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Abstract

Over the past decade, a new generation of colloidal nanocrystals (NCs) has emerged in the field of

semiconductor quantum dots: the lead halide perovskite (LHP) NCs. Their remarkable emission

properties, combined with a simple and cost-effective synthesis, have generated significant interest

in these materials and their optoelectronic applications. Indeed, perovskite NCs exhibit very high

photoluminescence (PL) yields, largely due to their unique band structure and the position of

defect states within it. Additionally, LHP NCs offer highly tunable emission across the entire

visible spectrum by adjusting their chemical composition and morphology. The exciton, a bound

state between the electron and the hole, lies at the heart of the optical properties of these NCs and

is a crucial element in their study. In particular, the fine structure of this state, which results from

the exchange interaction between the electron and the hole, has been the subject of significant

research, motivated by the use of these systems in quantum technologies, notably as single-photon

sources.

This work is set within this context and focuses on the exciton fine structure (EFS) of the

band edge exciton and the parameters influencing its properties. Time-resolved and steady-

state optical spectroscopy techniques are applied to two LHP materials: the chloride compound

CsPbCl3 and the hybrid FAPbBr3. The study of CsPbCl3 NCs forms the core of this manuscript.

Through cryogenic temperature PL spectroscopy experiments on single objects, the bright states

of the EFS are revealed for the first time in this compound and compared to a theoretical model.

The observed variation in the energy gaps between the bright levels of the EFS is explained

by the crystal symmetry, its dielectric environment, and the NC shape. Moreover, the spectral

response of exciton species such as biexcitons and trions, as well as exciton-phonon composites,

are presented. The influence of phonons on the emission and exciton coherence properties in

single NCs is studied in detail with temperature. Finally, time-resolved spectroscopy enables the

observation of PL decays. The behavior of these decays with temperature is then explained by

a thermal mixing model between dark and bright states, involving the lattice optical phonons.

This model thus reveals the position of the dark state within the EFS, thereby completing its

description.
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The last part of the manuscript focuses on the study of FAPbBr3 NCs encapsulated in a

porous matrix. The NCs are synthesized directly within the pores of the host matrix, without

ligands. This system is first studied at low NC density to determine whether the spectral response

of single objects can be observed and, more generally, whether the host-matrix strategy could be

a valuable access to phases of spatially dispersed single NCs. Finally, spectroscopy on samples

of high NCs density is performed. The excitation by a femtosecond laser reveals an amplified

spontaneous emission effect. Furthermore, the emission dynamics in this system suggests the

existence of energy transfers between the NCs. The associated results are compared to numerical

simulations of the PL dynamics based on Förster energy transfer between nearest neighbors that

allow to obtain a first estimation of the transfer rate between ideally coupled NCs.

This Thesis contributes to the expansion of knowledge on excitons within LHP NCs. The chlo-

ride compound CsPbCl3 holds a special place within this class of materials, and the experiments

conducted on it further reinforce the theoretical model of the EFS. Finally, the investigations

related to FAPbBr3 NCs in a porous matrix illustrate how new processing approaches might be

used to change the emission properties at the individual scale or within interacting NC ensembles.

Résumé de la thèse

Au cours des dix dernières années, une nouvelle génération de nanocristaux (NCx) colloïdaux

a émergé dans le paysage des boîtes quantiques semi-conductrices : les NCx pérovskite (PVK)

d’halogénure de plomb. Des propriétés d’émission remarquables, combinées à une synthèse sim-

ple et économique, suscitent un engouement autour de ces matériaux et de leurs applications

optoélectroniques. En effet, les NCx PVK montrent des rendements de photoluminescence (PL)

très élevés, en grande partie grâce à leur structure de bande particulière et à la position des états

de défauts au sein de celle-ci. De plus, les NCx PVK offrent une grande modulabilité d’émission

sur l’ensemble du spectre visible, via l’ajustement de leur composition chimique et de leur mor-

phologie. L’exciton, état lié entre l’électron et le trou, est au cœur des propriétés optiques de

ces NCx et constitue un élément essentiel dans leur étude. En particulier, la description de la

structure fine de cet état, produit de l’interaction d’échange entre l’électron et le trou, fait l’objet

d’importants travaux de recherche, motivés par l’utilisation de ces systèmes dans des technologies

quantiques, notamment comme sources de photons uniques.

Ce travail s’inscrit dans ce contexte et se focalise sur la structure fine excitonique (SFE) des

excitons dits "de bas de bande" et les paramètres influençant ses propriétés. Des techniques de

spectroscopie optique, résolues en temps ou non, y sont appliquées à deