects like quantum superposition
and entanglement.

Single-photon sources formed by individual deep defects in wide bandgap semicon-
ductors, also known as artificial atoms, are one of those emerging quantum systems.
Electronic spins associated with these atomically small systems are at the heart of a
broad range of emerging applications, from quantum information science, to the devel-
opment of ultrasensitive quantum sensors. In this regard, the nitrogen-vacancy (NV)
defect in diamond |3| has attracted considerable interest and led in particular to the
elaboration of quantum protocols [4] and to highly sensitive magnetic field sensors [5],
thanks to its spin-dependent photoluminescence. Single-photon emitters have also been
found in silicon carbide (SiC) [6, |7], and more recently in our team in pure silicon with
the G center (cf. thesis of W. Redjem).

In that context, hexagonal boron nitride (hBN), a lamellar material with a wide
bandgap of ~ 6 eV, is a promising platform for hosting single deep defects. The lamellar
structure of this material offers an appealing alternative to standard cubic semiconduc-
tors because electrons and spins can be confined in a single atomic plane, thus offering
enormous potential to engineer quantum functionalities. hBN has been used in the
industry for more than seventy decades now, but has only recently attracted attention
in the field of semiconductors, with the first synthesis of large monocrystals in 2004 by
Watanabe and Taniguchi [8].

In the field of 2D materials, graphene has led to a colossal theoretical and exper-
imental development that is now transferable to other 2D crystals. There is a large
variety of candidates that are mechanically, thermally and electronically stable in am-
bient conditions |9, [10]. Among them, a promising family of materials, other than the
atomically thin hBN and graphene, is the family of transition metal dichalcogenides
(TMDC), which are ultrathin material composed of 3 atomic layers like MoS, or WSe,.
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The interest in hBN arises from the possibility to combine different 2D materials into
an heterostructure exhibiting new optical, electrical and magnetic properties different
from the stand-alone bulk counterparts |10, (11|, opening up the scope of possibilities
in terms of opto-electronic devices [12|. The prospect of manufacturing such designed
nano-architecture — known as van der Waals heterostructures — by stacking different
layered crystals on top of each other via exfoliation or in situ epitaxial techniques, has
launched a new era of material science at the beginning of this decade. A proof of
concept for such an heterostructure was realized in 2012 with a superlattice of bi-layers
of graphene and hBN stacked upon each other in sequence |13|. Besides, hBN presents
a great affinity with graphene, as it is the best dielectric substrate for it [14], and is also
used to enhance optical and electrical properties of TMDC materials by encapsulation
[15, [16]. In the field of crystal growth, the research to obtain hBN crystals of increas-
ing size and quality is very active, with recent papers reporting wafer-scale growth of
single-crystals [17, |18].

In that context, it is essential to understand the structural, electronic and optical
properties of hBN on the one hand, and to investigate its point defects for quantum
technologies on the other. This manuscript deals with the spectroscopy of point defects
in hBN.

Over the first chapter of this thesis, we present the fundamentals of hBN. We re-
view the most-updated comprehension of the structural and electronic properties of the
material. In particular, we present how the boron and nitrogen atoms are arranged
in an honeycomb structure with sp? orbitals configurations and describe the electronic
band structure resulting thereof, in the bulk and the monolayer. Then, we present the
characteristics of the bulk hBN photoluminescence at the energies of the bandgap and
near-bandgap, showing the important coupling of the exciton with optical phonons. At
last, we review the current knowledge relative to deep defects in hBN, emitting from
the near-infrared to near-UV range.

Chapter two is dedicated to the study of single localized defects emitting at around
600 nm in a high-purity hBN crystal. We report on a highly efficient single-photon
source, among the highest reported to date in solid-state systems. We study its pho-
todynamics with photon correlations measurements, as well as its photoluminescence
properties in regard to the phonon modes in the hBN lattice.

In the third and last chapter, we explore deep defects emitting in the ultravio-
let range. First, we study shallow and deep levels in carbon-doped hBN samples by
combining macro-photoluminescence and reflectance setup. We show the existence of
new optically-active transitions and discuss the implication of carbon in these levels.
The second section of this chapter is dedicated to the presentation of a new micro-
photoluminescence confocal microscope operating at 266 nm under cryogenic environ-
ment. The design and performances of the optical system are described. In the third
section, using this new setup, we go further into the examination of the deep levels,
analyzing the relation between them and with the known point-defect at 4.1 eV. We use
new crystals with isotopically-purified carbon doping as a strategy to investigate the
long-standing question concerning the chemical origin of the 4.1 eV defect. Through
this attempt, we bring to light the spatial dependence of the optical features for this
specific emitter. Last but not least, we present our work dedicated to isolate the emis-
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sion of a single 4.1 eV defect. We study the photoluminescence of thin undoped flakes,
pre-characterized with an electron microscope, that contain a low density of emitters,
and inspect in particular their photostability in these thin crystals.

Finally, we end this manuscript with a general conclusion and discussions.
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CHAPTER 1

Hexagonal Boron Nitride

1.1 Origins

HE boron nitride is a binary chemical compound of the III-V family. It was first dis-
T covered and prepared by the English chemist W. H. Balmain in 1842 by using
molten boric acid and potassium cyanide, but unfortunately this new compound was
unstable and required many attempts to obtain a stable boron nitride. The compound
appeared as a white powder as a residue of the chemical protocol after dehydration.
The optical microscope revealed a structure made of flakes easily slipping over each
other and thus separable, and enabled to notice a random distribution in both size and
shape, although a qualitative study on the orientation of the normales to the break-
ing faces indicates the existence of orientated bundles typical of the hexagonal crystal
structure and to a lesser extent to the rhomboidal one. The Fig illustrates these
two macroscopic properties.

Figure 1.1
Left: the BN white powder. Right: optical micrograph of BN flakes.

1.1.1 Boron nitride powder in the industry

For nearly a hundred years studies on boron nitride remained in laboratory scale be-
cause of the technical difficulties of different production techniques and high cost of the
material which is obtained with these synthetic methods. We have to wait for the onset
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of the modern development of crystal growth technology, dating from the Second World
War, which was boosted mainly by the demand for crystals for electronics, optics, and
scientific instrumentation, for the growth technologies to be raised to a very high and
advanced level to fulfill the increasing demands in crystal size and quality. Indeed, in
the 1950s the Carborundum, the Union Carbide and the Norton Abrasives companies
managed to prepare purified boron nitride powder |20] on an industrial scale for com-
mercial applications with sophisticated hot pressing techniques [21].

The interests for this material in industry can be justified with these four properties
among others:

e [t is chemically inert,

e Its melting point is very high (2967 °C at ambient pressure |22}-24]), making it
first-class refractory material,

e The ease of sliding between adjacent crystalline planes (0001) in hexagonal form
makes it a perfect solid-state lubricant up to 900 °C, better than graphite or MoSy
that are burnt away at lower temperatures,

e [t is attractive for the cosmetic industry for its quality whiteness, preferred to the
kaolin, the silica or the alumina powder.

Besides this nascent interest in the industry, the newly available BN powder also
encourages new fundamental studies. In 1956, Larach and Shrader used purified BN
powders (particle size of approximately 100 nm) from the Carborundum Company
and the Norton Company to perform various types of measurements with the aim of
elucidating the emission spectrum in the UV to VIS range and determining the bandgap
of the material by reflectivity technique [25]. Photoluminescence at low temperature and
cathodoluminescence in the UV show a complex and broad spectrum with a multitude
of peaks between 300 and 500 nm whose relative intensity change with excitation energy
but positions remain stable, while the reflectivity measurement for wavelengths from
220 to 320 nm fails to show a bandgap absorption. Among others, we can also cite the
remarkable studies from Katzir et al. [26] in 1975 on hot-pressed boron nitride (HPBN)
obtained with powder of the Carborundum company. With UV light, they measure the
excitation spectrum of the electron paramagnetic resonance (EPR) signal from the one-
and three- boron centers (OBC, TBC), and find a maximum EPR amplitude for the
energy of 4.1 eV or ~ 3000 A [Fig (a)]. Assisted by quantum chemical calculation,
they establish a model in which a carbon impurity introduces an energy level 4.1 eV
below the conduction band. Upon excitation, electron excited from this level pass
through the conduction band and fall into traps like the nitrogen vacancy, thus forming
a TBC center. Later in 1981, Kuzuba et al. |27] study the characteristics of electron-
phonon coupling for vibronic transitions in typical defects, ascribed to carbon acceptor
at nitrogen site (Cy) and nitrogen-site vacancy (V). In the absorption spectrum [Fig
[1.2b)] associated with Cy, the zero-phonon line (ZPL) is identified at 4.095 eV and the
spectral features at higher absorption energies are assigned to specific phonon modes.
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Figure 1.2

(a) Excitation spectrum of the EPR signals of OBC and TBC, in HPBN as measured at 300 K
|26]. (b) The absorption spectrum (E_Lc) of the hBN single crystal at 2K in the energy range
between 4.08 and 4.54 eV. Arrows indicate approximate positions of dominant sub-structures
due to coupling with particular phonons |27].

1.1.2 Hexagonal boron nitride in the semiconductor industry

The semiconductor industry has only recently grown significant interests about this
material with the successful growth of macroscopic monocrystals of hexagonal boron
nitride, a technical achievement from Takashi Taniguchi and Kenji Watanabe at NIMS
laboratory in Japan in 2004 [8]. They report on the growth of a pure hBN single
crystal under high-pressure (5 GPa) and high-temperature (1750 °C) conditions, for a
sample size of few cubic millimeters. Since then, miscellaneous advanced applications
of this "new" material have flourished on a worldwide scale. Quite a major part of
these applications is based on the integration of hBN in van der Waals heterostructure
architectures. In addition to the already mentioned properties of hBN, the excellent
electrical insulation (large breakdown voltage > 0.4V /nm [28]) and thermal conduc-
tion (20 W/mK [29]) are of particular interest for the semiconductor-based devices. It
would be tedious to give an exhaustive description of the field of applications, we rather
provide the reader with five seminal and recent papers we think give a relevant view
of the wealth of applications [illustrations on Fig[1.3]. In Ref. [30], Hu et al. demon-
strate that monolayers of hBN are highly permeable to thermal protons under ambient
conditions thus unveiling the potential of hBN in many hydrogen-based technologies as
an atomically thin membrane. Geim and Grigorieva [10] review the emerging research
area related to van der Waals heterostructure (assembling of atomic planes of differ-
ent crystals in a chosen sequence) in which hBN is most likely to play an important
role due to its 2D geometry, along with graphene and transition metal dichalcogenides
(TMDC). Beyond its use as a good dielectric substrate (the best for graphene [14]) or
encapsulating layer, hBN is a natural hyperbolic material in the mid-IR range due the
strong anisotropy of its permittivity tensor resulting from the intrinsic anisotropy of
its 3D structure. It outperforms man-made hyperbolic materials, as discussed in Ref.
[31] in the context of optoelectronics and photonics applications of 2D semiconductors,
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while the more recent article from Caldwell et al. presents the particular interest
of hBN for this polaritonic property complemented with other valuable aspects like
bright single-photon source and strong bandgap UV emission. The majority of these
scientific developments are made possible by the continuously improved growth process
of Takashi Taniguchi and Kenji Watanabe in Japan and their collaboration all over the
world, as related in Ref. [33].

Graphene

Why all the fuss about 2D semiconductors. Castellanos-Gomez, Nature Photonics 10,
202 (2016)
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Figure 1.3
Hexagonal boron nitride as a macroscopic monocrystal, in its 2D and 3D forms, present a
rich diversity of applications spanning the fields of nanophotonics, van der Waals heterostruc-
ture engineering, single-photon sources as well as technological niches like hydrogen-based
technologies.

Among the numerous applications of hBN, we are going to focus specifically on
the aspect related to single defects hosted in a solid-state matrix, as a road to engineer
single-photon sources. Prior to this, we want to take some time to describe the structural
and electronic properties of the material in order to better draw the landscape of its
potential for the researcher in terms of opto-electronic performances as well as the
difficulties one shall face in the pursuit of their quantitative determination.
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1.2 Structural properties

To go beyond the simple observation of the macroscopic crystalline forms through opti-
cal microscope, the first experiment to do is X-ray diffraction (XRD). We have to wait
the works of R. S. Pease in 1952 |34] on BN powder to dissipate all ambiguities about
the crystallographic structure of BN. The structure proposed is a stacking of regular
hexagons composed of alternating atoms of bore and nitrogen. Along the senary axi
the atoms B and N periodically alternate one upon the other, as indicated above on
Fig[1.4]

0.1446 nm
Covalent bonds
Nitrogen (N) __—»
atoms -
_—

Van der Waals
bonds

Boron (B) —

atoms | ‘

0.6661 nm

Figure 1.4

Hexagonal boron nitride structure in the AA’ configuration.

The primitive cell is therefore of hexagonal symmetry, with cell parameters a =
1.446 A and ¢ = 6.661 A at 300K. Also according to Pease, the thermal expansion
coefficient is negative within the plane and positive along the senary axis. The stacking
sequence suggested by Pease is often noted AA’, where A represents an hexagon of
basis B3Nz and A’ the same hexagon in the adjacent plane but rotated by 60° along
the senary axis of the crystal. It is worth noting here that the B and N atoms of a
layer constitute an affine plane in the mathematical sense, similarly to the graphene,
and unlike the 'monolayer’ of a transition metal chalcogenide which are an arrangement
of one atomic plane of the electro-positively charged transition metal capped with two
planes of the chalcogen anion (three atomic planes), or the 'monolayer’ of a III-VI
compound which has two planes of chalcogen encasing two planes of gallium or indium
(four atomic planes).

We have asked Arie Van der Lee from IEM in Montpellier, to reproduce the Pease
experiment while using this time a monocrystal of hBN, with the modern technical
tools for computer handling and processing of X-ray spectra |35]. The results of the
experiments are presented hereinafter in Fig[1.5] The left image shows the reciprocal
space computed via the spectrum of the diffraction spots of the beams, and the right
image displays the electronic clouds corresponding to two successive reticular planes
along the axis (001) in the AA’ stacking configuration, obtained with a modified Fourier
transform.

!Symmetry axis along which a crystal gets the same spatial position back six times during a 360°
rotation.



CHAPTER 1. Hexagonal Boron Nitride

Figure 1.5
(a) Collapsed view of reciprocal space of hBN. (b) Electron density in a side view of two-layer
hBN — derived from the maximum entropy method .

At this stage, it is possible to represent the crystalline stacking of BN and the
crystallographic axes of the primitive cell 7, and 7 with (71, 75) = 60°, as well as the
vectors of the reciprocal lattice R; and Ry with (R, Rs) = 120°, which are used to
build the first Brillouin zone. For the purpose of clarity, we represent these parameters
on a monolayer of hBN, Fig|1.6(a), thus neglecting the stacking along the ¢ axis. The
full representation is however represented in Fig |1.6(b). For calculations, orthogonal
representation makes the work easier, we thus include the direct basis (x, y, z) and the
reciprocal basis (kx, ky, k,) which are usually defined as indicated on the figure. Last
but not least, the high symmetry points M, M, K, K’ of the reciprocal lattice are also
included because they are important to describe the band structure.

o5 7 @ ®)

z,k,

Figure 1.6
(a) Crystallographic axes and first Brillouin zone in the monolayer representation. (b) First
Brillouin zone in 3D.

Let us make a small digression here. If we look at the atomic lines along the direction
x, we observe alternating line of B or N depending on the ordinate y. If we were to con-
sider the graphene, this alternation would not exist. Now if we look at the direction vy,
we not only notice an alternation of B and N atoms along the same lines but also of short

10



1.2 Structural properties

and long atomic distances. This is found in graphene as well. Behind these simple geo-
metrical considerations there is an important result of the group theory: these elements
of geometry account for the positive gap at the M point of the Brillouin zone in hBN
and graphene, along with a zero gap at the K point for graphene and open gap for hBN.

The hexagonal symmetry of the material is a consequence of the anisotropy of a
chemical bond leading to the hybridization of type sp?. Indeed, as in graphite and
graphene, the covalent bonds in hBN are formed through the hybridization sp?. Hy-
bridization is a concept of valence bond theory in chemistry and consists, for an atom,
of the mixing of its orbitals s and p with different weights in order to form new hybrid
orbitals that account for the observed structure of molecules. In the particular case
of hexagonal atomic layer, the 2s orbital is combined with two 2p orbitals of B and N
atoms. The top part of Fig[L.7 represents the new orbital geometry resulting from the
hybridization between orbitals p,, and s. The sp? orbitals form o bonds between B and
N atoms along the plane of the layer, whereas the orbitals p, are directed perpendicular
to the nodal plane of the ¢ bonds, that is to say to the plane of the layer, and are going
to participate in the interaction with the adjacent planes by forming 7 bonds.

2
s Px Py P

Figure 1.7

Representation of the new hybrid atomic orbitals obtained by mixing two p orbitals with the
s orbital. The sp® orbitals make an angle of 120° between them and lie in a shared plane. On
the bottom, illustration with two atoms of carbon of the formation of ¢ bond in the nodal
plane (sp? orbitals) and 7 bond (p, orbitals). Adapted from [36).

One consequence of this specific type of bonding is a weak lattice energy. Chemi-
cal bonds are strong in the plane (0001) and much more weak along the ¢ axis. This
anisotropy also affects the rigidity tensor, the measured value for the elastic modulus
perpendicular to the c-axis direction [100] is ¢;; = 788.4 GPa and for the elastic mod-
ulus along the c-axis direction [001] ¢33 = 24.5 GPa, giving an in-plane/out-of-plane
elastic modulus ratio of ¢11/c33 ~ 32 [37]. The elastic anisotropy of hBN is remarkably
high, and this has to be compared with much lower values reported in other layered
materials in which the layers are also weakly bound by van der Waals interactions. As
for the component of type cj5 (related to in plane [100] TA phonons), value of 170 GPa
is calculated, and the theoretical values of ¢13 (non pure [110] direction TA phonons)

11
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Figure 1.8
Schematics of the 5 high-symmetry stackings in bilayer hBN as sorted by interlayer rotation

and shift @]

and 44 (out-of-plane [001] direction TA phonons) are predicted to be very small in the
order of 2.3 GPa to 3 GPa . These small values of ¢35 and ¢4y demonstrate how the
adjacent reticular planes can easily slip over each other, thus breaking the AA’ stack-
ing. Therefore, hBN can exist under different coherent stacking orders, close to AA’,
all based on the sp? orbitals and with similar lattice energies [38|, as represented on Fig
1.8, There are all obtained from AA’ by interlayer shift or rotation or both.

Boron nitride can also be obtained in rhombohedral form [Fig [I.9], close to the
hexagonal structure , , as well as under different crystal structures resulting from
hybridization sp® like the cubic and wurtzitic form (cf the thesis of Vuong for
more information). The cubic phase is a superhard material and crystals are small and

® o
A = 10.000 A .
B ~9 - 6.656 A B
el ll 0 > (0001] 2
333A - -I?ss,'«
= [1120] ’
Ay -
] , A
2508 A [1010] 2504 A

Figure 1.9
Comparison between crystal structures of hexagonal (left) and rhombohedral (right) boron
nitride.

impure so we don’t have particular interest in them [43]. The wurtzitic phase is quite
unstable, but a recent study indicates the possibility to stabilize it under high pressure
. It is too soon to think about using w-BN in scalable application for information
technology, and it will most likely remain the same in the future.

12
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1.3 Electronic band structure

The bulk hBN is of hexagonal symmetry and has a centro-symmetric inversion of type
Dgp, whereas the monolayer is non-centro-symmetric of type Ds;,. The periodic stacking
AA’ requires to include two monolayers in the primitive cell and it induces a center of
inversion at the exact barycenter of the two layers. This enhances the number of sym-
metry operations by introducing an axis of rotation-inversion of the 6" order. In order
to construct the band structure of the bulk hBN, in the framework of the tight binding
theory, one can begin with the Hamiltonian matrix representing the monolayer band
structure, before diagonalization, and carefully build linear combinations of bonding
and antibonding molecular orbitals by considering the properties of symmetry. The
double matrix obtained by that means can then be diagonalized [45]. The justification
for this method lies in the fact that Dsj is a subgroup of Dg,. The reader is invited
to refer to the thesis of Vuong [42] Chapter I Section 2 for a more detailed discussion
about the symmetries and the methodology to build the electronic band structure of
the bulk from the coupling of two layers along the ¢ axis. Here, we simply show the
band structure in the monolayer case |Fig [L.10|(a)] and the bulk case [Fig [L.10|(b)] of
hBN obtained by modern techniques.

@) (b)

10
- —=<X
I 10+ « -
r S
5 @ 0 [ — c 3
0 >
b K1 I g r T 1
= ° : %X:
- \ L 5 -10 - —
FQ B —
-10 -20
r M K I K r M L A H K

Figure 1.10

Calculated electronic band structure of 2D [46] (a) and 3D [47] (b) hBN. The electronic gap
is direct in 2D at the K point of the Brillouin zone, while in 3D it is indirect with an upward
transition from K to M.

In the case of the monolayer, the valence band in green on Fig|l.10|(a) results from
the bonding linear combinations of the p, states of the bore and nitrogen while the
conduction band (red) results from antibonding combinations. The "—" indicates that
these molecular orbitals change sign under the symmetry operator o, that corresponds
to the inversion symmetry relatively to the o-bonds plane. We note that the maximum
of the valence band and the minimum of the conduction band are vertically aligned at
the K point of the Brillouin zone.

For the bulk case, we observe that the number of bands doubles. It is a consequence
of the necessity to take two monolayers in the primitive cell, as discussed above, which
double the number of atoms in it (from 2 to 4). Therefore there is two times more
electronic orbitals that interact to give two times more electronic bands. Yet, the most
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CHAPTER 1. Hexagonal Boron Nitride

important change is the movement of the conduction band minimum from K to M in the
Brillouin zone, as a consequence of the inter-plane interaction. Moreover, the maximum
of the valence band moves slightly from K toward T (middle of the I' — K path).

From these considerations on the theoretical band structure, we can state that the
semiconductor BN has an indirect fundamental gap in k-space between a conduction
band in M and a valence band near K, like indicated by the magenta arrow. The value
of this indirect bandgap is ~ 6eV. Kolesko et al. have calculated that increasing the
inter-reticular distance minimizes the coupling between layers thus returning to the
situation found in the monolayer, that is to say a configuration with a direct gap in K
[48].

In the past few years, it has been experimentally demonstrated that 2D semicon-
ductors like the transition metal dichalcogenides (MoSs, MoSes, WSy, WSes, MoTe,)
experience an indirect to direct bandgap transition when thinned to a monolayer [49-
52]. Recently, in our team, using sample grown by molecular beam epitaxy (MBE) on
HOPG, we have demonstrated the same crossover in monolayer hBN through macro-
photoluminescence and reflectivity measurements [53|, thus confirming the theoretical
predictions [48, 54]. Now that we have pictured the electronic structure of the hBN, we
can review the light emission properties in view of this analysis.

1.4 Photoluminescence of hBN

Wavelength (nm)
700 600 500 400 300 210

104

103

Photoluminescence intensity

102 =
- c
C S
10! L Point defects Stacking faults Q
1]
100 coro b e e b b e b e by bt e b by

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Energy (eV)
Figure 1.11

Spectrum of bulk hBN at 10K with an excitation at 6.3eV recorded from 1.5 eV up to 6 €eV.
Three colored areas represent the features of the spectrum corresponding to excitonic bandgap
emission, stacking faults recombination, and point defects emission, from high to low energies.
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1.4 Photoluminescence of hBN

In Fig above is reported a logarithm plot of the PL intensity typically recorded
on bulk BN samples at low temperature using the 192nm quadrupled radiation of a
Ti-Sa laser. From the current understanding of the luminescent properties of hBN, the
PL features can be split into three parts corresponding to specific origins for the optical
emission: in the deep UV region we have the emission related to bandgap excitons
(blue) and the exciton recombination at stacking faults (red), and in the moderate UV
down to near-IR energies are the point defect related emissions (green).

1.4.1 Band edge exciton emissions

In the deep UV range, that is to say in the 6eV to 5eV range, one can distinguish
two sub-regions. We focus here on the sub-region from 6 eV to 5.65 eV. We find a
series of documented lines corresponding to the phonon-assisted intrinsic recombination
[55], that are submitted to strict selection rules linked to the configuration of the PL
experiment [35]. The energy spectrum of these lines is a complementary experimental
evidence that definitively consolidate the indirect nature of the bandgap of hBN. At
5.955 eV, a very weak PL contribution iX (PL spectrum of Fig can be detected.
This forbidden recombination corresponds to the indirect exciton and indicates the
value of the indirect excitonic band gap of hBN.

K
K oT Phonon band-structure PL spectrum
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Figure 1.12

Photoluminescence spectra of BN (right side) plotted at the same scale as the phonon disper-
sion relation (left side) [56]. The energy of the photoluminescence line iX at 5.955 eV coincides
with the zero phonon-energy.

These phonon-assisted recombination lines are all completed by a series of lower en-
ergy companions corresponding to a complementary energy relaxation process involving
inelastic Raman scattering via the emission of one E,, (on-axis atomic vibrations) Ra-
man active phonon and overtones [57]; the process is illustrated on Fig|1.13|(b).
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Figure 1.13

(a) Photoluminescence spectrum in bulk hBN in the deep ultraviolet under two-photon excita-
tion at 3.03 eV, at 10 K. Experimental data (symbols), theoretical fit (red line). X, stands for
the replica involving the phonon mode p in the middle of the Brillouin zone around T points.
(b) Schematic representations, in the single-particle picture of the electronic band structure, of
the phonon-assisted recombination processes of the LOs line (left part), and of the LO3+2E,
one (right part).

It is worth noting that the shape of the peaks in this series of phonon lines are not
of the Lorentzian-shape kind, but they are instead fitted using Gaussian functions |Fig
(a)] with a broadening parameter identically proportional through the whole series
to the phonon group velocity at the middle of the Brillouin zone, as a third evidence of
the about K-M configuration of the fundamental indirect bandgap.

Interestingly, when increasing the temperature the line-width of these phonon-
assisted lines do not broaden according to a Bose-Einstein distribution (Bose-Einstein
distributions probe the temperature-dependent population of the phonon bath), like it
is traditionally found for semiconductors but follow a +/T trend |58 as suggested by
Toyozawa in a seminal paper in 1958 [59]. The Gaussian shape of the PL lines and
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Figure 1.14
(a) Cathodoluminescence spectra oh hBN, diamond and ZnO at 10K. (b) Luminescence ef-

ficiencies of ZnO, hBN, and diamond plotted as a function of electron penetration depth.
(Borrowed from |60)])
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1.4 Photoluminescence of hBN

the VT dependence of their width both indicate a regime of strong-electron phonon
interaction, in hBN. This is inferred by two recent first principle calculations |61}, |62]
which not only explain our experimental result and our identification, but also bring
quantitative understanding of the high internal quantum efficiency (IQE) of intrinsic
light-emission measured by Schué et al. in hBN [60] (cf. Fig, the strong IQE that
lured Watanabe et al. and led them to suggest a direct band gap configuration [8].

1.4.2 Exciton recombination at stacking faults

In the 5.65 to 5 €V energy range, displayed on Fig[L.15|a) [63], roughly co-exist differ-
ent extrinsic recombination processes: an impurity-related transition at 5.56 eV (Dy),
attributed to an optical transition in a boron-nitride divacancy (Vgy), and another
transition near 5.25 eV (Dg) that is now attributed to a nitrogen vacancy rather than
to a donor-acceptor pair (DAP) recombination as suggested before. Starting at 5.6 eV
a series of bands are detected split by 147 meV which correspond to phonon overtones
after the emission of the middle zone phonon LO(T)/TO(T), the complementary emis-
sion of a TO(K-K’) phonon due to an efficient valley-orbit interaction process. These
processes are illustrated in Fig|1.15(b). Calculation of the selection rules for overtone
emission was published by Michel Hulin [64] and our measurement nicely fits with his
predictions.
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Figure 1.15

(a)(i) Normalized PL signal intensity in bulk hBN at 10 K, for an excitation at 6.3 eV (black
diamonds), and fit (solid red line). The dashed gray line indicates the background signal
intensity used in the fit, corresponding to the featureless defects emission in multiwalled boron
nitride nanotubes (|65]). Inset: energy shift E, divided by the replica index n versus n.
(a)(ii) Emission spectrum of the X o) ro(r) line at 5.76 eV (black diamonds), and three
replicas used in the fit in (a)(i), obtained by a rigid energy shift of E; (blue diamonds), Es
(green diamonds), and E3 (red diamonds). (b) Schematic representations, in the single-particle
picture of the electronic band structure, of the phonon-assisted recombination processes of the
Xro(ryror) line at 5.76 eV (left part), and of the XLO(T)/TO(T) + 2TO(K) line at 5.47
eV (right part). (Adapted from |63])

One can legitimately be surprised regarding the intensity of these PL lines, due
to complementary valley orbit scattering process, with respect to the near band edge
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CHAPTER 1. Hexagonal Boron Nitride

intrinsic phonon-assisted recombination. In fact as demonstrated by Bourrellier et al.
[66] [Fig[L.16], the density of states required to explain this intensity is brought by the
stacking faults existing in the BN crystal. The energy conservation process selects the
ad hoc stacking faults and these lines are not observed in the absence of stacking faults,
as observable in panels (d, e, f) of Fig where the intensity of the 5.30, 5.46 and
5.62 eV emission is high along the lines interpreted as folds, and drops outside of these
lines.

overall spectrum

fit ——
5.30 eV
5.46 eV
5.62 eV
5.75eV

Intensity (arb. units) Intensity (arb. units)

Figure 1.16

(a) Bright field and (b) dark field images of an individual BN flake. (c) Overall emission
spectrum of the flake and individual spectra taken at specific probe positions indicated in panel
(b). (d-h) Emission maps for individual emission peak. Intensity is normalized independently
within each individual map. (Borrowed from |66))

1.4.3 PL from deep defects

Moderate UV range

In the moderate UV range, that is to say in the 5 eV to 3.3 eV range, one detect broad
PL bands that are attributed to point defects when the crystal departs from perfection:
vacancies, di-vacancies, anti-sites, combination of them. Regarding the defects giving
a PL band, there is no unambiguous understanding for now. Interestingly, a series of
sharp lines are detected at 4.1 eV and at energies below. Our attention was initially
capture by their properties, Bourrellier et al. have performed cathodoluminescence
measurement at 150 K and evidenced spatially localized zero-phonon assisted emission
and phonon-assisted overtones |Fig[L.17|(b,c,d)], as well as single-photon source behavior
when excited by an electron beam [Fig [L.17](a)] [67].

Vuong et al. have done a preliminary investigation of the temperature-dependent
light-matter interaction for ensembles of such color centers under light excitation [6§]
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Figure 1.17

Cathodoluminescence spectrum of chemically exfoliated hBN flake suspended on a TEM grid
(a-left) and normalized second-order correlation function (a-right) recorded on the emission
spot in the white dotted square. (b,c,d) CL intensity maps of the peaks at 3.73, 3.91, and 4.09
eV, showing a perfect spatial match and therefore a unique origin [67].

and Koronski et al. have studied its localization by comparing the pressure dependence
of the emitted light with the intrinsic behavior of the indirect bandgap of hBN [69].
The results obtained for the temperature study are shown on Fig [1.18{(b), where the
examination through a non-perturbative approach of the temperature dependence of
the acoustic phonon sideband of the ZPL provides a value for the spatial extension
of the defect o ~ 2A, longer than the B-N bond length but shorter than the inter-
layer distance in hBN. A peak-to-peak correspondence between the PL spectrum and
the phonon density of states (phonon DOS) is presented on Fig |1.1§(a), showing the
phonon modes participating in the phonon-assisted emission of the defect at 4.1 eV. All
these experiments plead in favor of a very localized level which in addition the density
can be probed by tuning the growth protocol (doping, substrate, post processing treat-
ment, irradiation). This is a good motivation for building an experimental platform
of microscopy operating near 4 eV to probe single photon source emission by optical
means rather than by cathodoluminescence.

Near-UV to near-IR

In the near UV to visible range, that is to say in the 3.6 eV to 2 eV range, there are
also a lot of signatures of defects.

In 2005, optoelectronic experiments have revealed that some defects in single crys-
tals of hBN give rise to photoactive states within the BN bandgap at energy 3.6 eV
[71]. The optical absorption and photoconductivity spectra in visible and UV region are
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Figure 1.18

(a) Photoluminescence signal intensity at 10K (solid red line), on a semilog scale, for an
excitation at 4.6 eV, as a function of the energy detuning with the zero-phonon line of the
color center emitting at 4.1 eV, compared to the phonon density of states in hBN (blue dotted
line) from |70]. (b) Photoluminescence spectrum of the 4.1 eV color center in hBN, for an
excitation at 4.6 eV, from 10 to 300K [6§].

characterized by a steep rise at an energy threshold 3.6 €V. The shoulder at 3.6 eV in-
dicating the presence of a donor or acceptor-like defect level within the band gap which
traps free carriers that are photo-ionized by the excitation. Another study on photoin-
duced doping in heterostructures of graphene and boron nitride |72| have brought to
light a strong photoinduced modulation doping effect in G/BN heterostructures with
data supporting acceptor-like defects in hBN at 2.6 eV.

R. Bourrellier reported spectral lines between 2.1 and 2.3 eV 73], assigned to iso-
lated defects that were generated under the electron beam irradiation. However, these
defects exhibit emission instability under the electron beam as they are created and
subsequently bleached over few scans like illustrated on the cathodoluminescence raster
scans of Fig

Deep defect related emissions at 3.03 and 3.77 €V have also been observed in time-
resolved photoluminescence [74].

Heretofore, the studies on defects in the visible range have been limited to spatially
averaged defect behavior. The investigation of individual defects at the nanoscale was
first performed by Crommie et al. [75] in 2015. They showed for the first time individ-
ual/localized defects in bulk hBN in the visible range [75]. For that, they have used a
STM microscope that had long been used for probing single atom or very small struc-
ture |76|, [77]. However, it had never been used before with a bulk insulator material.
To circumvent this issue the crystal was capped with a monolayer of graphene (which
can be seen on Fig[1.20[a)), and they exploited the atomically thin nature of graphene
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Figure 1.19

A CL filtered image is recorded on a area and present no localized emission (a). At the end
of the second scan an emission spot is observed (white circle) (b). The emission spot is stable
during the third scan (c) and then is destroyed through the fourth scan (d). Scan (e) shows
that the spot has definitely disappeared @]

to allow the visualization of defect phenomena in the underlying bulk boron nitride.
The STM was used in spectroscopy mode (dI/dV, which reflects the probed material
local density of states) in order to probe the charge state of the defects [Fig [1.20)(b)].
Distance-dependent measurement of dI/dV was performed on different types of defects
and allowed the assignment of bright and dark types of state. Ring defects were also
identified and in this case they could measure the defect energy level with respect to
the Dirac point energy of graphene and thus, knowing the energy position of the Dirac
point respectively to the conduction band edge of BN, assess the energy position of the
defect in the BN gap. Interestingly, they find that the energy level accounting for this
defect lies ~ 4 €V below the conduction band, similarly to the findings of Katzir et al.
presented in the beginning of this chapter thus suggesting that the ring defect
arises from a carbon impurity. Another important result is the possibility to alter in a
reversible way the charge state of the defects or even neutralizing and ionizing them by
applying an important electric potential above them with the tip of the STM.

(b)
130 pm High
0 pm Low
Figure 1.20

STM topography (a) and corresponding dI/dV map (b) for a single layer of graphene deposited
on top of a BN crystal. On (b) can be seen bright and dark dots as well as a ring .

The photodynamics of single emitters in the visible were first studied in early 2016
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CHAPTER 1. Hexagonal Boron Nitride

by Tran et al. in multi and monolayer hBN crystals. Single emission centers
are isolated in PL maps via a scanning confocal microscope |Fig [1.21|(a)| operating at
532 nm and room temperature. In the multilayer case the zero-phonon line at 1.99
eV (623 nm) is clearly accompanied by two phonon replica at 1.83 and 1.79 ¢V (680
and 693 nm, respectively), not visible in the monolayer |Fig [L.2I|(b)|. The uniqueness
of the localized luminescent center is evidenced by the recording of the second-order
correlation function in both the multi and monolayer cases [Fig[1.21](c)]. The defect is
claimed to be photostable in the multilayer case, and is very bright with a saturation
intensity of few thousands of kilocounts per second. The defect emission is studied with
a three-level model which provides a radiative lifetime of 3 ns and a metastable lifetime
of 22 ns. Density functional theory (DFT) calculations directed the authors to assign
the chemical origin of the emission to the NgV center.

—— Multilayer hBN
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Figure 1.21

(a) Scanning confocal map of a multilayer hBN sample. (b) Room-temperature photolumines-
cence spectra of a defect center in hBN monolayer (blue trace) and multilayer (red trace). (c)
Antibunching curves from an individual defect center in hBN monolayer (blue open circles)
and multilayer (red open circles) @

1.5 Conclusion

We have first presented the structural properties of the layered material hBN as well as
its electronic band structure. The atoms are tightly bound within a layer that interact
weakly with the surrounding layers by van der Waals forces. In the bulk form, it is an
indirect bandgap semiconductor with an indirect excitonic transition at E;x = 5.955
eV. Recently in our team, we have shown that hBN undergoes indirect to direct gap
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1.5 Conclusion

transition when thinned to a monolayer, thus following the trend observed in other
2D-like materials.

Based on previous studies carried out in our laboratory, we have then presented and
explained the intrinsic optical properties in the deep UV part of the PL spectrum of
the bulk hBN, namely the exciton band edge emission and exciton recombination at
stacking faults. As far as the former is concerned, the recombination of the indirect
exciton is strongly assisted by phonon emission at the middle of the Brillouin zone
(T), each of which additionally possesses a multiplet structure in the spectrum, due
to overtones of the interlayer shear mode, specific to layered material. For the latter,
multiple K-K’ intervalley scattering with transverse optical phonons as well as final
density of state provided by stacking faults in the crystal account for three of the peaks
observed and their high intensity, while extrinsic origins, namely nitrogen vacancy and
boron-nitrogen divacancy are supposedly responsible for the two others (Dy, Dg). This
region of the spectrum is thus quite well understood, with experimental studies agreeing
with theoretical one.

We have presented in the last part the emission related to point defects in hBN.
Optically active defects are found over a large range of energies, from ~ 2 eV to ~ 4 eV.
The properties of the defect at 4.1 eV has been studied in ensemble and its electronic-
vibronic interaction is understood. Recently, cathodoluminescence in a STEM micro-
scope have evidenced for the first time emission from such a single center, demonstrat-
ing the uniqueness of this defect. Under both photon and electron excitation, the color
center exhibits a strong photostability. However under the electron beam, a broad
background emission is created at the same energy, thus precluding the classical anal-
ysis of the photo-dynamics of the center. As for the emitters in the visible to near-IR
range, they have been similarly evidenced in both photon and electron microscope, but
manifest less stable behaviors, with photo-bleaching reported. Of particular interest,
emitters around 2 eV present single-photon statistics, both in multi- and mono-layer
hBN;, indicating that the defect should lies within the atomic plane. Last but not least,
the experimental proof that the charge state of defects at the surface of hBN crystal
can be reversibly manipulated from "on" to "off" states is of great interest for the de-
velopment of quantum nanotechnologies that requires electrical manipulation of single
defects. Lastly, the knowledge on the origins of the defects, both in UV and visible to
near-IR range, are however limited at this point.

In summary, the presence of isolated single color centers in hBN, a 2D material
already exhibiting unique properties due to its large bandgap in the deep UV and its
highly anisotropic structure, hold much promises in the view of elaborating hybrid
quantum systems, potentially coupled to other 2D materials, integrating single color
centers emitting from the near-IR to near-UV range.

23



CHAPTER 1. Hexagonal Boron Nitride

24



CHAPTER 2

Single defects emitting in the visible range

N THIS CHAPTER, I present the research carried out on isolated emitters in hexagonal
boron nitride (hBN) by means of a scanning confocal microscope operating in the
visible range at room temperature. Single point defects embedded in a solid-state
matrix, acting as quantum source of light, are of great interest for quantum technology
and sensor applications. Here, the photophysical properties of single-photon emitters
are analyzed and their photodynamic behaviors studied through photon correlation
measurements. The work accomplished in this chapter have led to the publication of
an article in Phys. Rev. B in 2016 . As explained in the first chapter of this thesis,
at the time of this publication, the research activity on single defects in hBN was only
dawning, with only one article reporting on the isolation of individual defects emitting
in the visible range . Since this seminal paper, an intense research activity has
been devoted to the study of single-photon source in hBN, leading to a large number

of publications [80H86].

2.1 Experimental setup
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Figure 2.1
Scheme of the experimental setup. Inset: illustration of how the pinhole permits to filter the
light in the axial dimension.
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CHAPTER 2. Single defects emitting in the visible range

A scheme of the experimental setup is presented on Fig[2.1] We use a scanning confocal
microscope operating under ambient conditions (300 K, 1 atm). Optical illumination
is carried out at the wavelength A = 532 nm originating from the second harmonic of a
Nd:YAG laser. The laser beam is focused onto the sample with a high numerical aper-
ture (NA=1.35) oil-immersion microscope objective (Olympus) providing an excitation
spot size in the order of 300 x 300 nm?. The objective is mounted on xyz-piezoelectric
platform. The photoluminescence (PL) response of the sample is collected by the same
objective and spectrally filtered from the remaining excitation laser with a razor-edge
long-pass filter at 532 nm (Semrock, LP03-532RU). The collected PL is then focused
into a 50-nm-diameter pinhole conjugated with the focal plane of the objective. This
permits to spatially filter the light in the axial dimension by selecting only beam rays
coming from the focal plane (cf. inset of Fig, therefore improving the signal-to-noise
ratio (SNR) of the collection system. Finally the PL is directed either to a spectrom-
eter (Ocean Optics, QE Pro-FL) or to silicon avalanche photodiodes (Perkin Elmer,
AQR-14) operating in the single-photon counting regime. The single-atom nature of
the emitters was verified by measuring the second-order correlation function gt® using
two avalanche photodiodes, APD1 and APD2, mounted in a HBT configuration. To
avoid optical crosstalk between APDs, an interference phenomenon due to the backward
emission of an infrared photon after a detection event, an additional filter is placed in
front of APD2. The overall detection efficiency ¢ of the experimental setup, expressed
as the product of the collection efficiency (o< NA) by the optical transmission of the
optics and by the quantum efficiency of the photodetectors (65% at 650 nm), is esti-
mated to ¢ ~ 1%. A half-wave plate A/2 set on a rotation mount positioned before the
dichroic mirror enables the control of the excitation polarization.

2.2 Sample and typical results

2.2.1 Sample
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Figure 2.2

(a) Microscope image of a high-purity hBN crystal, as received from the commercial distributor.
(b) X-ray diffraction showing a crystal orientation in the (001) plane, and (c¢) Raman spectrum
displaying a peak at 1365 cm™* @

26
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The hBN crystal utilized in the study presented in this chapter is a high-purity hBN
monocrystal from the company HQ Graphene [28|, with a size of about 1 mm, as shown
on Fig[2.2(a). Both X-ray diffraction (XRD) and Raman spectroscopy are indeed very
clean, and show a crystal highly oriented in the (001) plane, as well as a Raman peak
centered at 1365 cm™! [Fig 2.2(a),(b)], as expected for a good crystallinity [87]. The
sample is placed onto the sample holder and a drop of immersion oil is deposited on it
before approaching the microscope objective until contact.

2.2.2 Confocal maps of photoluminescence, dipole-like emission
and photostability

Map of photoluminescence

Typically, the confocal microscope was used to scan between 5 and 15 pm below the
surface of the hBN crystal in order to avoid background PL from contamination at the
surface. Fig[2.3displays a confocal image obtained with the confocal setup on a surface
of 12 x 12 pm? with a pixel size of 50 nm?. Several localized hot spots (yellow /orange)
emitting photons above the background are discernible. Depending on the defect, the
background represents from 5 to 50% of the signal. We notice that the density of hot
spots is quite high. To study a single spot and make sure the defect is well isolated
from other emitting centers, a more resolved confocal scan is performed in a narrower
region around a particular spot, as presented in Fig [2.3]

Counts per second

Figure 2.3
Typical scan obtained with the confocal microscope. The brighter dots (in yellow/orange)
indicate intense local emission of light.
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CHAPTER 2. Single defects emitting in the visible range

Polarization investigation

To understand whether the localized emission spot consists of a single dipole or mul-
tiple dipoles, we performed excitation and emission polarization measurements. The
excitation polarization measurement [Fig[2.4{a)| consists in recording the PL intensity
emitted by the sample for different directions of the incident beam polarization 0.,
which is changed by a half-wave plate A/2 that rotates the fixed polarization 6y of the
laser. After correction of the background, the PL intensity for each angle is plotted on a
polar-projection diagram |Fig[2.4(b)]. This plot reflects the polarization dependence of
the absorption of the emitter. For the emission polarization measurement |Fig [2.4)c)],
the sample is illuminated at the maximum of absorption and the PL is recorded for
only one emission polarization 6,,,, filtered by a polarizer. The data are plotted in Fig
2.4|(d), and correspond to the angular diagram of emission. The diagrams reflect a well-
defined dipole-like character for the defect isolated in Fig[2.3] The corresponding fits
are obtained using a cos?(f) fitting function, and yield an excitation and emission po-
larization visibility of 89 and 78%, respectively; this is characteristic of a single linearly
polarized dipole transition.

(a) (b) 90° O Excitation

A\Q’exc
T W SAMPLE 180¢

%
(C) (d) 90° VYV Emission
0
¥ X eem
SAMPLE % /
Polarizer
Figure 2.4

Schematic of the setup to perform excitation (a) and emission (c) polarization measurement,
and corresponding angular diagrams for the excitation (b) and emission (d). The markers
correspond to the data while the solid lines are fitting with a cos?(0) function.



2.2 Sample and typical results

Photostability of the defects

Considering the use of single defects for quantum technology, one property of paramount
importance is the photostability over time. The isolated defect presented in Fig [2.3] ex-
hibits a very stable emission over time, corresponding to the PL time trace shown on
Fig [2.5(d). However, this is not the majority of cases and the other typical PL time
traces recorded at low laser power from individual defects hosted in the crystal are
represented on Fig 2.5l On each diagram, the continuous black line represents the
oscillating PL evaluated on the vertical axis in kilocounts (kents) versus the time in
seconds on the horizontal axis. The time binning is 10 ms and the laser power used is
10 pW (measured right before entering the objective of the microscope). Most defects
exhibit a pronounced blinking behavior, as it is often observed for solid-state emitters
at room temperature like quantum dots [88|, dye molecules [89] and deep defects in
wide-bandgap materials [90]. The switching rate between the "on" and "off" states
varies significantly from one emitter to another |Fig[2.5[(a)-(c)], which suggests that the
blinking dynamics are strongly linked to the local environment of the defect. This is
consistent with the fact that 2D crystals are greatly exposed to the external environ-
ment. Such a blinking could originate from optically-induced charge state conversion
mediated by a charge exchange with other defects acting as electron donors or accep-
tors and could be tempered by encapsulating the defect and annealing the crystal to
reduce the charge traps [91]. Permanent photobleaching, in other words the irreversible
conversion of an optically-active defect into a non-fluorescent entity, was also observed
after few minutes of optical illumination for most emitters. However, around 5% of the
emitters exhibit a perfect photostability over time [Fig [2.5(d)|, even under high laser
excitation power, as observed for few types of defects in diamond and SiC at room tem-
perature [92]. This ratio might be improved through annealing procedures and chemical
modifications of the sample surface |93]. On average, one stable defect could be found
in each 50 x 50 pm? scan of the sample.

2.2.3 Photoluminescence properties

Vibronic spectrum of the defects

We now present in Fig[2.6/(a)-(b) the typical emission spectra recorded at room temper-
ature from individual emitters. On the vertical axis is represented the PL intensity in
linear scale and on the horizontal axes the detection energy in eV (bottom) and wave-
length in nm (top). On both spectra, three distinct peaks are observed with decreasing
intensities from higher to lower energies. We identify the most-right peaks with the
zero-phonon line (ZPL) of the defect and the low energy peaks with phonon replica.
Each spectrum was fitted with a multi-Gaussian function to extract the spectral fea-
tures. Two families of spectra with similar overall structure are identified: a first family
with ZPL energy at 1.97 & 0.02 eV (629 nm) and width FWHM ~ 90 meV [Fig[2.6(a)],
a second family with a ZPL energy at 2.08 + 0.01 eV (596 nm) and width FWHM ~ 70
meV |Fig 2.6(b)]. These average values and standard deviations are obtained from the
statistics performed over 13 single defects, presented in Fig [2.6{c). We stress that no
correlation could be found between the spectrum and the photostability of the defect.

We note a characteristic energy detuning of 150 4+ 10 meV between the phonon
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Typical PL time traces recorded from different individual defects in a high purity hBN crystal.
Horizontal axis represents time in second and vertical axis the number of counts per second
on one APD. The laser excitation power is tuned to P = 10 pW. Bin size: 10 ms. (a) displays
a very unstable behavior, it is called a blinking defect. (b) shows a bleaching behavior and
(c) is an intermediate state. (d) is a stable defect with a relatively small standard deviation
around the mean value of counting rate. The "on" and "off" horizontal dashed lines are guide
line to indicate the photo-active and the photo-inert behavior of the emitter.
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(a, b) PL spectra recorded from individual defects in hBN at room temperature under green
laser illumination at 532 nm. The filled circles are experimental data while the solid lines are
data fitting with multiple-Gaussian functions. (c) Histogram of the ZPL energy for a set of
13 single defects. (d) Bottom: Histogram of the energy detuning between the ZPL and the
phonon replica. Top: phonon density of states (DOS) in hBN extracted from @

replica. A similar energy spacing was also reported in the case of single defects in
multilayer hBN fakes [83, [94]. In fact, this value fairly matches an extremum of the
phonon density of states in bulk hBN linked to transverse (TO) and longitudinal (LO)
optical phonons at the K and M points of the Brillouin zone [Fig - )] 170 . Our
defects being linked to deep levels with a transition energy much smaller than the 6
eV bandgap of hBN, we expect an extension of the electronic wavefunction comparable
to, or smaller than the lattice parameter of the hBN matrix . As a consequence,
the defect wavefunction in k-space is spread over the whole Brillouin zone with a sig-
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nificant coupling to the zone-edge phonons, like at the K and M points (meaning high
k-momentum). Since the interaction with optical phonons is much more efficient than
with acoustic ones [63], we interpret the systematic 150 meV-energy detuning of the
phonon replicas as resulting from a dominant coupling to the zone-edge optical phonons
of highest density of states Fig [2.6{d).

Different charge states

Individual defects in wide-bandgap materials can often be found in various charge states
having very different optical properties. A well-known example is the NV defect in
diamond, whose ZPL energy is shifted by ~ 200 meV depending of the charge state
NVY/NV~ of the defect |96], 97|, and becomes even optically inactive in its positively-
charged state NV* 98, 199]. As discussed in the first Chapter Section by using
scanning tunneling microscopy (STM), it was shown that individual defects in hBN can
also be found in positive, negative and neutral charge states |75]. Active charge state
manipulation was even demonstrated by tuning the Fermi energy level with respect
to the defect charge transition level by locally applying an electric field with a STM
tip [100]. According to these considerations, we tentatively attribute the two groups
of spectra shown in Fig to different charge states of the same defect, while the
small variation of the ZPL energy in each group (£ 20 meV) might result from local
variations of the strain in the hBN matrix. It has actually been demonstrated that
strain control allows spectral tunability of hBN single emitters over 6 meV, for a family
of defects emitting around 2 eV [85]. Optically-induced charge state conversion towards
a dark-state might also play an important role in the blinking/bleaching dynamics of
the defect.

Summary

To sum up, through spatially-resolved PL maps on bulk hBN crystal, we have shown
the existence of point-like defects with single-dipole-type emission. In the PL map, the
density of bright spots is quite high but the defects featuring a stable optical behavior
represent only 5% of them. However, when it is the case, the defect is highly stable and
reliable, even after few days or more. These defects form two families of spectra whose
ZPL are shifted by ~ 100 meV, and exhibit vibronic features arising from coupling
with optical phonons (TO(M), LO(K)) at the edge of the Brillouin zone. We will
now present the investigation on the single nature of these emitters, which requires to
perform photon correlation measurements.

2.3 Statistics of photon emission

This section is dedicated to the presentation of the theoretical and experimental tools
used to probe the photodynamics of the emitting centers detected in the confocal scans.
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2.3 Statistics of photon emission

2.3.1 The second-order correlation function

The second-order correlation function ¢ (7) (also referred to as the correlation
function), is by far the most common quantity employed for determining the quality of
a single-photon source as well as its properties. It is a measurement of the correlation
in intensity of the light source, and is expressed as follows:

(LI +7))
(L)t +7))

where (-) denotes statistical averaging over time. I(t) is the electric field intensity at
time t. To give a practical meaning to this function, we can think of it as answering
the question: if I detect a photon at time ¢ what is the probability to detect another
photon at time £+ 77 More precisely, it informs us on the degree of correlation between
the number of photons detected at time t and at time ¢ + 7.

A very important value is the value at 7 = 0, which is linked to the probability
of emitting two photons simultaneously. For a classical source of light, that is to say
with a classical electromagnetic field, Eq provides the two following fundamental
relations [101]:

g?(r) = (2.1)

®(r) < g®(0) (2.2)

g
g?0)>1 . (2.3)
These two relations intrinsically define the regime of classical emission, and the viola-
tion of any of them is sufficient to claim that the light is of quantum nature.

In contrast, in the case of a quantum source of light, that is to say by considering
the quantum electromagnetic field decomposed into annihilator and creator operators,
one can finds with eq. 2.1] the important relation:

1
@A)y =1~ — 2.4
(O =1+ . (2.4
where N represents the number of emitters participating in the emission process. In
particular, we see that if g (0) < 0.5 then N < 2, in other words N = 1 and we are in
presence of a single-photon source. If 0.5 < ¢®(0) < 1 it means that there are several

emitters. In resume, the essential criterion is:

g?(0) < 0.5 = Single-photon source (2.5)

These concepts and results are important for the interpretation of our measurements.
The reader not accustomed to them may refer to Appendix [A] where we discuss the
different types of light on the basis of the statistics of emission of the source, and derive
the fundamental properties of the second-order correlation function for the cases of
classical and quantum electromagnetic fields.
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2.3.2 Experimental setup: HBT interferometer

To obtain the ¢®(7) function, an optical interferometer is mounted, as originally de-
signed by Robert Hanbury Brown and Richard Q. Twiss in 1956 for use in radio astron-
omy [102, [103|. In the following it is simply called HBT interferometer. Fig depicts
a scheme of the HBT setup. The incident light is split into two distinct paths by a
beam splitter (BS), both paths leading the photons to two independent single-photon
detectors (D1 and D2), and some form of timing or coincidence electronics counter. In
order to access the value of ¢®(7) close to 7 = 0, the time-counting accuracy of the
detectors and electronics used must be excellent, in the order of hundreds of picoseconds
or less.

Coincidence counter
or time tagger

Detector 1

From sample

Detector 2
Beam splitter

Figure 2.7

HBT interferometer. The incident photons are separated in two paths by a beam splitter
and sent to two discrete single-photon detectors, connected to a time tagger or a coincidence
counter.

The fact that the photons are recorded on two distinct detectors without making them
interfere beforehand, is responsible for the loss of information about the phase. Conse-
quently, the HBT interferometer is only about intensity correlation.

Working principle

To record the ¢® () function, the principle is to build the histogram of time intervals
corresponding to the delay between the detection of a photon on D1 and a successive
one on D2. For that, we have at our disposal an acquisition card that is able to do
two things: time tag all photon arrivals during a certain interval and store the data
on memory (to be post-processed), or directly compute and register the time delay
between two successive detections on D1 and D2. The two methods, upon appropriate
normalization and in the correct conditions (cf. discussion in [2.3.3), yield an accurate
representation of the second-order correlation function.

We see that in the case of a single-photon source, only one photon at a time is
incident on BS, consequently there is no way for both detectors D1 and D2 to detect a
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2.3 Statistics of photon emission

photon simultaneously because a single photon state can not be divided in two separated
paths, thus ¢ (0) = 0.

Time accuracy limitations

Even though the single-photon detectors are ultra-fast counting devices, their elec-
tronics suffer the need to recover after the detection of a photon. This "deadtime"
is inevitable and Perkin-Elmer gives a value of 40 ns for each APD. The value of the
deadtime is always well beyond the dynamic range we aim at probing to unveil or not a
phenomenon of antibunching, irrespective of the type of detector employed. It explains
why it would be impossible to probe the short time correlation with only one detector,
which would be blind during the deadtime after a first photon detection. The issue is
circumvented by using two detectors: D1 starts the timer and then D2 starts to record
quasi-instantly. Another limitation in our measurements is the minimum bin time of
the histogram recorder, which was w = 200 ps. However this value is generally small
enough to record the dynamics of the emission. The limitation of any HBT interfer-
ometer is actually set by the time accuracy of the detector, called the time jitter of the
electronics, which fundamentally limits the capability to probe the short time delay.
It is measured by recording the instrument response function (IRF) of the setup. A
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Figure 2.8

Instrument response function (IRF) of the detection setup. 50 ps laser pulses are sent to
probe the temporal broadening induced by the electronics of the detectors. Red circle are data
whereas the solid blue line is a gaussian fit to the data. FWHM = 880 ps.

short laser pulse of known width is sent through the detection setup, and the diagram
of photon arrivals is reconstructed with the detector events. The pulse width need to
be much shorter than the IRF. The IRF profile was obtained by using 50 ps laser pulses
(attenuated to protect the detectors) and the result of the acquisition is shown on Fig
2.8 it displays a profile that corresponds to the convoluted Gaussian response of both
APDs. Thus a Gaussian function is employed for fitting the data and the FWHM is ob-
tained from the standard deviation o of the function by: FWHM = 2v/21n 20 ~ 2.3550,
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which gives FWHM = 880 ps. This is the average time response of the system.

To illustrate the limitations, let us take an example. Let a photon event happen
on D1 at t = 0, the histogram recording goes off with D2 quasi-instantly and D1 is
blind for Atgeadtime = 40 ns. A photon hits the detector D2 at t-+7 which triggers the
coincidence counter to register a time delay event at 7. Due to the time jitter, the
detection system is incapable of distinguishing between values of 7 smaller than 880
ps, it will thus consider than the two events were simultaneous. Otherwise, the finite
width of the IRF leads to an uncertainty around the zero time delay. We shall see later
the consequences in the analysis of the data.

2.3.3 Discussion on the experimental procedures to access time-
photon correlation

In order to probe the statistical fluctuations in intensity of the source, different exper-
imental techniques have been developed, historically for single-molecule experiments
[104, |105]. The specificity of the methods are due to the difference of probing two dif-
ferent quantities K (1) and J(7) [106, [107] that are both suitable to represent ¢ (7) in
their respective conditions of validity. K (7) is the probability to detect the first photon
at time 7 given an initial detection at 7 = 0. This distribution is commonly recorded
using a "start-stop" experimental scheme (described below). On the other hand, J(7)
is the probability to record a photon at time 7 provided that there was a photon at
7 = 0. In other words, the latter quantity represents the number of photons detected
at time 7, independent of whether there was a detection event in between 7 = 0 and 7.
The second-order correlation function g (7) is proportional to J(7) [106]:

g(2)<7'> x J(1) . (2.6)

Hence, J(7) is the correct quantity to measure. The discrepancy between the two
histograms is well illustrated on Fig [2.9] extracted from the article of Fleury et al.
[107]. We see that for an emitting single-photon source with a detection rate R ~
10°s™!, the histogram K (1) departs from the J(7) histogram for time delays exceeding
100 ns. If the emitting rate of the source is higher, then the discrepancy happens at
even shorter time.

Short-time scale: the "start-stop" method

By far, the most common method to measure the ¢?(7) is the "start-stop" method
[105], [108|. The histogram K (7) of time interval between two-photon pair are recorded
by triggering the start of the histogram with a detection event on D1 and subsequently
stopping it with a photon detection on D2. The measurement is repeated a large number
of times. This method is suitable only to probe the short-time scale, or more precisely
it is accurate for 7 < R™!, where R is the detection rate. Indeed, in this condition, the
correlations are properly measured because it is rather unlikely to have more than one
photon in the time interval R~!, thus K(7) matches J(7) for 7 < R~'. This condition
is respected especially as the detection efficiency ( is small. If one attempt to record
the correlation at longer time scale with the "start-stop" method, an artificial decrease
of correlation will be observed.
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Figure 2.9

Histograms K (7) and J(7). The wiggly K(7) is the normalized histogram of the experimental
interphoton times measured on a molecule. The wiggly J(7) was calculated using FFT. The
smooth J(7) is a fit and the smooth K(7) is the corresponding prediction [107].

No time scale restriction

In order to analyze the correlations of the light source without restriction to the short-
time scale, we rather proceed by triggering the measurement with a photon detection
on D1 and then by recording the time trace of photon arrivals on D2 during a time
interval At in the order of few hundreds of ps to ms. The resulting histogram provides
unnormalized J(7) after 4" repetitions. The missing photon detections consequential
to the deadtime of D2 that occurs during At are statistically filled by the high number
of repetitions .4 ~ 105. The acquisition card used in the experiment is a multiple-event
time digitizer (FastComtec, P7889) with a large single sweep time range permitting to
take data of up to 83 days with a time resolution of 100 ps.

Experimentally, an electronic delay 7, is introduced in order to obtain the full profile
of the ¢® () function at short time scale. It is usually achieved by physically lengthen-
ing the electronic cable of D2 (the STOP), but recent acquisition cards directly provide
electronic delays. In this way, if two photons are emitted together, their collection will
produce a count in the histogram at the binwidth corresponding to the delay 7.

Normalization of the histogram

Once acquired, the histogram of photon correlation must be properly normalized. The
normalization should be such as if the emitting source would be of poissonian type, the
normalized histogram would be flat at a value of 1. This normalization is essential for
a correct analysis of the histogram representing ¢® (7).
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To find the proper quantity to normalize J(7), let us suppose that we have a poisso-
nian distribution. After acquisition, each channel of the histogram is filled by approxi-
mately the same number of counts 72 so that the histogram looks flat. The normalization
would then only consist in dividing by 7. The histogram is composed of p channels of
time width w. The integration time is At and is repeated .4 times. We note Np the
total number of counts in the histogram and R the average count rate on the detector.
We have:

Np = RAtN = R(p x w)AN . (2.7)
And n = Nr/p, so we obtain for n:
Rpw ANV

p
The second-order correlation function is thus finally obtained by dividing J(7) by n:

n =

= Rw.A" . (2.8)

~ I
N wR

g2 (r) (2.9)

2.4 Experimental results for the second-order corre-
lation function

Figm shows a very large scale measurement of the function ¢ (7) over five temporal
decades from an isolated PL spot of the hBN crystal. The data are normalized according
to the procedure explained in Section [2.3.3] The data are represented in semi-log scale.
The emitter was excited with a laser power P = 150 pW and the histogram was recorded
with bin time of 200 ps. Measuring such a broad ¢‘® () is a performance that requires a
large-range time-to-digital converter acquisition card. Usually, second-order correlation
functions are taken separately for short time — with K (7) — and long time — with
J(7). We recall that the electronic delay 7, represents the delay for a pair of photons
emitted simultaneously.

One can first notice the antibunching occurring at 7;. According to the criterion
given by Eq , the value ¢®(7;) ~ 0.25 < 0.5 is a clear signature of single-photon
emission from an individual defect. Nonetheless, it does not fall to 0. A first reason to
explain this observation could be the background light originating from the host matrix
itself around the defect. However, owing to a high signal-to-noise ratio (SNR > 20), this
possibility is dismissed [109]. As a matter of fact, it rather results from the electronic
jitter of the detectors which is taken into account in the IRF of the detection setup
|inset of Fig[2.10], as discussed above in Section [2.3.2]

The correlation function also reveals a large photon bunching ¢(® (1) > 1, revealing
that the single photons are grouped by packet over a certain timescale. The bunching
starts shortly after 7; and lasts for a very long time until 7 ~ 2 x 10*ns. We witness
here the importance of normalizing with a poissonian distribution. Indeed, a short-time
measurement would have displayed the bunching around 7; as a flat poissonian-like
distribution and the normalization with the value of the falsely flat part would have
provided a smaller value of g® (). This error can lead to wrong conclusions about the
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Figure 2.10

g(z) (1) function recorded from a PL spot for a laser excitation power P = 150 pn£W and a bin
width w = 200 ps and displayed on a log x-scale. Black dots are experimental data and the
solid red line is data fitting using a three-level model while including the IRF of the detection
setup, see next section. T4 =~ 20 ns is the electronic delay.

nature of the source.

Starting from this ¢(®(7) acquisition, the purpose is now to elaborate a model that
accounts for the observed features. The simplest model one can think of is the two-
level system — ground and excited state — which readily explains the antibunching
phenomenon: after the emission of a first photon, the system is in his ground state and
is unable to remit a second photon immediately. However, the bunching effect can not
be described by this model, therefore indicating that another state has to be added to
our basic two-level system. Moreover, owing to the very slow decay of ¢® (1) after 74 to
reach the value 1, we can already tell that the third level is a long-lived metastable state.
Thus, in the following, the defect emission will be modeled by a three-level system, and
the different transition rates determined in order to study the photodynamics of the
emitter.

2.4.1 Theoretical model for the photodynamics: the three-level
system

Fig[2.11] depicts the three-level system chosen to model the defect emission. The system
is initially in its ground state (1). Under radiative excitation it goes in the excited state
(2) with a transition rate 2. Then, it can either be radiatively desexcited to (1) with
a rate rg;, or get trapped into the metastable state (3) at rate o3, from which it goes
back to the ground state (1) with a rate rs;.
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Figure 2.11
Schematic energy scheme showing the ground (1) state, excited singlet state (2), and
metastable triplet state (3), and the various transition rates between the states.

2.4.2 Derivation of ¢'¥(7) for a three-level system

We now to give an expression of the second-order correlation function for the three-
level system. For that, we translate the time-averaging of the intensity I(¢) of the
electric field in Eq in terms of detection probability. It can be shown [110] that a
meaningful expression for ¢ (7) is:

2 . Plg(t,t+7)
g()(T)_Pl(t) X Pyt +7)

where Pio(t,t + 7) refers to the joint probability of finding a photon on detector D1
at time ¢ and then one photon on detector D2 at time ¢ + 7, and P;(¢;) to the simple
probability of finding a photon on detector D; at time t;. In the case of identical
detectors, the index 1 and 2 can be omitted. Remembering the theory of probability,
for two events A and B we have:

(2.10)

P(AN B)

P(B)
where P(A | B) is the conditional probability of A given B. We can reformulate
as:

P(A| B) = (2.11)

o) = o

with P(t+ 7 | t) the probability to detect a photon at ¢ + 7 providing that one photon
has been detected at ¢, and P(t) the probability to detect a photon at time ¢. We shall
now evaluate these probabilities for a single emitter.

(2.12)

The detection of one photon at time ¢ is equivalent to the projection of the system
in its ground state. Thus, the probability to emit a second photon at ¢ + 7 is ruled by
the evolution dynamics of the excited state population. Hence:

Pt+7|t)=P(r|0) = Crap(r) , (2.13)
with p;(t) the population of state i at time ¢ and ¢ corresponds to the total efficiency
of our detection setup. We have p;(0) = 1, po(0) = 0. The probability of detection at
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2.4 Experimental results for the second-order correlation function

any time P(t) is going to be proportional to the steady-state probability ps(oo) of the
system to be in the excited state:

And we get for g@(7):
@) (r) = pa(7)
g\(T) (o) (2.15)

An important remark is that the detection efficiency ( of the setup does not impact
our capability to construct ¢g'® (7). Now considering the three-level defect system shown
in Fig[2.11] we write the rate equations for the occupation probabilities p; of the ground
state, excited state and metastable state in a matrix form:

D1 —T12 21 731 b1
O \p2| =1 m2 —(rai+ras) O X \p2|- (2.16)
D3 0 93 —T31 D3

We make the approximation of low transition rates to and from the metastable state
(3) compared with the excited state to ground state decay rate:

(7’23, 7’31) <L 1o s (217)

which means that we assume a slow population dynamic compared with the lifetime of
the excited state (2). This is justified in regards of the long time scale at which the
bunching occurs. We obtain 111, |112]:

g2 (1) =1~ (1+a)exp(—\7) +aexp(—Xo7) | , (2.18)
with a, A\ and )\, defined as:

12723
anDa=
r31(r12 + 791)
AL =T+ T2, (2.19)
12723
Ao =131 + ————
Tr12 + 721

From the expression (2.18)) of the fitting function, it is clear that a stands for the photon
bunching amplitude, \; for the decay rate of the antibunching, and A\, for the decay
rate of the bunching effect.

Interestingly, the expression obtained for ¢ (7) evaluated at zero delay yields:
g?(0) = 0, which does not correspond to the ¢®(7) measured on Fig [2.10l This
stems from the fact that the IRF of the detection system has not been taken into ac-
count in the derivation of the ¢®(7) function for the three-level model. The fit in red
of the experimental histogram performed on Fig[2.10|is actually the convolution of the
expression ([2.18)) with the IRF. The fitting procedure is explained in details below.

Also, Tli)rgo g® (1) = 1, which expresses a total loss of correlation for times much

greater than [A\;] 7! and [\y] ™! and thus a return to a poissonian statistics. This behavior
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CHAPTER 2. Single defects emitting in the visible range

was expected because in the model no physical processes happen at larger time scale
than the antibunching and bunching phenomena.

2.4.3 Procedure for fitting

According to the model established, the dynamics of emission is ruled by three photo-
physic parameters a, A\; and \y. In order to determine their value and get insights into
the dynamics, we need to fit the experimental histograms. Generally, the fitting pro-
cess is split between short-time and long-time scale approximations of the correlation
function.

Short-time approximation of ¢(? (1)

The short-time scale is defined for 7 << A;*. In this case, formula reads:

g (1) ~ (1 +a)(1 —exp(—=Ai7))| . (2.20)

From this function we extracted, for the ¢®(7) of Fig taken at P = 150 pW: a
bunching amplitude a = 0.6, and the parameter A\; = 0.51 ns™!.

Long-time approximation of ¢® (1)

The long-time scale is defined for 7 > A['. In this case, formula reads:

9P (1) = 1 +aexp(=Ae7)| . (2.21)

From this function we extracted, for the ¢'®(7) of Fig taken at P = 150 pW, the
parameter Ay — 0.14 st Strikingly, there are three orders of magnitude of difference
between \; ' and A\, ' associated with the excited state (2) and the metastable state (3),
respectively. This is an indication that the system can be trapped into the metastable
level and stay for a much longer time than the radiative recombination between states

(2) and (1).

Including the IRF

As discussed above, the full fitting function , or its short-time scale approximation
, reaches 0 at zero delay, unlike the experimental histogram, and this arises from
the IRF. To include the effect of the electronic jitter, a convolution between the fitting
function and the IRF has to be applied. As the IRF has very small temporal width
(FWHM = 880 ps) compared with the timescale at which happen the bunching in
the correlation function, it is appropriate to use the short-time scale approximation
for ¢ (1) in the convolution product and then fit the data only for the antibunching.
However, on Fig m, the full convolution with the total expression of ¢(®(7) has been
computed, and the function is obtained through the resolution of:

gine(T) = /_ - exp <—M> gA(dr (2.22)

o V2T 202
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where o is the standard deviation of the IRF measured previously (Section [2.3.2]) and
given by 0 &~ FWHM /2.355, with FWHM = 880 ps. In the fit procedure, o is a fixed
parameter, determined experimentally. And ¢®(7') is expressed with the electronic
delay 7,:

9(2)(7’) =1—(14+a)exp(—M\|7" — 14]) + aexp(—=Xo|7" — 14]) . (2.23)

The derivation of the analytical function gﬁ%F(T) is done in Appendix The result,

shown on Fig presents a perfect fitting of Q%F with the experimental points. The
fact that the sole convolution with the IRF is enough to fit the data without correcting
for the background means that the single-photon source is very pure, the discrepancy
with the theoretical value ¢ (14) = 0 arising, in a large proportion, from the fact that
the IRF has a FWHM in the same order of time to that of the radiative dynamics.

2.5 Photophysical properties of individual defects

All the data in this section have been analyzed using the data analysis software Igor
Pro [113] which is very convenient to compute complex fitting procedure, and provide
a good flexibility in the handling of constraints for the fitting parameters.

For an isolated quantum emitter, the dynamics of excitation is dependent on the
excitation power. Indeed, the power density at the defect position determines the
density of modes of the electromagnetic field, which influences the population of the
different quantum states of the system, thus the dynamics of transition through the
modification of the decay rates ;. Let us first determine the radiative lifetime through
the determination of r9;, then the metastable state lifetime by determining r3;.

2.5.1 Expression of r9; and r3; with a, \; and \,

Decay rate 1y

The fitting parameter \; is the contribution of two terms: A\ = 715 + 793 . 719 18
related to the pumping rate and r9; has a dependence in the excitation power. In the
limit of extremely weak pump power r1o — 0 and ry; is the spontaneous decay rate
of the emitter. The radiative lifetime 7, = 75, (P = 0) of a single quantum emitter can
then be inferred by extrapolating the value of the parameter \; for vanishing pump
power. This is done by recording the histogram of time correlation at different laser
power, extracting the parameter \; for each measurement, and building the diagram of
A1 versus power. The expression of \; as a function of P reads:

)\1 =aP +1r9 . (224)

However, due to a short radiative lifetime, at increasing excitation power the anti-
bunching becomes narrower than the IRF, thus strongly limiting the precision of this
method for determining the radiative lifetime.
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Decay rate rj3;

It is fruitful to notice that:

12723 12723
Ao =79 +—— =17 1+ ——— ) =r51(14+a) , 2.25
2 o T12 + 721 o < 7“31(7”12+7”21)) o ) ( )
hence:
A2
— 2.26
31 1+a ( )

We can then readily estimate the transition rate from the metastable state to the ground
state from the fit. We can similarly study the power dependence of r3; through the
determination of Ay at different excitation power.

2.5.2 Power-dependent measurements of ¢(*(7)

Fig displays two histograms of photon correlations, for time delay up to 4 x 10*ns
= 40 ps and bin width 0.2 ns, with P/Pg = 0.05 (bottom) and P /P = 2 (top), where
Pg.¢ is the saturation power determined and discussed later in Section [2.5.3, Each set
of data is normalized according to equation and fitted using the function Q%F
from Eq (2.22). The bunching amplitude (related to the parameter a) is higher at high
excitation power compared with low excitation power. It is an indication that upon
rising the excitation pump, more population goes into the metastable state. The other
difference is the delay value at which the histograms reach 1 (related to Ag). It looks
shorter in the case of intense pump power.

This contrast in the histogram for two opposite regimes of excitation indicates a
modification in the recombination dynamics of the metastable state and the excited
state, driven by the pumping power.

Radiative lifetime

As discussed in Section [2.5.1] the measurement of the radiative lifetime could, in prin-
ciple, be performed with measuring \; for varying laser power. But here, the time-scale
of the antibunching is in the order of the temporal width of the IRF, which preclude
the use of this method.

The lifetime of the excited level was rather estimated through time-resolved PL
measurements under pulsed laser excitation. This method is more accurate to determine
the radiative lifetime of the emitter because the system evolves freely after excitation,
without interacting with an electromagnetic field. A 50 ps laser pulse brings the system
in the excited state at t = 0 and we observe the system in a free evolution, so it can
return to the ground state by emitting a photon after a certain period. After a time
fixed by the repetition rate of the pulsed laser, a second pulse is emitted and we get a
second photon emitted after a second time period. Repeating this experience, we get the
PL diagram over time [Fig[2.13[b)]. The PL collected is proportional to the population
of the excited state. At t = 0 the process of emission of one photon is dependent on
the radiative and non-radiative processes, in other words to the direct transition from
(2) to (1) and to the trapping transition from (2) to (3). The PL decay is well fitted
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Figure 2.12

Second-order correlation function g\® () recorded for P/Psy; = 0.05 (a) and P/Psa; = 2 (b),
for very long time delays and a bin width of the histogram of 0.2 ns. The data (black dots)
are fitted using the full convoluted function of Eq (red solid lines).

by a single exponential function o exp —I't where I' = ~, + ~,, with 7, = ry; and
Ynr = T23, leading to a value I' = 3.1 ns. Now we recall that to obtain the expression
of the correlation function in the three-level model, we have made the approximation
of low transition rates to and from the metastable state compared with the excited to
ground state rate, consequently r93 < 191 and we get for the lifetime of the excited
level:

r5l ~T=31+0.1ns . (2.27)

This value is in good agreement with the one measured in hBN flakes for individual
defects showing similar spectral properties 94).

Fig [2.13(a) shows the distribution of the radiative lifetime for an ensemble of 21
single defects. It seems that the distribution is bi-modal, but considering the small
number of points, it is difficult to conclude on the existence of two families, moreover
no correlation between one category of lifetime and photostability or spectrum family
has been observed.
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Figure 2.13

(a) Histograms of radiative lifetimes measured for 21 single defects. Each small vertical black
ticks at the bottom represent an observation. (b) Decay of the excited state (2) recorded
under optical excitation with 50 ps laser pulses. The solid line is data fitting with a single
exponential function.

Investigation on the metastable state

To gain insights into the dynamics of the metastable level, the characteristic parameters
of the bunching effect (a, \y) were inferred from the fitting of the ¢(®(7) recorded at
different laser power.

First, "a" is directly plotted on Fig[2.14{a). The dependence on excitation power
is clearly linear and positive. As a consequence, upon increasing the pump power the
metastable state is more and more populated, which should result in a decrease of the
photoluminescence recorded by the APDs.

Using the relation , the evolution of r3; with the optical power is easily ob-
tained and presented on Fig[2.14{(b). The results indicate a pronounced increase in the
decay rate r3; with the laser power, which suggests that optical illumination induces
deshelving of the metastable level. This effect is often observed for individual emitters
in solid-state systems |107], [114]. By fitting the data with a linear power dependence of
the deshelving process, as:

31 = Tgl(]_ —f—ﬁp) s (228)

We get an estimation of the metastable level lifetime (at P = 0):

[r9,]7 ' =180 £60ps . (2.29)

and B = 0.025 & 0.01 pW~!. This value of the metastable lifetime is two orders of
magnitude higher than the one found in NV centers at ~ 500 ns. It brings the evidence
that the metastable state is a long-lived trapping state for the system, the PL activity
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Figure 2.14

(a) Parameter "a" as a function of the optical power. (b) Decay rate rs; of the metastable
state as a function of the optical power. The red solid lines are data fitting with a linear
function. (c) Schematic of possible processes occurring at high pumping rate.

is stopped during the occupation of this state where the center can stay for about 10°
times longer compared to the radiative excited state (in the nanosecond order).

In terms of quantum efficiency of the single-photon source, it is quite fortunate that,
although the non-radiative state is more populated with higher optical power, the decay
rate from level (3) to ground state (1) increases with the excitation power, acting as a
counter effect of the limitation induced by the trapping in the metastable state. The
physical processes at stake in the deshelving mechanism are not well understood. On
Fig M(c), we depict the situation of the defect inside the gap. One possibility is the
promotion of the electron in level (3) to the conduction band (black arrow), leading to a
non-radiative recombination of the exciton with the valence band, or a radiative one but
at wavelengths not recorded by the APDs. Also, the defect can couple to other defects
or transit towards a different charge state, opening a channel for faster transition to
the ground state (1).

Let us now see the efficiency of the single-photon source by evaluating the emission
rate at saturation.

2.5.3 Brightness of the source

Estimating the brightness of the source is important to compare it with other single-
photon emitters. The PL rate R was measured as a function of the optical power P
[Fig . The horizontal axis is displayed in log-scale. Data fitting with a simple
saturation function R = R /(1 + Psu/P) leads to a saturation power P,y = 310 + 20
pW and an emission rate at saturation:

Ry =3.940.1 x 10°counts/s , (2.30)

similar to what is reported by other studies for the same type of defects [85, 94]. It
corresponds to one of the brightest single photon source reported to date. For com-
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Figure 2.15

PL saturation curve of the defect. Inset: PL time trace recorded for a laser excitation power
P = 400 nW performed on the same individual defect. The solid red line is the fit proposed
in the main text. The dashed blue line shows the intensity at saturation for the NV center in
diamond. The inset shows the stability of the emission at around 0.5 mW.

parison, the emission rate at saturation is ~ 20 times larger than the one obtained
from a single nitrogen-vacancy defect in diamond with the same confocal microscope.
Such high counting rates indicate that the short excited-level lifetime results from a
strong radiative oscillator strength with near-unit quantum efficiency rather than PL
quenching involving fast non-radiative decay processes (re3 < r91). Indeed, for the
family of defects emitting at 596 nm (2.08 e¢V), the quantum efficiency (QE) has been
experimentally measured at 87 % [115], which is among the highest QE recorded for a
solid-state single-photon emitter.

2.6 Conclusion

In this work, we have studied a class of single defects in the wide bandgap semiconductor
hBN on the angle of spectral measurement and photon statistics emission. Our approach
has consisted in exciting the surface of a high-purity hBN monocrystal (HQ Graphene)
by means of a single mode laser at 532 nm and a confocal microscope working in ambient
conditions, and performing correlation measurements of emitted photons with a couple
of APDs installed in the HBT configuration. The analysis performed with the help of
the three-level system have brought insights into the dynamics of the quantum emitter.
Main important results consist in:

e A very bright single-photon source reaching 4 x 10° counts/s at saturation power
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310 pW, resulting from a strong radiative oscillator strength, with excellent photo-
stability. These defects have been proved to maintain their stability in a monolayer
of hBN [82].

e Two families of defects exhibiting very similar spectrum, with ZPL at 1.97 eV and
2.08 eV, and phonon replica of constant energy shift 150 meV. These families may
be considered as different charge states of the defect and the 150 meV detuning of
phonon replica results from a dominant coupling to the zone-edge optical phonons
of highest density of state.

e A dynamic of optical cycles marked by a long-lived non-radiative metastable state
of ~ 200 ps. It appears to be very power dependent with a steep increase of the
r3; decay rate with increasing excitation power, suggesting a deshelving of this
level by the laser.

This analysis of the photophysical properties of the defect provides important infor-
mation for understanding its structure using ab-initio calculations. These results pave
the road towards applications of hBN, and more generally van der Waals heterostruc-
tures, in photonic-based quantum information science and optoelectronics.

We mention that we have not found optically-detected magnetic resonance (ODMR)
in this hBN sample for this specific defect. However, more recent studies report on the
magnetic-field dependent emission from single-photon source at room temperature for
an emitting wavelength at ~ 725 nm (1.7 €V) [86], and the first ODMR measured on
single defect in hBN |116].

Concerning the chemical nature of these defects, recent calculations |[117H119] sug-
gest a carbon impurity substituting for a boron coupled to a nitrogen vacancy (CpVy)
or a nitrogen anti-site defect coupled to a nitrogen vacancy (NpVy). However, elec-
tronic structure calculations in 2D materials remain challenging and uncertainty persists
regarding the nature of the defects.
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CHAPTER 3

Deep defects emitting in the UV range

N CHAPTER I, we have presented the properties of luminescence of hexagonal boron
I nitride originating from point defects in the near ultraviolet, especially the deep de-
fect emission at 4.1 eV. To date, there is no definitive understanding for this emission,
although it was already observed in 1981 [120] with time-dependent photolumines-
cence experiments on hBN powder of poor quality compared with the current available
crystals. As for other defects in different materials, the diversity in the experimental
approaches is necessary to unveil the nature of such color centers. The specificity and
originality of this defect lie in the fact that it emits in the UV, which explains at the
same time the experimental difficulty to study it. In this chapter, we present an origi-
nal study that makes use of isotopic purification in material doping to investigate the
influence of carbon into the luminescence properties of hBN in the UV. We combine
macro-photoluminescence and reflectance measurements to study new defects appear-
ing in our carbon-doped samples, as presented in the first section of this chapter. As
far as the detection of single emitters is concerned, the high concentration of the 4.1
eV defect usually recorded in bulk crystals led us to two developments. First, to build
a photoluminescence confocal microscope operating at 266 nm (4.66 eV), presented
in the second section. Secondly, to combine the characterization by cathodolumines-
cence of thin crystals with characterization by the micro-photoluminescence confocal
microscope. We also used this new microscope to probe the spatial fluctuations at a
sub-micrometer scale of the deep level emission in the UV. These two last investigations
are the subject of the last section.

3.1 New levels in carbon-doped hBN crystals

In this section, we will present the results obtained by studying carbon-doped hBN crys-
tals grown by precipitation method by means of two distinct spectroscopy techniques:
photoluminescence and reflectivity. The measurements presented in this section are
spatially resolved at a scale of tens of micrometers to millimeters. Considering the
usual density of defects in the crystals, we thus probe ensembles of defects here.

3.1.1 Description of the experiments

The complementary approaches of photoluminescence and reflectivity

The microscopic processes involved in photoluminescence and reflectivity are of distinct
nature. The photoluminescence is the result of carrier relaxation and thermalization
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CHAPTER 3. Deep defects emitting in the UV range

processes after the system was put in an excited state, thus out of equilibrium. It
is a particularly efficient technique to analyze semiconductors shallow levels and also
deep levels when the radiative recombination process is intense enough . Yet,
the interpretation of the processes responsible for lines in the emission spectrum can
sometimes be complex, therefore we complement our measurements with reflectance. In
reflectance spectroscopy, we probe a material close to its thermodynamic equilibrium,
that is to say the reflected signal intensity for a given excitation wavelength provides
information about the dielectric constant of the material, and thus about the oscillator
strength of the optical transitions. We will be using these two kinds of spectroscopy
in order to gain better understanding of the underlying processes responsible for the
features observed in our optical measurements. We will now present the experimental
setup for these two techniques.

Macro photoluminescence setup

Integration
time : 5 mins

Figure 3.1
Scheme of the macro-photoluminescence setup. A Ti:Sa oscillator is quadrupled through two
successive wave-mixing units, and sent onto the sample inside the cryostat. An achromatic
optical system couples the emitted light to a spectrometer equipped with a camera optimized
for deep UV.

We present on Fig[3.1] a scheme of the macro-photoluminescence setup. A cw mode-
locked Ti:Sa oscillator with a repetition rate of 82 MHz is sent onto two successive wave-
mixing devices: the first one provides the third harmonic signal that is subsequently
mixed in the second unit with the first harmonic signal and tuned to give the fourth
harmonic at a wavelength of 195 nm (6.35 €V) with a power of 30 pW. A prism (P) is
used to further separate the fourth harmonic from the other components, and a planar
mirror (M) directs the beam toward the sample hold on a cold finger of a closed-cycle
cryostat (temperature control from 8 K to room temperature). The spot diameter is
on the order of 50 pm. An achromatic optical system couples the emitted signal to the
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3.1 New levels in carbon-doped hBN crystals

detection system, composed of an f = 300 mm Czerny-Turner monochromator, equipped
with an 1800 grooves/mm grating blazed at 250 nm and with a back-illuminated CCD
camera (Andor Newton 920), with a quantum efficiency of 50% at 210 nm. The spectral
resolution is 0.8 nm or 2.5 meV at 200 nm.

Reflectivity setup

A =180-320 nm

A

PA

400

Resolution Nz
10 meV environment

Figure 3.2

Scheme of the reflectivity setup. A deuterium lamp is spectrally filtered through a monochro-
mator and sent onto the sample with near normal incidence angle. The intensity of the reflected
field is measured with a photomultiplier.

We present our home-made experimental setup for deep UV reflectance on Fig|3.2
We use the field emission of a deuterium lamp (63163 Newport) spectrally filtered
through a monochromator (Cornerstone CS130) with 100 um slits providing a spectral
resolution on the order of 10 meV and a scan range going from 180 nm up to 320 nm. An
achromatic optical system made of spherical mirrors coated for deep UV conducts the
light onto the sample close to normal incidence, with a rectangular spot of size 100 pm
x 1.5 mm. The reflected field was collected by a photomultiplier (PM) connected to a
preamplifier-transducer and a final lock-in amplifier. In order to remove absorption lines
of Oy in the deep UV, the whole optical path was placed in a Ny-purged atmosphere. The
cryostat was the same as in the macro-PL experiment. Due to the excitation field source
(deuterium lamp) having a non-uniform intensity distribution over the wavelengths
used in the experiment, we normalized the data by the measurement of the reflectivity
spectrum on an Aluminum mirror deposited on the sample holder.

3.1.2 Samples characteristics

We have carried out experiments on a batch of samples doped with carbon whose growth
process involves different precursors. In order to avoid misinterpretation of results, it is
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CHAPTER 3. Deep defects emitting in the UV range

important to present the growth protocol as well as the potential effects of the different
precursors on the PL spectra.

Synthesis of the crystals

The team of James H. Edgar in Kansas State University provided us with carbon-doped
hBN single crystals grown from a molten metal solution at atmospheric pressure with a
modified version of the growth procedure described in references [17,(122]|. Three metals
were used: nickel, iron, and chromium. Nickel and iron are good solvents for boron,
with maximum solubilities of 18.5 at.% and 17 at.%, respectively. Chromium is good
for dissolving nitrogen. Mixing of both metallic solvents forms a eutectic (at 1345 °C
for Ni and Cr). The boron source for all samples was either a commercial hBN powder
or hot pressed boron nitride (HPBN), nominally fabricated from the same commercial
powder. The carbon source was graphite powder, with the natural distribution of
carbon isotopes, except for sample C40, which used *C enriched graphite. We present
the samples and their specificities on Table

Table 3.1
Growth parameters of the carbon-doped hBN crystals precipitated from a molten metal solu-
tion in a high-temperature furnace. HPBN denotes hot pressed boron nitride.

Sample name Graphite quantity BN quantity Solvents Cooling rate  Atmosphere
C20 1.5 g graphite powder 0.5 g BN powder 10 g Fe + 10 g Cr 4°C/h Hy + Ng
C22 1.5 g graphite powder 0.5 g BN powder 10 g Ni + 10 g Cr 4°C/h Hs; + Ny
c27 graphite piece HPBN 17g Fe + 17 g Cr 4°C/h Hy; + Ny
C33 2.0 g graphite powder 1.0 g BN powder 20 g Ni + 20 g Cr 0.5°C/h CO + Ny
C40 0.75 g 1¥C powder ~ BN pressed boat 10 g Ni +10gCr  0.5°C/h CO + N,

More specifically, the carbon-doped hBN crystals were precipitated from the molten
metal solution in a high-temperature single-zone furnace. For growing the crystals of
Table the precursor powders with compositions listed in the second through fourth
columns were loaded in either an alumina or a HPBN ceramic crucible, and transferred
into the furnace. The furnace was evacuated and purged with the atmospheric gases
listed in the sixth column multiple times to remove all residual oxygen. For growing
pure hBN crystals, a small amount of hydrogen is typically added with the flowing
nitrogen to reduce and remove any oxides from the source materials. However, to avoid
excessive etching of the graphite source for growing these carbon-doped hBN crystals,
carbon monoxide was used instead of hydrogen, as it reacts with and removes oxygen,
but not carbon. The precursor powders were heated up to 1550 °C to form liquid phase
and held at this temperature for 24 h to thoroughly dissolve the carbon, boron, and
nitrogen into the molten metal solution. The crystals were then grown by cooling the
system to 1300 °C at rates of 4 or 0.5 °C/h, as listed in the fifth column. During crystal
growth, the atmospheric gases were continuously flowed to the system at a rate of 125
sccm, and the system was kept at 850 torr. After crystal growth, the system was then
quenched to room temperature at 50 °C/h.
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Figure 3.3

Macro-PL spectrum at 8 K (semilog scale), with an excitation energy of 6.35 eV, in bulk hBN
synthesized either with iron (C22) or nickel (C20), and the hBN powder used as a precursor,
here in the form of HPBN.

Iron versus nickel as solvent

As alluded to earlier, the solubility of boron is higher in nickel than iron while the
residual amount of carbon impurities in our Fe is smaller than in our Ni. To determine
whether these parameters play a role in the crystals structural properties, we perform
photoluminescence measurements over a wide range of energy.

We begin by comparing the 8 K PL features in the spectral range between 3.5
and 6 eV [Fig [.3], recorded in cases of samples C20 (Fe-Cr solvent) and C22 (Ni-Cr
solvent), and of the BN powder used as a precursor, here in the form of HPBN. The
PL spectrum of the BN precursor displays emission lines near 4 eV (shaded region in
Fig|3.3). These lines are also found in the PL spectra of C20 and C22. The lines form
a more or less documented series, depending on the growth run, with in general the
detection of a strong feature at 4.1 eV. We emphasize that these sharp lines were never
recorded in the case of samples grown using the protocol of [123|, which revealed the
optical performances of monoisotopically boron-purified BN samples [124]. For these
growths, elemental boron-10 and boron-11 as well as Ny were used instead of a BN
powder. PL intensities have been plotted logarithmically in Fig[3.3] The PL spectrum
below 5 eV corresponds to the recombination lines arising from deep levels. There is the
well-known zero-phonon line (ZPL) at 4.1 eV with its accompanying phonon replicas
at lower energies [68, [125]. Because of the heavy carbon-doping in our hBN crystals,
the PL intensity of the 4.1 eV line is comparable to that of the stacking faults around
5.5 €V, in contrast to the peak observed in powder samples, if it is seen at all. This is
in agreement with similar studies reported in [125] that led those authors to relate the
4.1 eV line to carbon/oxygen impurities. In Fig the PL line shape is not influenced
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CHAPTER 3. Deep defects emitting in the UV range

by the chemical composition of the solvent (iron or nickel) within the inhomogeneous
linewidth of our hBN crystals.

PL intensity

C20

4.08 41 412 4.14 4.16
Energy (eV)

Figure 3.4

Zoom-in of the 4 eV region (linear scale) of the macro-PL spectrum in bulk hBN synthesized
either with iron (C20) or nickel (C22), together with a hBN powder used as a precursor (BN
Powder).

It is important to emphasize the occurrence of a doublet feature centered at 4.12 eV,
with an interlevel splitting of ~ 2 meV in sample C22 (grown using Cr-Ni), which is also
recorded but weaker in sample C20 (grown using Cr-Fe), as shown in Fig|3.4l The PL
feature of the BN powder displayed in Fig[3.4]indicates that it is also present in the pre-
cursor. Therefore, this doublet line is correlated to a contaminant contained in the BN
precursor. It has nothing to do with the contamination of Fe, Ni, or Cr. The only differ-
ence between Ni and Fe as a solvent is the unsystematic recording of a weak and broad
PL band at 4.6 eV when using the Ni-Cr solvent. We thus conclude that the use of Ni
or Fe has only a marginal influence on the optoelectronic properties of our hBN crystals.

Now that we have cast out doubts concerning the effect of the solvent on structural
properties through analysis of the photoluminescence over a wide range of energy, we
will be focusing in the following on the impact of carbon-doping. We will first consider
the shallow levels in the 5-5.7 eV range, and secondly deep levels around 4.1 eV.

3.1.3 Shallow-level emissions

Fig displays on a semi-logarithmic scale the PL spectra recorded at 8 K for dif-
ferent samples, from top to bottom: a test undoped hBN crystal purchased from HQ
Graphene (HQG), samples C22 and C27 (without CO), and sample C33 (with CO but
with different C/BN ratios; cf. Table [3.1)).
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Figure 3.5

PL spectra recorded at 8 K in bulk hBN crystals for energies ranging between 5 and 6 eV
(semilog scale). Spectra are vertically shifted for clarity. Growth conditions are given in Table
I. HQG stands for a test undoped hBN crystal purchased from HQ Graphene.

The 5.7-6 eV energy range corresponds to the intrinsic part of the emission spectrum.
This series of lines corresponds to the well-defined phonon-assisted optical transitions
typical of indirect-bandgap semiconductors, and here, of the hexagonal BN stacking,
with their specific spectral distribution that we have reviewed in Chapter [I] Section
Zooming in on each of these phonon-assisted recombination lines reveals a sim-
ilar low-energy fine structure, due to the emission of phonon overtones involving the
low-frequency Raman-active mode at the zone center |57].

Below the energy of the LO-assisted recombination (5.75 €V) starts the spectral
range of defect-related emission, discussed in Chapter [1] Section [1.4.2] From 5.7 eV
down to 5 eV, there is a series of discrete lines split from each other by about 147 meV.
Transverse optical phonons at the K point of the Brillouin zone assist inter-K valley
scattering, producing a series of discrete recombination bands because the stacking
faults in bulk hBN [65, 66| provide a density of final electronic states in Fermi’s golden
rule, and shape the envelope of the PL spectrum [63]. Two distinct lines, labelled Dy
and Dg in the initial paper of Cassabois et al. [63] and noted on Fig , are also
detected. They were tentatively attributed to the BN divacancy following [126].

The PL spectrum is almost identical for the first three samples (HQG, C22, and
C27). In contrast, in the heavily doped C33 sample, the PL spectrum presents less
defined features. The sharp and detailed series of phonon-assisted recombination lines
above 5.7 eV is strongly broadened and hardly observable, and the defect-related emis-
sion lines are also broadened. More importantly, we note an apparent blue shift of the
most intense line to 5.52 eV in C33, shifting from 5.47 eV in the other samples.

The higher carbon concentration in C33 may affect the crystal quality and result
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CHAPTER 3. Deep defects emitting in the UV range

in a decrease of the intensity of the intrinsic recombination lines together with a larger
inhomogeneous broadening, which would contribute to washing out the series of phonon
replicas above 5.7 eV. As a matter of fact, this may also impact the defect-related emis-
sion lines, but we note a distortion of the peak around 5.5 ¢V. In HQG, C22, and C27,
the energy of the maximum is 5.47 eV with a high-energy shoulder at 5.5 eV [Fig ,
whereas we observe a broader asymmetric line in C33 with a maximum at 5.52 ¢V, an
energy that corresponds to a minimum of the PL spectrum in HQG, C22, and C27.
Finally, a secondary maximum appears at 5.37 eV in C33, as a high-energy shoulder of
the 5.3 €V band, again at an energy where the PL spectrum of HQG, C22, and C27
displays a minimum. These observations suggest the existence of new transitions in the
optical response of heavily carbon-doped hBN crystals.
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Figure 3.6

PL (solid lines) and reflectance (dotted lines) spectra on linear scales, recorded in a test
undoped hBN crystal (HQG, black lines) and a heavily carbon-doped one (C33, green lines)
at 10 K. Note the coincidences between the reflectance minima and the PL maxima in sample
C33.

To test this hypothesis, we compare in Fig W the PL and reflectance spectra (on
linear scales) recorded in HQG and C33. For HQG, the reflectivity (dotted black line)
displays smooth variations with a rather flat spectrum in the spectral domain where
the PL spectrum (solid black line) is on the contrary very rich with many lines due to
intervalley scattering into excitonic states bound to stacking faults, as explained above.
Such a difference between the spectra is fully consistent with the distinct nature of
the microscopic processes involved in PL and reflectivity. Indeed, as explained in the
beginning of this chapter, the reflectivity probes a material in its thermodynamic equi-
librium whereas PL results from carrier relaxation and thermalization. The presence of
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3.1 New levels in carbon-doped hBN crystals

many defect-related lines around 5.5 €V, in the PL spectrum but not in the reflectance
one, is a genuine signature of relaxation effects with resonances of intervalley scattering,
further supporting the interpretation initially proposed in [63].

In contrast, the heavy carbon-doping in C33 not only modifies the PL spectrum
(solid green line) but also the reflectance one (dotted green line). Strikingly, there are
pronounced reflectance oscillations, in resonance with the new emission lines at 5.37 and
5.52 eV. This observation confirms the existence of new optical transitions associated
with heavy carbon-doping in hBN crystals. The incorporation of carbon during the
growth process produces complementary states with a high enough density and oscilla-
tor strength of their optical transition to significantly change the dielectric constant in
the 5.3-5.6 €V energy region.

Following [126], we tentatively attribute the lines at 5.37 and 5.52 €V to an exciton
bound to the defect formed by a carbon substituting for a nitrogen (Cy). In [126], the
optical absorption spectrum of hBN calculated by the Bethe-Salpeter equation predicted
that native point defects or impurities induce novel optical transitions close to the band
gap, corresponding to defect bound excitons. The heavy carbon-doping in C33 makes
the Cy-bound exciton a strong candidate for the 5.37 and 5.52 eV lines.

3.1.4 Deep-level emissions

In this section we focus on the lower energy part of the spectrum presented in Fig[3.3]
especially on the shaded region corresponding to the emission of the well studied defect
at 4.1 eV. We discuss the presence of new spectral lines at higher energies between 4.1
and 4.2 eV.
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Figure 3.7

Full set of the PL spectra (semilog scale) of carbon-doped hBN samples in the 3.5-4.25 eV
range. The spectra are vertically shifted for clarity. The horizontal bars have a 200 meV
width, corresponding to the LO(I') phonon energy.
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We display on Fig the PL spectra of three samples in the 3.5-4.25 eV spectral
range. Emission from the 4.1 eV deep level is always recorded with its sharp ZPL,
phonon sidebands and prominent optical phonon replicas at 3.9 and 3.7 eV [68], |127].
A new line at 4.12 eV (called UV1) is observed with a doublet fine-structure splitting.
In sample C27, there are additional weak lines at 4.14 and 4.16 €V (called UV2 and
UV3, respectively), all three of these lines being much more intense in the heavily
carbon-doped C33 sample. We also note that all of these lines broaden when increasing
the amount of carbon involved in the growth protocol, which likely prevents us from
observing any fine-structure splitting, if any, for UV2 and UV3. Finally, phonon replicas
of UV1, UV2, and UV3 are detected, readily observed and red-shifted by 200 meV
(LO(T") phonon) and 400 meV (2LO(I") phonons) from their ZPL.

The first indication that UV1-3 do not share the same microscopic origin as the 4.1
eV deep level comes from the vibronic part of their PL spectrum. The experimental
data recorded in C33 are plotted on a linear scale in Fig|3.8in order to better resolve
the different line shapes of UV1-3 compared to the 4.1 €V line. At low temperature (8
K, top spectrum), we can distinguish the ZPL and the low-energy sideband in the emis-
sion spectrum of the 4.1 eV defect as described in Chapter [1] Section [1.4.3], although the
carbon-doping leads to broadening of the ZPL. On the contrary, for UV1-3 no phonon
sideband is observed and each of the UV1-3 lines can be fairly fitted to a symmetric
profile, with a Gaussian function. Moreover, upon raising the temperature, the FWHM
of UV1-3 increases from 6 meV at 8 K to 9 meV at 120 K. Such a temperature depen-
dence contrasts with the phenomenology presented in Section [1.4.3| Fig[1.18] where we
observed a 5.5 meV broadening in the 8-120 K range for the 4.1 eV defect [68], further
suggesting a different microscopic structure in UV1-3 compared to the 4.1 eV defect.

PL Intensity [ arb. units]

405 a1 415 a2
Energy (eV)

Figure 3.8

Temperature-dependent PL measurements (linear scale) in the heavily carbon-doped hBN
sample C33, in the 4.05 to 4.2 eV range. The spectra are vertically shifted for clarity.

Furthermore, looking at the PL signal intensity as a function of temperature, we do
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3.1 New levels in carbon-doped hBN crystals

not record any cross-talk between the lines, with a constant intensity ratio among the
set of optical transitions in the 3.8-4.2 eV range. This observation indicates the absence
of interlevel crossing in the relaxation dynamics, either because the spatial separation
of the defects is larger than the carrier diffusion length, or because they are formed
in distinct mesoscopic domains due to the local fluctuations of the growth conditions

during the synthesis of the hBN crystals.

We performed reflectivity measurements in this region of the spectrum in order to
access the oscillator strength of the optical transitions observed. Results are shown on
Fig [3.9] where we compare the PL and reflectance spectra recorded at 8 K in sample
C33. The reflectivity signal exhibits a marked peak at 4.1 eV, testifying to a substantial
oscillator strength. Because of the mirror symmetry between phonon-assisted absorp-
tion and phonon-assisted emission, we record a series of blue-shifted minima that are
the high-energy analogs of the phonon replicas detected in the PL spectrum, with an
interlevel spacing of 200 meV as discussed above. Note that the ZPL is broader in
reflectance than in PL, thus smearing out the fine structure of the phonon replicas in

reflectivity.
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Figure 3.9

PL (green dashed line) and reflectivity (purple solid line) spectrum on linear scales, recorded
at 8 K for sample C33 in the 4 eV region. The horizontal bars have a 200 meV width,
corresponding to the LO(T') phonon energy. They are displayed in red for the red-shifted
phonon-assisted emission (below 4.1 e€V), and in blue for the blue-shifted phonon-assisted

absorption (above 4.1 eV).

Surprisingly, nothing is detected for the UV1-3 deep levels in reflectivity. Although
the PL lines of UV1-3 and the 4.1 eV defect are of comparable intensities in this sample,
no reflectance minima are seen at the energies of the new carbon-related PL lines. This
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effect may come from either a smaller oscillator strength or a lower density of the UV1-
3 point defects. In both cases, the interpretation of the high PL signal intensity from
UV1-3 implies a more efficient carrier relaxation in these novel carbon-related point
defects.

Summary

By means of macro-PL and reflectivity experiments, we have probed the emission spec-
trum of different carbon-doped crystals of hBN in the deep UV (5eV to 6eV) and the
near-UV (~ 4 eV).

In the deep UV, namely in the part of the spectrum corresponding to exciton recom-
bination assisted by inter-K valley scattering, we bring the evidence of new energy level
transitions at 5.37 and 5.52 eV which are not observed in moderately doped samples.
They have sufficient oscillator strength and are present in density high enough to mod-
ify the dielectric constant in the energy region 5.3-5.6 €V, as witnessed in reflectivity.
We attribute the new level transitions to an exciton bound to a Cy impurity.

In the near-UV region around 4.1 eV, we reveal the existence of additional optical
transitions at 4.12 eV (UV1), 4.14 eV (UV2), and 4.16 eV (UV3), to which carbon dop-
ing induces a strong increase in their PL signal intensity. These spectral lines are not
documented in the literature. In contrast of the two levels introduced at higher energies
in the spectrum, the reflectance spectra show no correlated features for the UV1-3 lines,
indicating either a low density or weak oscillator strength. In the former case, recalling
that the excitation spot is large and thus the signal is averaged over many locations,
probing the sample at a smaller scale would enable to investigate the spatial variations
of these deep levels and help to gain further insight into them.

To that end, we shall now present the p-PL confocal setup operating in the UV
range, built during my thesis. Additionally to the gain in spatial resolution, the better
spectral resolution of our confocal microscope will also help in revealing subtle details
in the spectrum, if any. Besides, the sub-bandgap excitation energy at 4.66 eV (266
nm), is not only closer to the energy transition of the UV1-3 levels, but also allows the
suppression of the 4-eV broad emission background [127], thus enhancing the visibility
in this region of the spectrum.
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3.2 Confocal microscope at 266 nm / 4.66 eV

3.2.1 General overview of the experimental setup
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Figure 3.10

Functional sketch of the confocal microscope.

We have built a confocal microscope in the ultraviolet range that works at cryogenic
temperature and is coupled through an achromatic and geometrical aberration-free
optical system with a spectrometer and a HBT interferometer (cf. Chapter [2)) to assess
the uniqueness of the point defect emitters. A scheme of the overall setup is shown on
Fig[3.10] while a more detailed drawing for the cryostat and widefield imaging system
is presented on Fig [3.11]

Laser source

The excitation source is a diode pumped continuous wave solid state laser (FQCW266-
10, CRYLAS GmbH company). The optical emission results from a quadrupled Nd:YAG
laser (A=1064 nm) thus providing an emission wavelength at 266 nm or 4.66 e¢V. The
mode of the emitted light is a single longitudinal mode TEMqg, with a deviation from
a gaussian beam shape characterized by a factor M? < 1.3, linearly vertically polarized
and with a linewidth of less than 300kHz around 266 nm. A combination of a half-
wave plate (A/2) and a polarized beam-splitter (PBS) allows the regulation of the laser
power. The beam is enlarged a first time by a couple of lenses of different focal length
(L1, L2).
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Spatial filtering

To obtain optimal performances, a pinhole diaphragm in the excitation path is used
to improve the selectivity of the illumination in the sample field by spatially filtering
the illumination beam. Another advantage of this pinhole is that it creates a point
source for the excitation that is stable and remains immobile throughout measurement
and alignment, the changes in pointing direction of the laser source producing only a
modification of the laser intensity. In this purpose, a pinhole of 25 nm is placed in the
conjugated focal plane of a lens L3 (f=89.5 mm) and L4 (f=136 mm). The telecentric
system formed by (L3, L4) provides a second enlargement of the beam. The focal length
of L.3 was chosen long enough in order to avoid spherical aberrations with high angles
of diffraction which would introduce distortion of the spot and losses of energy. The
lens L3 is installed on a XY translation stage with micrometer control of the position
and on a Z linear translation stage in order to finely optimize the coupling with the
fixed confocal pinhole. We reach a coupling of 86%.

Beam walking and dichroic mirror

The excitation beam is then sent onto two planar mirrors (P2, P3) mounted on kine-
matic mounts with adjustable angles and in a 45°/45° configuration, for beam walking.
This couple of mirrors allows to make the beam parallel and centered with respect to
the entrance pupil of the objective.

A dichroic mirror (Di01-R266 Semrock) is placed at an incident angle of 45°. It has
a reflection coefficient of 94% for A = 266 nm and a transmission coefficient of 90%
above A = 277 nm. Dp on Fig[3.10] indicates an iris diaphragm that enables to control
the beam diameter before the objective.

Microscope objective in a close-cycle cryostat

The microscope objective we use is a refractive objective with an effective focal length
EFL = 5 mm at 266 nm and numerical aperture NA = 0.5 (LMU-40X-UVB, Thorlabs).
The cryostat installed in the experiment is an helium close-cycle cryostat (OptiDry
model) from MyCryoFirm. It has a large vacuum chamber with a cold gold-coated plate
at 4 K at the bottom, on which lies the sample holder along with all the opto-mechanical
devices (sample positioners, scanners), the probe and heater for temperature control (cf.
Fig . This chamber possesses an upper turret, removable for samples installation
and /or indoor optics adjustment. An in-house made mechanical piece was designed to
hold a planar mirror at 45° on top of this turret, thus changing the propagation of light
from horizontal to vertical direction, directing the beam towards the top window of the
cryostat.

One fundamental aspect of our setup is the position of the objective inside the
chamber of the cryostat. Indeed, in the UV range, aberrations introduced when a cone
of light crosses a glass window are huge. In order to avoid any change of refractive
index between the objective and the sample, the microscope objective was fixed inside
the chamber to the top wall, like illustrated on Fig[3.11, However, in the cryostat, the
walls are not cooled down, only the cold plate is connected to the cooling system. It
means that the objective is at room temperature. This is why we need a thermal shield
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Figure 3.11
Drawing of the excitation part with the cryostat chamber and the widefield imaging system.

at 50 K between the objective and the sample holder, to protect the sample from the
black body radiation at 300 K of the objective.

Scanning system

In the design of our confocal setup, the laser source and the objective are fixed, and we
perform raster scans by recording the PL signal intensity for different positions of the
sample by moving the sample. It requires a precise control of the position, the moving
frequency and the repetition rate of the scanning stage. Moreover, the nanopositioners
work under cryogenic temperature and vacuum. We use two types of positioners: three
unidirectional steppers (2 ANPx101 & ANPz101 Attocube) to position roughly the
sample and explore different regions, and one XYZ scanner (ANSxyz100 Attocube) to
perform the scans. The steppers have a travel range of 5 mm at both high and low tem-
perature whereas the scanner travel range is 50x50x24 pm? at 300 K and 30x30x15
nm? at 4 K. Both types of positioners are connected to their suitable controller. The
scanner is controlled through an acquisition card with analog outputs (NI PCle-6323)
connected to the controller (Thorlabs MDT693B-3 channel) while the steppers are con-
trolled independently through their own controller (Attocube ANC 300).
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Confocal collection

The photoluminescence of the sample is collected by the same objective and collimated
towards the collection path. The light is first transmitted by the dichroic mirror, and
then goes through a filter F1, an ultrasteep long-pass edge filter (RazorEdge Semrock)
with an optical density OD = 5 at 266 nm, to remove the remaining laser light inten-
sity. The confocality of the microscope is ensured by the collection pinhole positioned
in the common focal plane of two spherical mirrors S1 and S2 (f=250 mm). In this con-
figuration, the light is therefore re-collimated by the second spherical mirror S2, and
subsequently separated by a 50/50 beam splitter: one half is directed toward a couple
of single-photon detectors and is filtered by the band-pass filter F2 300-340 nm with
OD > 5 outside the band (FF02-320/40 Semrock), and a second half toward a planar
mirror P4 that directs the light to a 24° off-axis parabolic mirror P, (f=209 mm). This
last mirror focuses the photoluminescence at the entrance slit of the spectrometer.

The diameter of the pinhole in collection, which fully determines the ability of the
system to select one optical slice in the axial direction of the sample, has to be properly
chosen. The choice is usually made so that the back projected image of the pinhole in
the focal plane of the objective is equal or smaller than the excitation spot. If we neglect
aberrations, the excitation spot size is given by the Airy disk radius calculated with
the photoluminescence wavelength because we are considering the diffraction pattern
caused by the light emitted from a point source in the sample. Thus, we apply the
Abbe formula with Ap;, = 300 nm (emission wavelength of the 4.1 ¢V defect) and the
resulting Airy disk radius 4™ equates to:

. A 300nm
Aty — 061 x 22 — 0.61
r 0.61 x NA 0.61 x

We finally obtain the size of the pinhole by applying the magnification factor related to
the focal length of the objective and mirror S1: & X 2 x rAY = 250mm/5mm x
2 x 366nm =~ 37 pm. Conventional sizes of pinhole being multiple of 10 pum, the choice
was made to favor confocal stringency and work with a 30 pm wide confocal pinhole

(80% of the Airy disk).

~ 366nm . (3.1)

Two channels for PL detection

After the confocal selection, we have two different ways of detecting the photolumines-
cence signal.

In the case of the reflection on the beam splitter BS [Fig , we use hybrid
photomultiplier tubes (PMA Series PicoQuant) in photon-counting mode. The PMA
have a 6 mm wide detection area, work for photon wavelengths between 220 and 650 nm,
have a transit time spread of 50 ps, which is the ultimate time resolution achievable, and
can handle count rate up to 10 MHz. The dark counts are under 100 counts/s. For raster
scans of PL, only one of the detectors was used. However, to perform time-correlated
single photon counting (TCSPC) measurements, we used both detectors mounted in
the configuration of Hanbury Brown and Twiss (HBT) interferometer. The PMA are
connected to a single-photon counting acquisition card (PicoQuant TH260).
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In the second case of transmission by BS, we use a spectrometer that has a =500
mm Czerny-Turner system (Shamrock 5001 B2) equipped with a turret containing three
gratings with different groove density and blazed at different wavelengths. The one
providing the best resolution has 1800 grooves/mm and is blazed at 250 nm: it provides
a spectral resolution of 0.02 nm or 0.3 meV at 300 nm. The spectrometer is coupled to a
back-illuminated UV-enhanced camera (Andor Newton DU940P BU2) with a quantum
efficiency of 60% at 300 nm. The camera active pixel area is composed of 2048 x512
pixels of 13.5x13.5 pm?. The advantage of using the spectrometer is to resolve the PL
spectrum. We can spectrally filter the PL. maps over a given spectral range, a type of
analysis usually called SPIM. This will be further explained and illustrated in section
3.2.5 The time needed for such an acquisition is however much longer than the one
with mono-channel photon detectors.

Optical inspection with the widefield imaging system

An additional mirror placed on a magnetic mount ahead of the collection path is used
to couple the objective with the widefield imaging setup. A close-up of this part is
represented on Fig [3.11]

In order to visualize the sample surface under visible light and with an appropri-
ate magnification, we set up a widefield microscope using a mounted LED (Thorlabs
MCWHL5) which emits a cold light at 6500 K with a central wavelength at 430 nm.
The image is formed on a CCD camera (Thorlabs DCC1545M) by a UV-coated lens.
The magnification obtained is 35x which provides a spatial extent of 45 pum wide and
70 pm high.

Computer control of the experiment

The experimental setup features a number of instruments that need to be controlled
by a central unit for data acquisition. From shining a laser on a sample to obtain a
SPIM image, there is a number of steps that goes from the development of an interface
with a central unit, computer programs for data acquisition, data analysis and data
visualization. I present below the programs that I have coded during my thesis.

There were two main programs to develop for the data acquisition. The first con-
cerns the acquisition of raster scans of photoluminescence. One very inconvenient point
is that the PMA, made to detect single photons, send low negative amplitude pulses (-75
mV) with extreme short time resolution (700 ps) which make them undetectable by the
acquisition card of the scanners (NI PCle-6323). In consequence, the instruments have
been synchronized for scan acquisition using the acquisition card PicoQuant-TH260,
suitable for the signal sent by the PMs, with the NI card. The program has been coded
in Labview with the DLL from Attocube and PicoQuant. The second program is the
one used for SPIM acquisition. It requires to control in a synchronous manner the
scanners and the spectrometer with the camera. Again the chosen interface is Labview
because previous programs were already developed in that language.

A secondary program has been coded in Labview for control of the Attocube step-
pers. Regarding the spectrometer, native program from Andor (Andor Solis) has been
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extensively used for alignment and sample exploration especially for its numerous op-
tions in image mode. Temperature control has been conducted directly through the
controller Cryo.Con 24C. Laser emitting power was always set to 8 mW for stability
and effective used power was selected by a couple of a half-wave plate and a polarized
beam splitter. The direction of the half-wave plate was controlled from the computer
through a motorized rotation stage.

Concerning the data visualization and analysis, I have coded programs exclu-
sively in Python programming language [128|, working mainly with Numpy and Scipy
libraries for data processing and analysis, Panda for data manipulation and Matplotlib
for data visualization.

3.2.2 What are the challenges to build a confocal setup in the
uv?

The many challenges to build such a confocal setup in the ultraviolet range stem from
the optical aberrations, both spherical and chromatic, in the excitation as well as in
the collection part of the optical system.

Indeed, materials used to build optics (lenses, mirrors, windows, beam splitters)
become very dispersive media for the light in the UV. This is the reason why we installed
the microscope objective inside the cryostat chamber, as explained earlier. Yet, this
does not solve all issues related to spherical aberrations. The refractive objective we
use in our system is significantly sensitive to spherical aberrations in that the focusing
of the excitation beam into a small excitation spot in the sample field is remarkably
dependent on the diameter Dp of the beam. While it is common to fully illuminate
the entrance aperture of the objective to reach the best spatial resolution, here we need
to assess the optimum value of Dg that minimizes the impact of spherical aberrations.
We carefully deal with this issue in section [3.2.3]

Another consequence of optics becoming highly dispersive in the UV is that, while
the excitation part deals with a monochromatic beam and for which we can use lenses
to focus and re-collimate the light, the situation in collection is significantly different
because the emitted light from our sample has a large spectral width that expands
typically from 300 nm to 340 nm. In this regard, chromatic aberrations are a crit-
ical issue, and totally preclude the use of refractive optics for the collection of the
photoluminescence. To get rid of this type of aberration we have used reflective op-
tics such as concave and parabolic mirrors. We shall discuss the practical aspects of
those in section [3.2.4, The microscope objective, made of a series of lenses, and used
both for excitation and collection, suffers the same chromatic aberrations, particularly
when it is question of focusing the laser light and collecting the PL light from the same
focal point. This issue demands particular attention and will be tackled in section|3.2.4

Besides, another necessity in the UV range is to work with UV-adapted optical
components. The lenses L1-4 (LA-UV, Thorlabs) are made of UV grade fused silica
offering a high transmission coefficient in the UV and low thermal expansion, and are
coated with an anti-reflection layer, decreasing the reflection to 0.5%. The mirrors P1-
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3 (NB1-K04, Thorlabs) are Nd:YAG laser line mirrors, perfectly adapted to our laser
source, offering a high damage threshold to withstand the high-intensity beam in the
excitation part. The reflection coefficient is greater than 99.75%. In the collection part,
the mirrors S1-2 are UV-enhanced aluminum concave mirror (10DC500AL.2, Newport)
with a reflection coefficient R > 90% for wavelength between 250 nm and 600 nm. P4 is
also a UV-enhanced aluminum mirror (PF10-03-F01, Thorlabs) with R > 90% between
250 and 450 nm. Finally, the parabolic mirror P, is made of bare aluminum (Edmund
Optics) and is 40mmx40mm large. It has been specially coated for UV. Its reflectivity
reaches 85% in the range 250 nm - 700 nm. These coatings are expensive, and sensitive
to oxidization. Moreover they are less tolerant in angle of incidence which adds to the
constraints, however they are of paramount importance when signals to be detected are
very weak. Finally,

3.2.3 Optimization of the optical excitation

In this section, we deal with the impact of the excitation beam diameter on the spatial
resolution. To obtain the smallest spot of excitation with a microscope objective, one
usually illuminates the full entrance aperture of the objective, and we understand it
well from basic knowledge on microscope resolution and Fraunhofer diffraction. How-
ever, due to importance of refraction phenomenon at 266 nm, spherical aberrations are
occurring through the objective lenses and enlarge the excitation spot by modifying
the distribution of intensity in the sample field. Thereby, the resolution given by the
classical Abbe formula rq = 0.61 x ﬁ is not applicable here.

In order to curb this detrimental effect, we control the entrance beam diameter Dpg
by placing an iris diaphragm on the excitation path before the top mirror of the cryostat
(cf. Fig[3.10). By narrowing the beam we suppress the outer light rays on the pupil,
thus diminishing spherical aberration effects. Yet, when the objective entrance pupil
is not completely filled, the effective numerical aperture NA decreases and so does the
diffraction-limited resolution (Airy disk radius increases). Therefore, one must find an
optimum value for the resolution.

Simulation with an optical design software

We have used Zemax to numerically simulate the effect of Dg on the excitation spot
size. Zemax is a professional optical design program [129] used to design and analyze
imaging systems as well as illumination systems. It works by ray tracing-modeling
the propagation of rays through an optical system. It can model the effect of optical
elements (here, the objective) and produce standard analysis diagrams such as spot
diagrams.

Fig|3.12(a) presents the dependence of the spot size with Dg. We have two elements
in the figure. First is the case without spherical aberrations, represented by the solid
orange curve. In this case the excitation spot radius is only limited by diffraction,
it is the Airy disk radius. Second is the case with taking spherical aberrations into
consideration, represented by the blue dots. In this case, the excitation spot radius
departs from the ideal case because aberrations through the objective tend to deviate
the peripheral rays, thus enlarging the spot. Therefore we need to redefine the spot
radius. A consistent way of doing that is to consider, in the spot diagram, the radius
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of the circle enclosing 84% of the total luminous intensity, a criterion chosen to be
identical to that of the definition of the Airy disk (cf. Fig for more details). The
procedure for this redefined spot also performs an optimization along the axial direction
(the so-called "refocused spot"), as a consequence the effective focal length changes a
little bit during this process, however over the all range of Dy values in this figure, the
variation of the focal length is less than 1 pum. Dpg ranges from 1.5 mm to 5 mm, the
actual pupil diameter of the objective.
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Figure 3.12

(a) Simulated diagram, using Zemax, of the excitation spot radius in the focal plane of the
objective depending on the beam diameter (Dp). The solid orange line represents the case
without taking spherical aberrations into consideration (Airy disk), and the blue dots with
spherical aberrations throughout the objective (refocused spot, see main text). (b) Experi-
mental investigation of the effect of the beam diameter for Dgp = 2, 3, 3.8 and 4.5 mm. The
upper panels are the images at zero order on the CCD camera of the spectrometer without
the confocal pinhole in collection. The lower panels are a cross-section of the intensity profile
with a Lorentzian fit, the FWHM in pixels is indicated by the orange arrows.

One can see that the Airy disk size (solid line) varies in a monotonous way with
the beam diameter. This is well understood from Fraunhofer diffraction: the more
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the incident beam illuminates the objective entrance aperture, the more the effective
numerical aperture increases, the smaller the excitation spot. It reaches the value of
325 nm when D = 5 mm, as expected.

In contrast, the refocused spot (blue dots) behaves in two distinct ways. For values
of Dp less than 3.5 mm we are still in the Gauss conditions and the aberration effects are
not visible, it follows the orange curve. Then, spherical aberrations become prominent
and it rises significantly. Thereby, there is an optimum value of the beam diameter to
obtain the smallest excitation spot. The optimum is found for Dp = 3.8 mm, which
provides a resolution of r§f = 500 nm at the sample surface.

Experimental results

Fig[3.12(b) provides the experimental data when changing Dg. The upper panels show
the images at zero order of the excitation spot onto the CCD of the spectrometer for
several values of D, with the collection pinhole removed (otherwise we would image it
instead of the excitation spot). The lower panels display a cross-section of the inten-
sity profile with a Lorentzian fit. We note a good agreement with the simulation, the
FWHM of the spot intensity decreases steadily until reaching a minimal value of ~ 4
pixels for D = 3.8 + 0.1 mm, and then rises rapidly to 7 pixels when reaching Dg =
4.5 mm.

To bring more details on the procedure for defining the refocused spot radius, we
present in Fig [3.13((a) the radial cumulative distribution of the intensity of the spot
diagram in the focal plane of the objective, for Dp = 3.8 mm (blue) and Dp = 4.4 mm
(red), and for the two cases with (dotted lines) and without (solid lines) spherical aber-
rations. For a given value of the radial distance, the curve indicates the percentage of
the luminous energy contained in a circle of this radius. This is schematically illustrated
in Fig|3.13|(b) for a spot with aberrations, in purple. In the case of diffraction-limited
resolution (not represented), the spot intensity follows the well-known Airy patternﬂ
whose radial distribution is recalled in the inset of Fig|3.13(b), where the Airy radius
is simply defined by the distance from the center of the spot to the first zero of the
distribution, and where the area between the two zeros represents 84% of the total
intensity. In the spot diagram, however, we see that the spot is not included in the
Airy disk because of aberrations, and we thus have determined the new radius forming
the refocused spot (dotted line) that does contain 84% of the total luminous intensity.

In Fig a), for Dp = 3.8 mm (blue), corresponding to the optimum value de-
termined above, we clearly see that the intersections of the solid and dotted lines with
the 84% threshold give similar radii, as seen in Fig[3.12(a) where the blue dot is only
80 nm above the orange curve. For D = 4.4 mm, the solid line indicates a smaller
Airy disk radius as expected (because NA increases) but, in contrast of the precedent
case, the intersection of the dotted line with the threshold at 84% gives a much larger
refocused spot radius, in agreement with the fourth CCD image of Fig|3.12(b). Spher-
ical aberrations tend to distribute more luminous energy in the secondary oscillations
of the Airy pattern.

!For the common case of circular objective aperture, it involves the Bessel function of the first kind
and order.
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(a) Radial cumulative distribution of the luminous energy with (dotted lines) and without
(solid lines) spherical aberrations, with D = 3.8 mm (blue) and D = 4.4 mm (red). (b)
Illustration of a spot diagram in the focal plane of the objective. The dotted circle corresponds
to the refocused spot radius encircling 84% of the total intensity distribution in purple. Inset:
recall of the intensity distribution of the Airy pattern.

As said previously, the focus of the spot is slightly modified by the aberrations effect.
We stress that between Dg = 5 m, that is to say the completely illuminated objective
aperture, and Dp = 3.8 mm, the optimum beam diameter for the resolution, the axial
shift calculated with Zemax is ~ 400 nm. It is not insignificant compared to the axial
extension of the spot (~ 2um), therefore the iris diaphragm controlling Dg should be
installed at the beginning of the alignment to optimize the confocal tuning.

3.2.4 Mitigation of chromatic aberrations

In this section we shall tackled the issue of chromatic aberrations occurring through the
microscope objective, and then examine the collection system composed exclusively of
mirrors.

Correction for the chromatism of the objective

The wavelength of the laser beam is Aeye = 266 nm, while the typical emission wave-
length is around M., = 300 nm. The refractive indices of materials, lenses are made
of, vary more rapidly in the ultraviolet range compared to the visible range. It means
that the effective focal length of the objective can be quite different for these two wave-
lengths.

To assess the necessity to compensate for chromatic aberrations in the objective, let
us evaluate the change in focal length. To do so, we simulate the path of optical rays
with Zemax. The program calculates that the focal length of the objective for
266 nm is 11 pm shorter than the focal length at 300 nm. To know whether
or not this change in focal length has to be taken into account in the alignment, it is
relevant to estimate the axial extension (along z) of the confocal spot. Assuming that
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the focused laser beam operates in the TEMyy, mode and is directed along the z axis,
the confocal volume is an oblate ellipsoid, which is an ellipse rotated around its longer
axis. Similarly to the lateral resolution, the axial resolution is defined as the distance
from the center of the 3D diffraction pattern to the first axial minimum (in object space
dimensions). This definition is the axial equivalent of the Rayleigh Criterion, and reads:

B 1x A N2n)\
TV _NA  NAZ|

where n is the index of refraction of the medium between the objective and the sample.
The approximation that is done above simply results from a limited series expansion of
the square root at the first order by factorizing by n, and stays true for value of NA
less or equal to 0.5.

For our setup, the medium is the air n = 1 and the formula yields an axial
resolution of 7, = 2 % 0.266/0.5% ~ 2 pm. This result confirms that we need to compen-
sate for the chromatic aberrations of the objective. Indeed, the center of the spot is
displaced by 11 pm between excitation (Aex.) and collection (Aem) wavelengths which is
more than 5 times the longitudinal extension r, of the confocal volume.
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Figure 3.14

Scheme of the steps to compensate for chromatic aberrations of the objective. (a) Represents
the inadequate situation where the laser beam is simply collimated at the entrance aperture,
corresponding to lenses (L3, L4) of the telecentric system sharing a common focal plane (b).
(d) Shows how the position of L4 influences the divergence of the gaussian beam and thus the
vertical position of the excitation spot. (c) Is the final sought configuration.
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Fig|3.14] represents how to correct the chromatic aberrations of the refractive objec-
tive. Fig|3.14[a) shows the situation as it is just by focusing the collimated laser beam.
The photoluminescense coming out of the sample diverges after the objective because
the sample is placed at a closer distance than the focus at 300 nm. The divergence of
the photoluminescence is very detrimental for the system. Indeed, after the objective
the light goes through the glass window and different wavelengths (from 300 nm to
340 nm) will be further angularly dispersed, and will later have their foci at different
distances even with an achromatic collection system. This situation corresponds to the
experimental configuration where the distance between the two lenses (L3, L4) is the
sum of their respective focal length for A\e, as represented in Fig|3.14(b).

The goal here is to bring the focus of the laser for A\, at a distance corresponding to
the focal length of the objective for Ay,. In this situation, the PL will exit the objective
collimated.

The technique consists in using the telecentric system formed by (L3, L4) placed
before the dichroic mirror. In Fig [3.14b) the laser beam is collimated. But if one
brings L4 closer to L3, as in Fig |3_._]Z|(d), geometrical optics stipulates that the beam
will be divergent. It follows that the beam will be focused farther after the objective.
We note A the downward axial displacement of the excitation spot. At the same time,
one needs to adjust the vertical position of the sample (with the steppers) in order to
keep the excitation spot at the sample surface. The correct alignment is obtained when
A = 11pm, that is to say when the focus of the laser matches that of the wavelength
Aem- This final situation is represented in Fig|3.14{(c), where the excitation occurs with
a divergent beam on the objective entrance pupil and the PL exits in a collimated
beam. Experimentally, we have used a sample containing polar quantum dots (QDs),
consisting of 10 monolayers of Aly2GaggN, with an emission peak at 300 nm. The QDs
are strongly localized in depth (few nanometers), allowing for a sharp alignment.

Achromatic collection system

We want to use this microscope to carry out studies on crystals emitting typically in
the region 300 nm to 340 nm. The spectral width is large, and we have already stressed
how dispersive the media can be at these wavelengths. Thus, having an aberration free
system in collection is an essential prerequisite to preserve the resolution achieved in
excitation. This is crucial both for the spatial and spectral resolution.

Therefore we only use mirrors in the collection path. With mirrors, chromatic aber-
rations are eliminated. However, in the case of concave mirrors (S1, S2), we must pay
attention to the spherical aberrations that inherently occur when the light hit the mir-
rors with a non-zero incident angle. Since we need non-zero angle in the configuration
of the experiment to set up the confocal filtering with the pinhole as well as to guide the
light until the spectrometer, or towards the PMA detectors, it is necessary to determine
which geometrical configuration of the mirrors allows an aberration-free optical system.
We have performed optical simulation, using the software Zemax, to evaluate the limit
angle of incidence on the concave mirrors (S1, S2) above which the effect of spherical
aberrations deteriorate the resolution. In the simulation, the beam diameter is 5 mm
(the entrance pupil diameter of the objective) and the wavelength 302 nm (ZPL of the
4.1 eV defect). Spot diagrams are shown on Fig for a angles, between incident

74



3.2 Confocal microscope at 266 nm / 4.66 eV

a=12° a=16°

Airy disk Airy disk

S £

3 3

o o

o o
Spot diagram Spot diagram
Airy radius: 18.42 ym Airy radius: 18.42 pm
GEO radius: 14.758 pm GEO radius: 25.854 pm

Figure 3.15

Spot diagrams in the focal plane of mirror S1, for angles between incident and reflected light
at S1 surface of o = 12° (left), 16° (right). Airy and geometrical (GEO) radii are given. The
latter pertains to the calculated beam rays.

and reflected light, of 12° and 16°. The Airy disk radius is 18.4 pm in both cases. It is
clear that under 12° the aberrations introduce negligible effects, the geometrical radius
(GEO) of the projected spot being smaller than the Airy radius, while above 16° they
enlarge the spot beyond the diffraction-limited disk with a GEO radius 40% larger than
the Airy one. It sets an upper limit of the angle for the experimental configuration. We
chose to work with o = 10° to preserve an aberration-free collection.

In contrast, due to the constraints in the configuration of our setup, the focusing of
the beam at the entrance of the spectrometer was made with an off-axis parabolic mirror
(OAP) P, (cf. Fig[3.10). An OAP is simply a side section of a parent parabolic mirror,
as shown on Fig|3.16] However, unlike a centered parabolic mirror, an OAP mirror has
an advantage in that it allows more interactive space around the focal point without
disrupting the beam. Note that it is important to keep the incident beam parallel to
the optical axis of the OAP, angular deviations producing comatic aberrations.

We use in our setup an OAP with 24° off-axis angle, enabling to work with high
angles without introducing spherical aberrations.
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Figure 3.16
Drawing of 15° and 45° off-axis parabolic mirrors (OAP). Parabolic mirrors are free of spherical
aberrations.

3.2.5 Performances of the microscope

We aim here at illustrating the different performances of the confocal microscope ob-
tained with a crystal of hexagonal boron nitride (hBN).

Experimental conditions

The cryostat chamber is pumped down to 10~% mbar before cooling down. Between 100
and 150 K the pump valve is closed because cryopumping becomes more efficient that
the turbo pump itself. We start working when reaching a temperature of about 5 K
given by a temperature sensor located on the regulation bloc just beneath the sample
holder. At this temperature the pressure is usually measured at 2.5 x 10~% mbar.

Raster scan of PL with the PMA

Fig[3.17((a) presents a raster scan of photoluminescence recorded with the PMA detec-
tors on a hBN flake over 20x20 pm? area. The step size is 100 nm in both directions,
and acquisition time per pixel is 50 ms. We observe a localized bright spot of emis-
sion (white square). A closeup scan is performed on the delimited region around this
spot and shown on Fig|[3.17(b). We evaluate the FWHM on this spot by plotting the
cross-section of the intensity profile on Fig[3.17(c). A Gaussian fit to the experimental
data (blue triangles) yields FWHM = 550 nm, indicated by the orange arrows. This
is a proof of concept for the achievement of the spatial resolution of our UV confocal
setup. We are able to witness spatial features of less than 550 nm.

76



3.2 Confocal microscope at 266 nm / 4.66 eV

Counts per second

180

9.00
550 575 6.00 6.25 6.50 6.75 7.00 7.25 7.50

Counts per second

5
o

\4

%9 <

Qg4

v

S ',vv;

3 3000 ;

2000 &

@ 550 nm

§ 1000

C

9 9.5 10 105 11

y (um)

Figure 3.17

(a) Raster scan of photoluminescence recorded with the PMA detectors on a region of 20x 20
nm?.  (b) Second scan with more pixel resolution on the white square of (a). (c) Vertical
intensity profile of the scan along the vertical line indicated by the orange arrows on (b).

SPIM images

With the spectrometer and the CCD camera in detection, we have the possibility to
record one spectrum at every position of the scanners during the raster scan. This
acquisition mode produces a 3D data set known as spectral image or shortly SPIM.
Practically, these images are constructed by synchronizing the acquisition of the spec-
trometer and CCD with the piezoelectric scanners. A region of interest is determined
on the sample, the spatial step size is usually chosen as 1/3 or 1/2 of the lateral spatial
resolution and the spectrum acquisition time for each point is fixed relatively to the
SNR, usually 0.5 to 5 s is necessary. The spectrum also needs to be recorded at least
three times in order to remove spikes, originating from high energy particles, with a
statistical treatment. The time needed to record a SPIM image is typically in the order
of 10 to 25 hours depending on the size of the region of interest, the desired step size,
the time of acquisition per spectrum and the reading speed of the CCD (varies the CCD
noise).

The data processing of SPIM images allows the analysis of the correlation between
spectral features and spatial localization, thus giving information on the impact of
particular morphological elements at the surface on the spectral emission. Fig|3.18(b)
shows the results of such an acquisition on bulk hBN at 4 K during 15 hours. The SPIM
is acquired over the 30x30 pm? region indicated by the blue square of the widefield
micrograph Fig [3.18(a). The similarity between the two images indicates that the
PL varies with surface morphology along the parallel lines. The SPIM is spectrally
integrated between 302.49 and 302.80 nm (or 4.0946 and 4.0988 eV), that is to say
around the ZPL of the 4.1 eV defect, and the step size in each direction is 200 nm. The
spectrum of Fig [3.18((c) is taken at the pixel position indicated by the yellow square
on the SPIM. We note the narrow ZPL, more visible in the inset. A Gaussian fit of
the data points is calculated and provides FWHM = 0.87 meV, corresponding to the
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(a) Widefield image of a region of the hBN crystal. The blue square indicates a region of
30x 30 ym? on which is performed the SPIM acquisition (b). (c) is the spectrum extracted
from the yellow pixel on (b). Inset: zoom on the ZPL of the emission and Gaussian fit (orange

dotted line).
spectral resolution of our setup limited by the width of the slits of the spectrometer

which were closed to 20 pm (this is the minimum width and the one used for SPIM

acquisition).
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3.3 Probing deep defects at a sub-micrometer scale in
PL

N THIS SECTION, we present the studies carried out with the confocal microscope in
the UV range, described in Section [3.2l We first investigate the new transitions
unveiled in macro PL and reflectivity, and then focus on the 4.1 eV line with the aim
of investigating the involvement of carbon in the structure of the defect. Finally I will
present the search for single emitters at 4.1 eV in very thin flakes of hBN.
The spectrometer is set with the grating 1800 grooves/mm blazed at 250 nm, pro-
viding a spectral resolution of 0.02 nm or 0.3 meV at 300 nm (cf. Section . In
this configuration, the full spectrum range is 27 nm (353 meV) around 310 nm (4 eV).

3.3.1 The UV1-3 lines

PL intensity
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(a) Spatial variations of the PL signal intensity recorded by an UV scanning confocal micro-
scope in sample C27, at 10 K, for an excitation power of 0.35 mW. The PL signal is integrated
from 4.112 to 4.175 eV, with a 5 s integration time per acquisition point. (b)-(f) PL spectrum
on a log scale recorded at the five different locations indicated by circles in (a).

We present here the measurements by our UV scanning confocal micro-PL setup
related to the new transitions above 4.1 eV. We first studied the spatial variations of
the UV1-3 PL signal intensity in sample C27, at 10 K. Carbon-doping in this hBN
crystal is moderate to minimize broadening of the PL lines (cf. Table [3.1). In Fig
[3.19(a), the PL map is plotted after integration of the signal intensity from 4.112 to
4.175 eV in order to better visualize the presence of the novel carbon-related UV1-3
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lines. With this color code related to a spectral range excluding the 4.1 eV defect, we
stress that the regions appearing dark correspond to a large PL intensity of ~ 5 x 103
counts per second for the 4.1 eV ZPL. In terms of the intensity of the UV1-3 lines,
sample C27 is thus more or less homogeneously dim except for very bright domains.
The 4.1 eV defect is also rather uniform and intense with a local increase in some bright
regions of Fig|3.19(a), as detailed below.

The PL spectra of five representative regions are provided in the lower panels (b)-
(f) of the figure. In the homogeneous part of the sample (circle 1), only the 4.1 eV
line is detected with a sharp ZPL and the low-energy acoustic phonon sideband Fig
3.19(b). We note the high signal-to-noise ratio with a dynamical range of three decades
between the maximum of the ZPL at 4.1 eV and the noise level at higher energy. Such
a precision is important in view of claiming the contribution of the novel carbon-related
UV1-3 lines is negligible within our signal-to-noise ratio.

Circles 2, 3, and 4 are located in the bright white regions. As expected, we observe
that the UV1-3 lines have a PL signal intensity always lower than the 4.1 eV defect, in
agreement with the macro-PL measurements presented in Fig[3.7] Our spatially resolved
PL measurements reveal the striking absence of spatial correlation between the UV1-3
lines: all three are detected at point 2, only UV1 at point 3, UV1 and UV3 at point 4,
and UV1 and UV2 at point 5. We thus conclude that the novel emission lines related
to carbon-doping in hBN do not come from the same defect, rather they originate from
three independent defects. This is crucial information and a key indication that one has
to look for three novel microscopic configurations in order to account for the micro-PL
measurements in Fig|3.19

Eventually, we point out the doublet structure of UV1, which is much better resolved
in Fig|3.19(than in Fig|3.4 Thanks to the low carbon doping and correspondingly nar-
row defect lines, as well as the spatial resolution of our microscope, the spectra recorded
in positions 3 and 4 show that UV1 is a doublet with a splitting of 2.7 meV and a FWHM
of 1.7 meV for the two components. No well-defined fine structure for UV2 and UV3 is
detected in sample C27.

We now show the similar measurements performed on the heavily carbon-doped
sample C33 in identical conditions to those of Fig[3.19. We first notice the increased
inhomogeneity with many domains giving a large PL signal intensity for the UV1-3
lines. Moreover, there is a significant broadening with a typical FWHM of the order
of ~ 10 meV compared to 1.7 meV measured in Fig|3.19(d) and (e). Nevertheless, the
4.1 eV defect maintains a narrow ZPL as seen in Fig [3.20(c) and (e), not only where
the UV1-3 lines are hardly observable, but also in locations where they are intense
[Fig .20[f)] or even dominate the PL spectrum [Fig[3.20(b),(d)]. This phenomenology
suggests that the UV1-3 defects are not only independent from each other but also
uncorrelated to the 4.1 eV deep level. Besides, all three additional lines present no
change when varying the polarization angle of the excitation laser.

We can also notice on Fig3.20|(c) the unusual shape of the ZPL peak, with a doublet
structure. Actually, in the region surrounding spot 2 in Fig|3.20(a), we find a second
peak in the ZPL structure. We recorded 11 spectra on a ~ 2 pm long horizontal line

shown in Fig[3.2]]
From bottom to top, we see the emergence of a second peak at lower energy, with a
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Figure 3.20

(a) Spatial variations of the PL signal intensity recorded by an UV scanning confocal micro-
scope in the heavily carbon-doped sample C33, at 10 K, for an excitation power of 0.35 mW.
The PL signal is integrated from 4.112 to 4.175 eV, and there is a 2.5 s integration time per
acquisition point. (b)-(f) PL spectrum on a log scale recorded at the five different locations
indicated by circles in (a).

splitting of 1.5 meV in the spectrum 6 where the two peaks have the same intensity, and
then its progressive disappearance. No similar structure at the LO(I") phonon replica
at 3.898 eV was discernible because of the broader profile of the phonon replica (~ 5
meV instead of ~ 1 meV for the ZPL). However the phonon replica does red-shift by
0.7 meV from 1 (3.8981 eV) to 6 (3.8974 e€V) where the doublet structure exhibits a
maximum of contrast, and then return to its initial value by blue-shifting from 8 (3.8974
eV) to 11 (3.8981 eV). The FWHM of the replica also constantly increases from 1 (4.6
meV) to 11 (6.3 meV) following the trend of the ZPL doublet splitting illustrated by
the gray lines on Fig|3.21] We don’t know if this doublet structure emerges from an
intrinsic phenomena or from the spatial variation of the emission. In the latter case,
giving the ~ 500 nm excitation spot diameter, it would be an indicator of the sub-pm
scale at which the ZPL position varies. This will be further investigated in the next
section

Doublet structure of the UV1-3 lines

We have discussed above the doublet structure of the UV1 line in C27. We present below
on Fig[3.22| a spectrum showing a well-resolved fine structure for the three lines UV1-3,
recorded on sample C40 doped with *C (cf. Table at 4 K. PL maps integrated in
the range 3.83-4.18 ¢V (ZPL + UV1-3) and 4.11-4.17 ¢V (UV1-3) are shown on Figs
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Figure 3.21

Series of spectra recorded at 200 nm from each other. The horizontal energy range selects only
the ZPL (right) and its phonon replica LO(T") (left). The horizontal blue bars at the spectrum
6 indicates energy splitting of 1.5 meV between the two ZPL and an energy shift of 0.7 meV
for the phonon replica. Gray lines are guidelines for the eyes.

3.22((a) and (b), respectively. We can see that the emission from the additional lines are
localized on what resemble structural deformations, like folds on the crystal surface as
already observed in cathodoluminescence in hBN [66]. On few particular points along
these deformations, the spectrum displayed a well resolved doublet structure for UV1
and UV3, and on even fewer points a doublet structure for UV2. Fig [3.22(c) displays
the spectrum from the pixel selected on Fig|3.22(b) (black square). The doublets UV1
and UV3 are fitted with a double gaussian function, yielding a splitting energy of 1.7
meV and 1.3 meV for UV1 and UV3, respectively. The width for both peaks is FWHM
~ 0.8 meV. UV2 has a peak to peak splitting of 0.5 meV, and is shifted from the
mean position usually recorded at 4.14 eV by ~ 3 meV. Unfortunately, no analysis as
a function of temperature could be done on these doublets, because the temperature
change was causing a drift of the scanners.

We note that the above value of 1.7 meV for the splitting of UV1 is smaller than
the one found in C27 in Fig[3.19| (2.7 meV), at same excitation power and temperature.
To analyze the variations of the PL spectrum of the UV1 doublet, we have carried out
statistical measurements over 45 well-defined doublets found in a 30 x 30 pm? PL map
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Figure 3.22

PL intensity map of sample C40 at 4 K integrated over the full spectrum (from 296 to 323 nm)
(a) and over the UV1-3 lines (b), for an excitation power of 0.35 mW. (c¢) Spectrum recorded
at the pixel position indicated by the black square on (b). The solid orange and green line are
the double gaussian fits for UV1 and UV3, respectively.

of sample C27. The low and high energy components of the doublet are called UV1,,
and UVlg, as illustrated on Fig (c) The statistical analysis of the distribution of
peak position and width for UV1,/s as well as the spitting values (AE) is presented in
Table B.2]

Table 3.2

Statistical analysis of the doublet UV1 over 45 spectra recorded on sample C27 at 4K and
excitation power 0.35 mW. In the analysis, UV1,,g are independently fitted with a Lorentzian
function and linear background.

UVl, UVlg Splitting UV1
Feature Position (nm) Position (¢V) FWHM (meV) Position (nm) Position (¢V) FWHM (meV) AE (meV)
mean 301.06 4.1183 1.5 300.86 4.1211 1.4 2.8
std 0.01 0.0002 0.5 0.02 0.0002 0.3 0.1
min 301.02 4.1180 0.8 300.82 4.1206 0.9 24
max 301.07 4.1188 3.2 300.89 4.1215 2.1 3.1

The mean value for the splitting of UV1 is AE = 2.8 meV, while the width of each
component is ~ 1.5 meV. These values indicate that the characteristics of the doublet
UV1 in sample C27 are significantly different from the one in sample C40 discussed
above. Indeed, the splitting AE = 1.7 meV in C40 (cf. Fig[3.22(c)) is 30% smaller
than the minimum value found in C27, and the width of UV1,5 in Fig[3.22(c) is 50%
lower than in C27. Giving the different compounds stoichiometry used in the growth
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process for C27 and C40, and especially different concentrations of carbon (Table ,
the results of this analysis provides an additional evidence of the implication of carbon
in the emergence of the new deep levels.
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(a) Correlation plot of the shifts AE of the UV line and ZPL of the 4.1 eV defect. The average
UV1 energy is 4.1197 eV, and the average ZPL energy is 4.0974 eV. (b) Correlation plot of the
widths I' of the same peaks as in (a).

Correlations between the variations in the spectral line of the 4.1 eV defect and in
the UV1 level have also been investigated. Fig [3.23(a) is the scatter plot with ZPL
shift of the 4.1 eV defect assigned to the vertical axis and energy position shift of the
center of the doublet UV1 on the horizontal one, and Fig [3.23|(b) is the scatter plot
of the width of the ZPL and the mean value of the UV1, /3 widths. The data points
in red are completed by a bivariate kernel density estimation in bluish hue to make
the distribution more visible when data points pile up at the same location. For both
plots, the distribution is mainly unimodal and no linear tendency is observed within
the standard deviation of the values. If both transitions were maintaining an energy
relation by phonon emission or absorption, for instance, this should be witnessed in
these scatter plots with a clear linear trend.

We finally conclude that no correlation exists whatsoever between the UV1 line and
the 4.1 eV defect.

Summary

The study at low temperature at a sub-pm scale of our carbon-doped hBN crystals
confirms the existence of the three new transitions UV1-3 at 4.12, 4.14 and 4.16 eV,
above the 4.1 eV defect. Although they are generally separated by a constant 20 meV
interval, we have shown that they have different origins and are uncorrelated to each
other and to the 4.1 eV defect. In moderately doped samples (C27, C40), a well-
defined doublet structure is observed for the UV1 line more regularly than for the UV2-
3 lines. A statistical analysis of the low energy component UV1, and the high energy
component UV1g of the UV1 doublet have brought two elements. First, the width
of each sub-peak increases from sample C40 to C27 to C33, supposed to contained
increasing amount of carbon, thus highlighting the role of carbon in these transitions.

84



3.3 Probing deep defects at a sub-micrometer scale in PL

Second, no significant correlation between the ZPL of the 4.1 eV defect and UV1 is
observed, definitely confirming different origins.

We are thus dealing with a new class of point defects in hBN crystals. This raises
fundamental questions about the exact influence of carbon, which is clearly involved
here: is carbon itself incorporated into the defect structure, and in which crystallo-
graphic configurations with four point defects? Does carbon play only a side effect and
promote the formation of deep levels without any embedded carbon atom? Since new
shallow levels were observed in heavily carbon-doped hBN (Section and inter-
preted as excitons bound to Cy, one may wonder if the UV1-3 lines are themselves the
true candidates for point defects made of carbon, and if, on the contrary, the 4.1 eV
defect is carbon-free.

As a perspective, it appears that the combination of advanced optical spectroscopy
with nanoscale electron microscopy will be a promising strategy for unveiling the nature
of the defects. Additionally, the examination of the density of the UV1-3 levels in similar
samples having undergone annealing or other post-process treatments could equally
bring illuminating elements in the present quest.

As far as theoretical development is concerned, a recent study on various point
defects in a planar molecular cluster of boron and nitrogen, using ab initio calculation
employing density-functional theory (DFT) methods, presents two interesting candi-
dates. For UV1: a Stone-Wales defect SWCgCy composed of an adjacent pair of
carbon placed in the middle of two heptagons, as represented on Fig|3.24|a), that has
a HOMO-LUMO absorption line at 4.12 eV. For UV2: 4 carbons in a cis pattern Cy ¢
[Fig[3.24(b)], with a HOMO-LUMO absorption at 4.14 eV. Both transitions have a good
oscillator strength (~ 0.3) and a state localized on the defect, which is consistent with
an experimental sharp peak. Moreover, C, . has the particularity of having a second
excited state around 5.3 eV, thus close to the shallow level observed at 5.37 ¢V, but is
more delocalized. In the same idea, simulating the lattice deformation to mimic the
effect of interstitial carbon atoms could bring important elements for the understanding
of the origins of these new levels.

@ SWCgCn ) Cacis

Figure 3.24
(a, b) Representation of point point defects due to substitutional carbons . Boron in pink,
nitrogen in blue and carbon in gray.
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3.3.2 Investigations of the 4.1 eV defect origin

Despite an active research activity, the chemical origin of the emission at 4.1 eV in hBN
is still debated. Carbon is often considered to be involved as a substitutional atom
for boron or nitrogen |67, {125} 127, and recent theoretical works using large finite-size
molecular cluster with TD-DFT suggests multiple neighboring carbon substitutions like
CpCn or Cy,,, Jirans rather than simple substitution [130], in agreement with the obser-
vation via an electronic microscope showing that C atoms are only seen to substitute
for B-N pairs and not for isolated vacancy [132]. CpCy is also strongly supported
by first-principles calculations based on hybrid density functionals that account for
the experimentally observed ZPL position, radiative life and Huang-Rhys factor [133].
Some have also suggested donor-to-acceptor pair (DAP) transition between a shallow
Vv donor and a deep Cpy acceptor |134], while others have cited oxygen as potentially
responsible for the emission [125] or V5Ouy complex [135]. In contrast, no correlation
between impurity concentration (C, O) and deep level emission intensity at 4.1 eV has
been measured in a recent study where the authors performed trace impurity analy-
sis [136]. They rather suggested the intrinsic defect boron-vacancy (Vg), similarly to
the theoretical work of Attaccalite et al. [126]. Moreover, Cy has been excluded on
the basis of density functional theory with a hybrid functional [137]. In summary, it is
not overstated to say that the origin of the emission at 4.1 eV remains highly conflicting.

In this controversial context, we use isotopic purification, a powerful tool in semicon-
ductor physics enabling the fabrication of chemically and isotopically pure crystals and
crystals doped with isotopically pure impurities [138]. We have carried out experiments
on hBN crystal grown with isotopically controlled carbon doping in order to further
test if carbon is a constituent of the defect emitting at 4.1 eV. More specifically, we
have performed high-resolution measurements of the energy of the ZPL in hBN crys-
tals doped either with ¥C (sample C40, Table or with "*C (sample C27, Table
[3.1)), meaning the natural mixture of 99% in 2C and 1% in **C, thus close to pure *2C
doping.

The justification for this study on isotopic controlled doping is the fact that for point
defects the isotopic selectivity of the atoms forming the defect can shift the zero-phonon
line. Several mechanisms may explain this isotopic shift, such as a modification of the
confinement or the electron-phonon interaction |138|. Quantitatively, the energy shifts
are very small. For instance, the boron-bound exciton in silicon presents an isotopic
shift of the order of 1peV when switching from 1°B to !B [138], but it can be much
larger as for G-centers in silicon with an isotopic shift of ~ 15 peV between 2C and 3C
doping [139], or even ~ 600 peV between ?8Si and 3°Si for the SiV center in diamond
[140].

In the case of hBN doped either with "¥C or '3C, the search for an isotopic shift
of the 4.1 eV line requires high-spectral resolution measurements. Moreover, one has
to pay attention to possible variations of the ZPL energy within a given sample before
comparing "*C- and *C-doped hBN in order to exclude any artifact due to a shift not
coming from the isotopically controlled doping.

Following this reasoning, we will first study the spatial variations of the energy and
linewidth of the ZPL in sample C40, and secondly compare the statistical analysis of
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our data recorded in "*C- and ¥*C-doped hBN crystals (C27 and C40, respectively).

Spatial inhomogeneity
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Figure 3.25

(a) Micrograph taken with the optical microscope. (b) PL scan recorded in the region identified
by the blue square in (a). (c) The spectrum around the ZPL of the 4.1 eV defect taken at the
locations indicated by the colored squares in (b).

On the surface of sample C40, we find a region exhibiting both good apparent crys-
tallinity and structural deformations (stacking faults) with the widefield microscope
(described in Section [3.2.1)), as shown on the micrograph of Fig[3.25(a). On the region
indicated by the 30 x 30 pm? blue square, we recorded a map of the PL intensity at 10
K with our UV scanning confocal micro-PL setup [Fig[3.25(b)], here sharply integrated
around the ZPL of the 4.1 eV defect (4.0946-4.0988 ¢V). The image shows a slowly
decreasing intensity from bottom to top. We explain that with the variation of the
crystal axial position in the depth of field of our confocal microscope, thus decreasing
the excitation density from bottom to top. This is even more visible in the top right
corner that corresponds to the stacking fault region, with higher contrast of intensity.
For each of the 150 x 150 positions, we acquired the PL spectrum over an integration
time of 3 s, resulting in a total acquisition of 27 h for the full scan. Three pixels are
selected on the scan and their respective spectrum around the ZPL is displayed on Fig
3.25(c). Apart from different intensities, we note that they all have a different ZPL
position, distributed around the vertical dotted line, and different width. The shift
between the most separated peaks (blue and green) is ~ 0.56 meV. In order to better
analyze the spatial shift of the ZPL position along with the width of the peak, the ZPL
of each of the 150 x 150 spectra was then fitted with a Gaussian function. With ~ 5
x 103 counts at the maximum of the ZPL, the standard deviation for the estimation
of the ZPL energy and width was 6 and 10peV, respectively. Fig displays the
analysis of the set of data.

In Fig|3.26|(a) we show the spatial energy shift AE of the ZPL relative to the average
value of 4.09683 €V in this region. The variations of the ZPL full width at half-maximum
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Figure 3.26

Upper panels: spatial variations of the shift AE (a) and broadening I' (b) of the ZPL in a 30 X
30 pm? region of sample C40 at 10 K. The energy shift is calculated relatively to the average
ZPL energy at 4.09684 eV. Black dotted lines are guidelines for the eyes. Lower panels: full
distribution of the ZPL shift AE (a) and broadening I' (b). Vertical solid lines indicate the
mean of the distribution while dotted lines indicates the interval chosen for plotting the spatial
variations.

[" are plotted in Fig|3.26(b). The first finding is that the fluctuations of the ZPL energy
over the 30 x 30 pm? scanned region have an amplitude as large as 1 meV (see the
full distribution on lower panel of the figure). These fluctuations contribute to the
inhomogeneous broadening of the 4.1 eV line. With an average FWHM on the order of
1.2 meV [Fig[3.26b)], the & 0.2 meV variations of the ZPL energy are consistent with
the 1.9 meV value of the ZPL width previously reported by macro-PL measurements
in , but here we notably demonstrate the sub-pm scale at which the ZPL energy
varies.

Interestingly, the ZPL shifts appear spatially correlated with the ZPL broadening.
Indeed, where the ZPL position is red-shifted in (a) (redder) it is also broadened in (b)
(also redder). Although there is not a one-to-one correlation, the overall pattern is the
same in Figs [3.26[a) and (b), with lines of different orientations in close analogy to the
luminescence maps recorded by cathodoluminescence . We interpret these lines as
folds or extended defects in the lamellar structure of our hBN crystal, a point of view
supported by the widefield micrograph of Fig [3.25(a).

The spatial correlation of the ZPL shift and broadening suggests they correspond
to the real and imaginary parts of the same perturbation. This common origin is fur-
ther supported by a similar magnitude (in the 0.1 meV range here), and this variation
presumably originate from mechanical strain related to the stacking faults in hBN.
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We present in Fig the same analysis done in a 30 x 30 pm? region of sample
C27 at 10 K, with 75 x 75 spectra recorded. The average ZPL energy is 4.09702 eV.
We note a greater heterogeneity in this region of sample C27 compared with the one
presented for sample C40, with a maximum amplitude for AE of 1.8 meV, and for I" of
3 meV. Strikingly, the tendency discussed above for the correlation of the ZPL shift and
broadening, tend to reverse in these images: blue-shifted areas of the ZPL [Fig[3.27(a)]
matching broader ZPL areas [Fig[3.27(b)|. Again, this is no perfect correlation.

From a structural point of view, the images in Fig [3.27| present no straight lines as
in Fig[3.26] that we attributed to folds arising from stacking faults in the crystal. These
straight lines make easier the interpretation of strain-induced variations. In contrast,
the shapes observed in Fig [3.27] suggest disparate aggregation of carbons during the
growth process, which could influence, directly or indirectly, the spectral features of the
defects. However, we lack of experimental characterization concerning the distribution
of carbons throughout the crystal, whether it is homogeneously distributed or not, thus
the previous statement has to be taken only as an attempt of interpretation.
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Figure 3.27

Upper panels: spatial variations of the shift AE (a) and broadening I" (b) of the ZPL in a
30 x 30 pm? region of sample C27 at 10 K. The energy shift is calculated relatively to the
average ZPL energy at 4.09702 eV. Lower panels: full distribution of the ZPL shift AE (a)
and broadening T (b). Vertical solid lines indicate the mean of the distribution while dotted
lines indicates the interval chosen for plotting the spatial variations.

Over the same area of sample C40 Fig|3.26, we could acquire the data set with the
spectrometer tuned at the wavelength of the Raman-active mode at ~ 1370 cm™" (170
meV). The maps, shown on Fig m are featureless except for the wave pattern that
we attribute to an artifact during the hours-long scanning time. There are random
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fluctuations in the range of + 60 peV for the energy shift (AE), and £ 0.15meV for
the FWHM (I'). This may come from the reduction of the stress-induced energy shift
for phonons compared to electrons |141} [142].
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Figure 3.28

Spatial variations of the shift AE (a) and broadening I" (b) of the Raman-active mode of
hBN at 1370cm™! (170 meV) in a 30 x 30 pm? region of sample C40 at 10 K. The average
Raman-mode energy is 169.78 meV.

Although detrimental to our objective of resolving an isotopic shift in "*C- and 3C-
doped hBN crystals, the sensitivity of the ZPL energy to the presumable perturbation
caused by strain is an important piece of information for elucidating the structure of
the point defect leading to the 4.1 eV emission. In this context, PL experiments as a
function of pressure could provide interesting complementary inputs [69] for identifying
the nature of the defect and reaching a quantitative interpretation of our measurements.

13C- and "C doping

Keeping in mind the spatially-resolved ZPL fluctuations in Fig [3.26] and Fig [3.27] we
will now compare the ZPL energy in hBN crystals doped either with "¥C and *C. Fig
[3.29] shows the probability density of detecting the ZPL at a given energy. Following
the data analysis described previously, we have computed the statistical distributions
of the ZPL energy in two 30 x 30 pm? regions, arbitrarily selected in each crystal.

We first note the different shapes and widths of the four statistical distributions,
which can be narrow or asymmetric in the two types of samples. More importantly,
there is no spectral separation indicative of an isotopic shift of the ZPL, within the
inhomogeneous broadening of the 4.1 eV line. This is further supported by the mean
value of the ZPL energy in *C- and "*C-doped hBN crystals calculated for ten 30 x
30 nm? regions in each sample, and represented by an horizontal bar of 100 peV on Fig
[3:29, Moreover, there does not seem to be any specific feature of the spatial fluctuations
of the ZPL energy from 3C- to "®*C-doped hBN crystals. As explained in the previous
section, this suggests mechanical strain or inhomogeneous carbon distribution impacts
the ZPL position independently of the carbon isotopes.
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Figure 3.29

Statistical analysis of the ZPL energy in " C- and '3C-doped hBN crystals: the normalized
probability density of the ZPL energy is plotted for four 30 x 30 pm? regions: two in a 3C-
doped crystal (C40, red data), two in a "*C-doped crystal (C27, blue data). The 100 peV
large horizontal bar indicates the difference of the mean values of the ZPL energy in " C- and
nat C.doped hBN crystals, the mean values being calculated for a total of ten 30 x 30 pm?
regions.

Summary

Thanks to our spectral resolution, spatial resolution, and the high signal-to-noise (SNR)
and signal-to-background (SNB) of the spectral line corresponding to the ZPL of the
4.1 eV defect in bulk hBN, we could draw maps illustrating the spatial variations of the
shift and broadening of the ZPL, demonstrating that the spatial fluctuations of the ZPL
is in a sub-pm scale. These maps show interesting features with localized correlations
of the two parameters along specific structural deformation, that we interpret as folds
arising from stacking faults in the crystal. At this extended defects, stress is most
likely responsible for the observed variations of both AE and I'. Notably, the maximum
amplitude for the energy shift is in the order of 1 meV, with typical variations happening
at the scale of 0.1 meV. Unfortunately, the statistical study on *C- and "*C-doped hBN
crystals of the ZPL energy shift presents similar variations in both type of samples. We
thus conclude that there is either no isotopic shift, or a finite one but smaller than the
inhomogeneous broadening. Isotopic selectivity in carbon-doping has not brought any
proof to confirm or infirm the presence of carbon in the structure of the defect emitting
at 4.1 eV. However, we hope that the quantitative measurements presented here will be
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useful for testing various models in future calculations.

3.3.3 Search for isolated emitters at 4.1 eV

In this section, we present the investigations we conducted to isolate the emission of
a single point defect at 4.1 eV using the micro-PL confocal setup operating at 266
nm (4.66 €V). This study is motivated by the little knowledge concerning the photo-
dynamics of this deep defect in hBN. Museur et al. [127] measured by time-resolved
PL experiments a radiative decay for the luminescence originating from ensembles of
defects of ~ 1.1 ns, confirming an early study from 1981 [120]. This fast decay was
later also measured by Meuret et al. [143| from the bunching peak decay curve in the
autocorrelation function of the cathodoluminescence intensity. More recently, Bourrel-
lier et al. |67] reported the first detection of the emission from a single 4.1 eV defect
by cathodoluminescence in a STEMH microscope (cf. Chapter [1| Section , and
by recording the second-order correlation function they could extract the lifetime of a
single emitter from the antibunching yielding a value of 2.5 ns. However, under elec-
tron irradiation the broadband emission around 4 eV, originating from intrinsic defects,
rises and decreases the signal-to-background ratio, ultimately limiting the signal-to-
noise ratio [67]. It has been demonstrated that under an excitation energy of ~ 5.2 eV
this broadband emission is quenched in photoluminescence experiments |127]. In our
experiment, photo-excitation operates at energy below this threshold. Moreover, the
radiative recombination at point defects inside the bandgap in a cathodoluminescence
experiment (with electrons carrying energy in the order of tens of thousands electron-
volts) is a complex phenomenon to analyze because it often involves several processes
of desexcitation, while in photoluminescence experiment we operate close to resonance
with the level transition, enabling the study of the photodynamics in similar conditions
in which a single-photon source would be used in applications.

Combining photon microscopy with electron microscopy

During my thesis, I had the opportunity to do several visits at the LPSﬂ in Paris in
the team of Alberto Zobelli and Mathieu Kociak, specialists in electron microscopy and
especially in cathodoluminescence (CL). The purpose was to use the STEM microscope
operating at 150 K, and try to find isolated emitters at 4.1 eV and record the signal
of CL simultaneously with performing electron energy loss spectroscopy (EELS). By
measuring the energy loss experienced by the incident electrons during their interaction
with the matter, EELS provides information on the chemical bonding, optical and
electronic properties, and especially on the chemical composition of the specimen. As
discussed previously, carbon is one favorite candidate for the origin of the point defect,
thus we used samples from NIMS in Japan, highly doped with carbon, giving a yellow
hue to the crystal. Unfortunately the sample were contaminated by another source of
carbon, making the analysis of the EELS spectrum insignificant.

However, in another attempt of combining the powerful tool of electron- and photon-
microscope, Alberto Zobelli and Steffi Woo pre-characterized thin flakes of hBN with

2Scanning transmission electron microscope.
3Laboratoire de Physique des Solides, Orsay - France.
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the STEM microscope and sent them to us. We will present first the characterization
done with the STEM-CL microscope and secondly the study with our PL microscope.

Samples and pre-characterization

An undoped single crystal of hBN from Taniguchi and Watanabe (NIMS) was liquid-
phase exfoliated in isopropanol for 15 min; 3 drops of hBN dispersion was placed onto
a 300-mesh copper TEM grids with lacey carbon support. In the annular dark field
(ADF) image of Fig[3.30)(a) we can see flakes supported by the lacey carbon grid. The
transparency of the flake in the bright field (BF) image Fig [3.30(b) is an indicator
of the small thickness in the order of tens of nanometers. Having thin flakes is an
essential element in the purpose of isolating a single emitter. CL measurements were
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Figure 3.30
Annular dark field (ADF) image of flakes deposited on a TEM grid (a), closeup of a flake in
bright field (BF) imaging mode (b), filtered CL map on a small region (c) corresponding to
the signal intensity integrated over the wavelength range inside the rectangular box of the CL
spectrum (d).

done at 60 kV and with nitrogen cooling (150 K) in random scan mode for spectrum
imaging [144]. Fig[3.30[c) is a CL map performed on the red square of the BF image
and integrated on a spectral range encompassing the 4.1 eV defect and its two phonon
replica, as illustrated by the black rectangle in the CL spectrum of Fig |3.30{(d). The
spectrum is obtained by averaging the signal over the red-boxed region of Fig [3.30|c).
The red square on the CL map is ~ 700 nm large and presents a structured emission
distribution with a more or less isolated spot on the bottom left.

Basically, the pre-characterization was meant to produce a cartography of the iso-
lated deep emitters at 4.1 eV on the flakes that could potentially be resolved and studied
with our PL microscope. We will now present the results of our measurements.
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Images with the UV confocal microscope: emission at the borders of the
flakes

The TEM grid was installed in our cryostat and fixed to the sample holder with silver
paint. The silver paint has a strong broad emission from 330 nm to longer wavelengths
when excited with our laser at 266 nm, this fact precluded to study most of the areas
characterized by STEM-CL, thus we only studied the flakes lying on the copper struc-
ture of the grid.
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Figure 3.31

(a) Raster scan of PL on a flake lying on the copper structure. (b) Spectrum 1 is acquired at
the brightest pixel of the circle in (c) and spectrum 2 at the brightest pixel of the circle in (d).
The filtered PL image (c) was recorded just after (a), and (d) was recorded 24 hours after (c).
The PL signal is integrated between 300 and 340 nm. The vertical upward shifts of the flake
between the three scans is due to a drift of the steppers.

On Fig[3.31)(a) we present a raster scan of PL recorded with the photomultipliers at
4 K on a region of a flake lying on the copper (delimited by the white dotted lines). We
first notice a spatially-inhomogeneous emission, with high PL signal from the border of
the flake presenting a maximum signal-to-background ratio of ~ 10 and region where
there is no emission from the deep defect, which was never observed in bulk material
(Section . The fact that the signal is more intense on the border is actually a
general observation in our measurements. There are several ways of interpreting that:
either the PL collection efficiency is higher on the border because the light can freely
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3.3 Probing deep defects at a sub-micrometer scale in PL

propagates out of the crystal and be collected, or this is the result of intrinsic phenom-
ena, which may be related to polarization direction or stacking order at the border, or
dangling bonds providing electrostatic potentials for impurity and thus promoting the
formation of defects, enhancing the emission intensity.

After this first scan, we recorded a PL image with a pixel size of 100 x 100 nm?,
presented on Fig [3.31f(c) after integration of the PL signal between 300 and 340 nm
so as to include the ZPL and the two LO(I') phonon replicas of the 4.1 eV defect.
Strikingly, there is an important loss of emission on the bottom border of the flake. We
focus our attention on the bright spot indicated by the green circle. The spectrum of
the emission at the brightest pixel in this circle is shown on Fig|3.31{(b) (1, orange).
Strikingly, the profile is very different from what is usually recorded in bulk crystal,
with a first phonon replica more intense than the ZPL, and a broadening ten times
greater with FWHM = 10 meV instead of ~ 1 meV. We also note the appearance of
a broad background raising underneath the defect emission. Last but not least, the
overall profile is red-shifted compared with usual measurement performed at 4 K (the
ZPL is at 305 instead of 302 nm). In fact, the PL spectrum is similar to the CL
spectrum of Fig [3.30(d) recorded at 150 K in the STEM microscope. One hypothesis
is that the flake, in this configuration where it is suspended over the lacey carbon grid,
may not be fully thermalized with the copper structure lying on the sample holder, thus
red-shifting the emission and broadening the line. However, in macro-PL experiment
no such dependence on temperature is observed, as it was discussed in Section [1.4.3
Thus, this could be a behavior specific to low number of emitters, or due to the modified
coupling to phonon in very thin flakes of hBN.

We now look at the third PL image [Fig|3.31{d)| recorded at the exact same con-
ditions and with same parameters, but 24h after Fig [3.31|(c). Remarkably, there is an
important decline in the intensity of the bright region. Indeed, as evidenced on the blue
spectrum of Fig [3.31(b) from the same brightest pixel, the intensity for the ZPL has
decreased by a factor 2 but the integrated area undergoes a much more severe decrease.
This phenomenon is not specific to this flake but was generally observed on those few-
tens-of-nanometers-thick flakes.

To sum up, the emission originating from point defects emitting at 4.1 eV decreases
between successive scans, especially when the emission takes place at the borders of the
crystal. This unveils a phenomenon of bleaching for the 4.1 eV deep defect under laser
excitation in these chemically exfoliated flakes. Besides, this conclusion lead us to favor
an intrinsic cause for the emission at the borders, because several scans on the same
region result in the quenching of the emission.

Emission from localized centers inside the flakes

In certain cases however, we could find isolated emitters within a flake exhibiting stable
emission over time. The XY PL scan of Fig(3.32(a), performed with the bandpass filter
300-340 nm, displays a bright localized emission at X = 6.5pm and Y = 10 pm, over
a more or less dim area. This spot is well localized and has a more or less rounded
shape with SNR ~ 26, as shows the closeup scan of Fig|3.32(b). The intensity profile
of the vertical cross-section is presented on Fig [3.32(d). A Gaussian fit to this profile
yields a width of FWHM = 550 nm, which indicates that the size of the spot is limited
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by the lateral resolution of the confocal microscope (Section . Fig [3.32fc) is a
XZ scan in-depth of the thin flake, showing a spot extension in Z of ~ 1.5 pm, which
corresponds to the axial resolution of the confocal setup (Section . Motivated by
these observations, we have recorded the g(® function on this emitter. Despite hours of
integration time with a tracking system, we did not observe a dip at the zero delay of
the second-order correlation function, suggesting the emission originates from multiple
point defects.
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Figure 3.32

XY PL scan on a flake (a) and a zoom on the bright spot indicated by the square (b) comple-
mented by a XZ scan in depth (c). Temperature is 4 K, excitation power 0.3 mW. (d) Intensity
profile of the vertical cross-section on (b) at X = 6.5 pm.

Summary

In bulk material, the emission at 4.1 eV is ubiquitous, indicating a high density of
emitters. Here, we make use of a STEM-CL microscope to characterize thin flakes of
hBN, obtained by liquid phase exfoliation of a monocrystal, as a preliminary to ensure
that it is possible to find localized emissions in regions in the order of ~ 500 nm, that
is to say small enough for being resolved with the UV confocal setup.

In theses samples, as a general observation, there is a pronounced emission at the
borders of the flakes, that we attribute to intrinsic causes, structural deformations
favoring the formation of defects. This observation has also been reported for single
defects around 600 nm in hBN flakes of similar size, where the authors always observe
the emission at flake edges [145]. However, the PL mapping of the same region at
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different time brings evidence of PL quenching in these areas, suggesting that the 4.1 eV
defect is subjected to bleaching phenomenon, as most defects are. Interestingly, no such
behavior is witnessed in bulk material, which may be due to more stable configuration.
In this case, concerning the origin of the defect, it would rather be in favor of interstitial
impurity, or impurity complexes, because there would be no reason for a substitutional
atom to be less stable in thin layers compared to bulk for a lamellar material. However,
recent calculations |137], using density functional theory with a hybrid functional, show
that the formation energy of interstitial carbon is very high, and greater than that
of substitutional carbon impurities (Cy, Cp). Moreover it predicts a low migration
barrier (below 1 €V), finally suggesting that the interstitial carbon impurities would
either diffuse out of the sample or migrate until getting annihilated by a vacancy to
form Cy or Cp. Giving that this migration barrier energy (1 eV) is largely provided
with an electron beam, and that the defect at 4.1 eV is observed to be immobile during
electron scan, we can rule out the hypothesis of interstitial carbon atoms, and speak in
favor of substitutional ones.

Despite the unstable emission at the borders, we manage to find isolated spots, away
from the borders, with sizes limited by our spatial resolution, that is to say ~ 500 nm?.
These bright spots manifest stable emission over time, although we could not detect
an antibunching in the measurements of the g function, indicating that the spots are
not single-photon sources.

We finally note the uncommon profile in the spectrum of the emitter in these sam-
ples. Maybe the thermalization in the configuration for this specific measurements
(TEM grid on sample holder) has to be incriminated, and another test with a different
configuration could bring a answer. For example, flakes deposited on SiO, substrate
that we could directly stick on the sample holder, although in that case the characteri-
zation by STEM-CL would not be possible, but using the same procedure for exfoliation
and deposition on the substrate should produce similar flakes with similar low density
of emitters at 4.1 eV.

3.4 Conclusion

In this chapter, the optical properties in the UV of hBN crystals have been investigated
by means of photoluminescence (samples from Kansas State University and NIMS) and
reflectivity measurements (Kansas State University).

First, in samples grown by precipitation techniques at normal pressure, we have
shown that the incorporation of carbon in the growth process is associated with the
emergence of new optical transitions in the optical spectrum. We summarize the ob-
servations in two parts, first for the shallow levels and secondly for the deep levels:

e For the sample presenting the highest concentration of carbon, shallow levels are
observed at 5.37 and 5.52 €V, in the deep UV region. The reflectivity spectrum in
this region, that provides information on the dielectric constant of the material,
suggests that the oscillator strength and density of these shallow levels has to
be substantial as correlated peaks for these transitions are noted. The attribute
these new shallow transition to an exciton bound to a Cy impurity.
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e For all samples doped with carbon, new deep levels emerge at 4.12, 4.14 and 4.16
eV (named UV1, UV2 and UV3, respectively), and are more prominent in the
heavily carbon-doped one. These levels produce no modification of the dielectric
constant of the material, and this observation is consistent with the moderate to
low density of theses lines witnessed in the spatially-resolved PL maps obtained
with the UV confocal microscope. With this same microscope, spectra taken
with high spectral resolution point out the existence of a sub-structure in these
lines, consisting of the splitting of each of them. Through the examination of the
spectrally-filtered micro-PL maps taken on different samples and the comparison
of the localization of the UV1-3 lines and the 4.1 eV defect, we argue that these
deeps transition are uncorrelated to each other and to the point defect at 4.1 eV.
This statement is further confirmed with a statistical analysis of the correlation
between the doublet structure of UV1 and the spectral features of the 4.1 eV
emitter.

Secondly, we focused on the 4.1 eV defect. The analysis of spatially-resolved PL
maps of the point defect reveals that the energy and width of the ZPL vary at a sub-
micrometer scale, while presenting correlation in their variations along specific lines
interpreted as folds arising from stacking faults in the crystal lattice. According to this
observation, we suggest that strain induces both the ZPL and width modification. In a
second part, photoluminescence of *C-doped and '2C-doped samples are compared in
an attempt of discerning a modification of the ZPL energy of the 4.1 eV defect depend-
ing of the carbon isotope used in the growth process. We report that there is either no
isotopic shift, or a finite one but smaller than the inhomogeneous broadening observed
in both samples.

Lastly, we tried to isolate the emission from a single point defect at 4.1 eV in thin
flakes obtained from undoped monocrystals of hBN (NIMS). Here, we used cathodolu-
minescence performed in a STEM microscope to make sure that the density of emitters
was low enough for a single emitter to be isolated with the spatial resolution of our
confocal microscope. Isolated spots are observed within the flake, emitting photolumi-
nescence well above the background (SNR ~ 26) and exhibiting good photostability.
However, these spots are not associated with single emitters because the second-order
correlation function g(?)(7) manifest no antibunching feature in the conditions of the
experiment.

At the borders of the flakes, the emission is generally stronger but unstable: bleach-
ing along the borders happens over several subsequent scans. One explanation, still to
be investigated, may be related to the dipole direction of the emitter. Indeed, if the
defect has a polarization axis out of plane, at the border the laser polarization may
becomes more aligned with the dipole direction of the defect because the crystal lattice
bends in these regions.
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URING this thesis, the optical properties of point defects in hexagonal boron nitride
have been studied.

First, a confocal microscope operating with a green laser at 532 nm in ambient
conditions allowed us to study an individual emitter acting as a room temperature
single-photon source in the visible. We have identified two families of isolated emit-
ters on the basis of their photoluminescence spectra. Apart from the energy shift of
their spectrum, the two families present similar behavior, with in particular excellent
photostability and well defined dipole-like emission. The originality of our approach
consisted in analyzing the photodynamics of the emitters over five temporal decades,
which brought to light the existence of a long-lived metastable state. Yet, we find a
high quantum efficiency of the radiative transition with one of the most intense source
of quantum light in a solid-state platform (~ 4 x 10° counts/s). This study definitely
opens up the perspective of applications with hBN in the world of photonics science.
Interestingly, the intrinsic structure of hBN allows for an easier integration of its pho-
tonic capacity in heterostructure composed of others similarly thin semiconductors.

Secondly, the exploration of the optical response in a higher energy range, from 3.5
to 6 eV, have brought evidence for the existence of shallow and deep levels in carbon-
doped crystals. In particular, novel transitions in the deep UV appear at 5.37 and 5.52
eV with high enough oscillator strength to modify the dielectric constant in this energy
region, as demonstrated by reflectivity. These transitions are only observed in the case
of high carbon doping. On the basis of theoretical absorption spectra including the ef-
fects of point defects and impurities we attribute these newcomers to an exciton trapped
by a Cy impurity. In the near-UV, we have observed three novel lines at around 4.12
eV (UV1), 4.14 eV (UV2), and 4.16 ¢V (UV3). Although the intensity of these deep
levels seems to increase with carbon doping, even exceeding the intensity of the 4.1 eV
defect in the case of highly doped crystals, we observe no structure in the reflectivity
spectra, which suggests either a low density or a weak oscillator strength of these levels.

A confocal microscope at 266 nm with sub-micrometer spatial resolution operating
at cryogenic temperature has been built. In the UV, the aberrations have drastic effects
and pushed us to design an original setup with adapted optics and elaborate protocols
to align it. The unique performances of this new microscope have been used to further
explore the properties of the point defects emitting in the UV.
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By acquiring spatially and spectrally-resolved PL map, we examine the localization
of the UV1-3 lines. We attest that the deep levels are scarce in moderately doped
samples, and become more frequent upon increasing doping. The UV1-3 lines present
an intriguing ~ 20 meV energy spacing, and have a similar coupling to optical phonon
LO(T/T) as the 4.1 eV defect. We prove that there are not only independent of each
other, but also of the 4.1 eV defect. Therefore, we are in presence of a new class of point
defects in hexagonal boron nitride. This raises fundamental questions about the role
of carbon into these new levels, which is undoubtedly involved here. Is carbon implied
only during the growth process by promoting the formation of the defects, or is it part
of the final crystallographic configuration?

Then, we questioned the implication of carbon in the 4.1 eV defect. Nearly no varia-
tions of the photoluminescence profile and ZPL features are observed through the series
of carbon-doped samples. We tackled this long-standing question from another angle
with two types of sample: a first one doped with purified *C powder, and a second one
with 2C powder. The different isotope composition in the two crystals was expected
to induce a statistical shift in ZPL energy. At the end, no definitive statement can be
made, because there is no spectral separation indicative of an isotopic shift of the ZPL,
within the inhomogeneous broadening of the 4.1 eV line. Nonetheless, we show impor-
tant results concerning this last point: correlation of the energy shift and broadening
of the 4.1 eV defect ZPL are observed along specific lines on the sample, interpreted as
folds of the crystal lattice originating from stacking faults. The correlation along these
lines are attributed to stress-induced effects.

Finally, we have used electron microscopy to help find isolated defects in thin flakes
of undoped hBN crystals. The purpose was to map the areas in cathodoluminescence
where the density of emitters at 4.1 eV was low enough to permit the collection of
photoluminescence from a single defect. We report on the observation of very local-
ized PL emission in the flakes, within the spatial resolution of our confocal microscope.
It presents a high signal-to-noise ratio (~ 26) and very stable emission (hours, days).
However, no antibunching is measured in the histogram of photon correlations measure-
ment. In that respect, further investigations with improved experimental configuration
will certainly allows a better thermalization with the cold plate as well as easier in-
spection of the flakes. Another finding in these very thin flakes is that the emission is
predominantly located at the borders and bleaches over several scans, unlike what is
seen in bulk material.

As far as the confocal microscope is concerned, significant improvements could be
achieved with the installation of a new microscope objective made of reflective optics,
like a Cassegrain telescope, and with a higher numerical aperture. The former allows
for a full aberration-free collection system, cancels the need for chromatic correction in
excitation and also enlarges the spectral bandwidth in collection. The latter allows for
a better spatial resolution and collection efficiency of the PL, thus harboring the hope
of detecting an individual emitter in the UV in hBN.

Concerning the 4.1 eV defect, temperature-dependent measurements, polarization
in emission and especially ODMR measurements remain to be done at the scale of
localized emitter as observed in thin flakes. ODMR would enable to probe the spin
states of the point defect, providing important information in the search of its origin,
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and potentially revealing interesting spin configuration for quantum applications. The
prospect of having individual defects acting as single-photon source or with controllable
spin states confined to a single layer is desirable for device fabrication, as it can im-
prove ultimate control over emitter placement and coupling to photonic and plasmonic
cavities.

Besides, in a near future, it is also planned to update all the optics towards deep
UV excitation at 200 nm, thus above the bandgap of hBN. This will open up a scope of
possibilities, particularly for the study of excitonic emission by spatially-resolved map
of PL performed on few layers to monolayer samples.
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APPENDIX A
Classical and quantum light, mathematical

derivation of the second-order correlation function

A.1 Classical light versus quantum light

N the nature exist different physical processes to emit light. One can think of the
I simplest examples like a fire or a star, or recent invention like the laser, or even more
specific source like the photoluminescence coming from the excitation of a single sus-
pended molecule. The physics of these various sources of light are now well understood,
and it is customary to make the distinction between classical source and non-classical,
or quantum, source of light. Classical light corresponds to electromagnetic field that
can be described by classical physics, it includes thermal light emitted from a blackbody
source (fire, star), and coherent light (laser). While quantum light corresponds to emis-
sion of photons whose behavior requires the quantum theory to be properly described.
It includes squeezed states, general photon-number (or Fock) states, and specifically
single-photon states.

A.1.1 Classification in terms of intensity fluctuation and corre-
lation

An efficient way to identify the type of light is to examine how the photons are dis-
tributed in time by the source. By looking at this distribution, the statistic of emission
of the source, we are able to determine what kind of source has emitted the photons.

The statistic of emission refers to the intensity fluctuation over time, which depends
on the emission process. The most basic type of process is the Poissonian processﬂ It
can be illustrated with an experiment into which the occurrence of an event (emission
of a photon) does not influence the occurrence probability of another event, that is to
say the events are independent. In terms of correlation, there is no correlation in the
intensity of the source, it means that the source present very little intensity fluctuation,
in other words it is a stable source of photons, or a coherent source, which is the most
stable source of light in classical optics. The laser falls into that category. However, it
is remarkably easier to have unstable sources, and in this case the intensity fluctuation
is greater, with a tendency to emit multiple photons at a time. This phenomenon is
called "bunching" and in most cases the process is said to be super-Poissonian. The
intensity correlation is positive. Thermal sources of light fall into that category.

!From the name of the French physicist and mathematician Siméon Denis Poisson, 1781-1840.
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Both of the above types of processes are the classical processes of emission. A third
one, the sub-Poissonian process, represents a quieter than perfectly coherent process.
It can therefore only be described by quantum optics, and the observation of sub-
Poissonian statistics is inevitably a clear signature of quantum nature of light [146].
The observation of sub-Poissonian statistics very often occurs concomitantly with an
anti-bunching behavior, that is to say the photons are never emitted by groups.

To helps illustrate the differences, we show on Fig[A T the three cases. From bottom
to top, the blue photons (a) follow a bunched type of statistic, the red photons (b)
represent a random-type or coherent-type of light, and the green photons (c) the anti-
bunched type of light.

M—Tc—n
] 1
c 00 0O 000 00 00O © 0 0 00 0 0 ©
] 1
biooioooooooooooooooooo
] ]
a ,000, O OO0 O 0000 O 00 000 00
] ] t
Figure A.1

Illustration of the different statistics of emission for a source. 7. represents a typical interval
to evaluate the photon emission fluctuation. (a), (b), (c) represent the bunched type, coherent
type and anti-bunched type, respectively.

Although we have associated sub-Poissonian process with anti-bunching, it is worth
noting that both are distinct effects, and sub-Poissonian statistics can display bunching
effect, as carefully demonstrated and discussed by Zou and Mandel [146].

The case of a single emitter

A single emitter in a solid-state matrix is a case of quantum source. This can be
easily understood from the fact that after a first photon emitted, the emitter is in its
ground state and is unable to emit a second photon for some time following the primal
emission. It is noteworthy that this physical fact is also responsible for the limitation
of the single-photon source emission rate.

A.1.2 The second-order correlation function: ¢ (r)

Now that we have explained and illustrated in terms of photon statistics the meaning
of a quantum source of light versus a classical source of light, it is time to introduce the
mathematical function ¢(® (7), namely the second-order correlation function (also
referred to as the correlation function). It is by far the most common quantity employed
for determining the quality of a single-photon source as well as its properties. To give
a practical meaning to this function, we can think of it as answering the question: if
I detect a photon at time ¢ what is the probability to detect another photon at time
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t + 77 More precisely, it informs us on the degree of correlation between the number of
photons detected at time ¢ and at time t 4 7.

A very important value is the value at 7 = 0, which is linked to the probability
of emitting two photons simultaneously. If we come back to the time distribution of
photons presented on Fig[A.T], we can assign the three types of statistics to three interval
of values of ¢ (1 = 0):

(a) bunched light: ¢¥(r =0) > 1
(b) coherent light: ¢ (7 =0) =1 (A.1)
(¢) anti-bunched light: ¢®(r =0) <1

A resume of the different types of statistics of emission and photons grouping be-
havior is represented on Fig In particular, Fig [A.2[b) highlights the importance
of correctly normalizing ¢ (7): if such a source is bunched over a much longer time
scale than the anti-bunching (so that the bunching peak looks flat over the measured
delay range), then a source may appear to have sub-Poissonian statistics, when in fact
gP(r=0)>1.

(@) 2 (b) 2
. . Bunching T
Super-Poissonian Super-Poissonian Bunching
= 1 b .. Poissonian < 1L i
QD) So: | Antibunching
Sub-Poissonian \ Sub-Poissonian
Antibunching
0 : : : . . 0 .
-3 -2 -1 0 1 2 3 -1 0 1
it 7 (arb. units)
Figure A.2

(a) Diagrams showing the relationships among bunching, anti-bunching, sub-, super- and
Poissonian photon statistics. Plotted are three ideal sources: a chaotic, thermal-like source
(solid black curve), a coherent source (dotted black curve), and a single-photon source (solid
gray curve). T, is the coherence time of the bunched and anti-bunched sources. (b) Illustration
of how a source could be anti-bunched without exhibiting sub-Poissonian photon statistics.
[Figure extracted from [147]]
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A.2 Derivation of fundamental properties of g<2)(7)

It can be shown that a meaningful expression for ¢®(7) is [110):

5 B Pio(t,t + 1)
g()(T)_Pl(t) x DPo(t+71)

where Pio(t,t + 7) refers to the joint probability of finding a photon on detector D1
at time ¢ and then one photon on detector D2 at time ¢ 4+ 7, and P;(¢;) to the simple
probability of finding a photon on detector D; at time t;. In order to highlight the
difference between the classical and quantum case, it is nonetheless necessary to express
g®(7) in his rigorous mathematical form.

(A.2)

A.2.1 The classical case

In classical optics, the temporal correlation of the intensity variable between two time
t and t + 7 takes the form:

4O(r) = (E*()E*(t+T1)E(t+ 7)E(t)) _ (I(W)I(t+ 7))

VIE@®PE(E+7)2) (L)t + 7))
where () denotes statistical average over time. [(t) = E*(t)E(t) is the electric field
intensity at time t, with the superscript * indicating the complex conjugate. Let us
derive some interesting properties from the expression (A.3)).

: (A.3)

The Cauchy—Schwarz inequality implies:

(I +7)) < \/<I(t)2><f(t +7)°) (A.4)

Moreover, for a stationary process of emission: (I(t1)?) = (I(t3)*) V (t1,t3). Therefore,
we obtain the inequality:

(O +7)) <(I()) (A.5)
and dividing by (I(t))?, we finally have:

g (1) < ¢ (0)| . (A.6)

This important inequality shows that for the classical correlation function the maxi-
mum is reached at 7 = 0. It translates the tendency of photons to come by packets
(bunching phenomenon) in classical source of light.

Also, using the subsequent inequality:

((L(t) = (L(6)?) 20 & (1(1)*) = (1(1)" | (A7)

we obtain for 7 = 0:

g?(0)>1] . (A.8)
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The classical second-order correlation function is necessarily greater than 1 at time
7 = 0. It is worth noting that the value ¢ (0) = 1 is representative of the absence
of correlation between two simultaneous detections. A positive correlation would be a
value greater than 1. With that being said, it is now evident that "negative correla-
tion" with value smaller than 1, or more properly anti-correlation, is not a permitted
phenomenon for classical source of light.

A.2.2 The quantum case

In the Glauber formalism of quantum optics, Eq (A.3]) becomes for a given mode of the
electromagnetic field [101] [148]:

(E-(O)E~(t+7)ET(t+71)ET(1))
(E-(t)E+(t)) x (E-(t+1)E+t({t+ 1))

g?(r) = (A.9)

where £/~ are the field operators defined by the annihilation @ and creation af quan-
tum operators. The process of emission is still considered to be stationary. The equation
(A.9) can be rewritten as:

(@ (t)al(t + r)at + 7)a(t))
(at(tya(t))”

It is tempting to try to express ¢(®(7) in terms of the time-dependent number operator
n(t) = a'(t)a(t). However, because a and a' do not commute, the normally ordered
operators in this expression cannot be rearranged like in Eq . Nonetheless, in the
special case of 7 = 0 and by using the commutation relation [a,a'] = 1, it is possible
to write:

g?(r) = (A.10)

g@(0) = A =1) (A.11)

(7)”
where (1) is the mean number of photon in the mode considered. Finally, by using the

notation u = (n) and (An)? = (n?) — (n)? for the variance of the photon statistics:

(An)* —p

9(2)(0) =1+ 112

(A.12)

Thus ¢® is a measure of the relative magnitude of the mean and the variance of
the photon statistics. The relation is an algebraic illustration of the discussion
in Section [A.I.I] Indeed, for a poissonian source the mean and variance are equal:
p = (An)? and thus ¢®(0) = 1. For a source that exhibits a super-Poissonian statistics,
the variance in photon number is larger than the mean and ¢®(0) > 1. Finally, in
the case of a sub-Poissonian photon source, the variance is smaller than the mean,
as a result ¢ (0) < 1. As we have demonstrated with relation , classical light
fields are constrained to 9(2)(0) > 1, and this is why sub-Poissonian statistics, in other
words an anti-correlated photon distribution, can only be described by a quantized
electromagnetic field.
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The case of a single emitter

In the particular case of a single emitter with discrete energy levels, the emission of
a photon can be represented by a pure single-photon Fock state |W) = |1), for which
we know that the variance is null: (An)? = 0. The formula (A.12) then reads:

1
gP0)=1-~| . (A.13)
1
This formula is the experimental cornerstone of the search for a single quantum emitter.
Indeed, once properly normalized, the ¢/®(7) function at 7 = 0 can be divided in two

categories depending on the value of pu:

g?(0) <05 = p<2 = single emitter (A.14)
d?0)>05 = n>2 = multiple emitters (A.15)

The relation (A.13|) can be used to estimate the number of emitters under the excita-
tion spot, assuming that the emitters are of same nature and emit light in the same
proportion.

Conclusion

In conclusion, we have derived the classical and quantum expression of the second-order
correlation function which provide a set of tools to experimentally evaluate a source of
light. Indeed, based on the value at zero delay of the histogram representing g (7),
we can distinguish between classical light and quantum light, and in the latter case
between a single-emitter emission and multiple-emitters emission.
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APPENDIX B

Effect of the IRF on the histogram of photon
correlations

B.1 Position of the problem

IN Section [2.4.2] we have established the following expression for the second-order
correlation function in the case of a three-level model:

gD (1) =1—(1+a)exp (—=M7) + aexp (=A\y7) . (B.1)

At 7 = 0 the function gives a zero value, expressing the fact that for a single quantum
emitter the photons are perfectly anti-correlated. Fig shows a long-time scale
recording of ¢'® (1) and the corresponding fit using the function of Eq . We observe
a discrepancy between data and fit at zero delay (here the zero delay is represented by
T4 = 12 ns, the electronic delay added experimentally in order to record the value of
g (1) for negative delay).

This difference can be explained by PL background with poissonian distribution
that originates from the environment of the defect and thus decreases the purity of
the single-photon source. However, in the case of high signal-to-background ratio, it is
usually due to the instrument response function (IRF) of the detection setup. Indeed,
when the emission dynamics of the quantum system probed by the photon correlation
measurements has a radiative lifetime in the order of the width of the IRF, the value at
zero delay will never reached 0, no matter how large is the signal-to-background ratio.
In order to assess the purity of the quantum light source, the fitting function of the
histogram has to take into consideration the IRF. The measurement of the IRF of the
setup is described in Section [2.3.2] Its profile is of Gaussian type with FWHM = 0.880
ns, or 0 = FWHM/(2v21n2) ~ 0.374 ns. The gaussian function is expressed as follows:

1 t?
IRF(t) = G exp ( ﬁ)
To account for the IRF in the fitting procedure of the histogram of photon correla-
tions, one should calculate the convolution of ¢ (7) of Eq with the IRF of Eq
(B.2). With the electronic delay 7,, negative delays are also recorded thus absolute
value must be taken for the variable 7. We calculate below the convoluted function
with 75 = 0 for simplicity, and reintroduce it at the end.

(B.2)
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g? (1) curve fitting using Eq (B.1) without taking the IRF of the detection setup into account.
Grey circle are experimental data and blue solid line is the fit.
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Figure B.2

g @ (1) curve fitting using Eq (B.17) with taking the IRF of the detection setup into account.
Grey circle are experimental data and red solid line is the fit.
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B.2 Convolution of ¢?(7) and the IRF

Using the notation introduced in Eq (2.22)) Section we have:

9 a(m) = [¢® * IRF] (1) | (B.3)
Foo 1 ("'—7'/)2 / /
:/ dr'——e T x [1—(1+a)e*A1'T‘+ae*h|ﬂ] . (B4)
oo oV 2T

Then, we obtain the three terms:

“+00 12 “+o00 "2

9 1 _ (=) 1+a _ (=) L

9ie(7) = / drie” 22 4 dre” 37 x e M
oV2T J 0o oV2T J o

a oo (r=11)? )
+ — / drle” 27 x e M7 (B.5)
—00

The first term of Eq (B.5)) is a simple normalized Gaussian integral, thus:

1 +o0 (r—r")2
/ drie” 27 =1 . (B.6)
oV2T J_so

The two other terms of Eq (B.5]) are similar and we detail below the calculation for the
first one, with the constant factor in front of the integral left aside:

oo (r=1)? , 0 (r=1)? , oo (r—1)? :
/ drle” 202 x e M7l = / drie” 207 x e M) +/ drie” 22 x e M7
— —00 0

o (n
(B.7)
We first treat the term (I) of Eq (B.7):
0 (r—')?2 ,
(1) = / dr'e T x e M) (B.8)
+00 a2 ,
:/ drle 5ar x e N , (B.9)
0
+oo 12 ,
:/ dr'e”2s% x e™MT x eMT (B.10)
T oo
:eAlT/ dr'e "z (M) =Aje!] , (B.11)
2,2 +o0 _ 42102 2
:e’\lTeAg/ dr'e ( o2 ) , (B.12)
)‘%02 ' +oo 2
= eMTeT2 0V2 dr'e™™" | (B.13)
T+>\102
V2
22,2 /9 by 2
(I) = eMTe™> IVET o Exfe (T+_10> (B.14)
2 o2
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Where Erfc(z) is the complementary function of the Erf(z) function:

2 2 oo 2
Erfe(x) =1 —Erf(z) =1 — —/ dt = ﬁ/m e dt . (B.15)

We note that the term (II) of Eq is similar to Eq with only 7 changed to

—7 in the exponential function. Using the same variable substitutions, we find for term

(IT):

(Il) = e M7e

252 2 — A o2
% UVQWxErfC <+_) (B.16)

a2

The second term of Eq (B.5| - is finally obtained by multiplying [(I) + (II)] by the

constant factor ;\/Li The third term is similar with only A\; changed in A,.

The fitting function gﬁ% (7), reintroducing the electronic delay 74, finally reads:

2) (1+a) W[ (T—Td+)\102) M ()
N=1-— e 2 |Erfc | —————— | MV 774
917r(T) B /2

+ Erfe (_(T - Td) + )‘102> 6)\1(7'7'01)]
V2

a 342 T—Td—i—)\202> N (—(T—Td)+/\202) e
+ —e 7 |Erfc [ ——2— ) 07 4 Erfe e~ 22(r=7a)
2 { < o2 o2
(B.17)

Using the above function to fit the histogram of photon correlations, with ¢ fixed by the
experimental measurement of the IRF, we get a very good match with the histogram
at zero delay, as illustrated on Fig[B.2] The small gap between the fitting function and
the histogram at zero delay attests that the single-photon source is very pure, and that
the deviation to ¢®(0) = 0 is mainly due to the IRF of the detection setup.
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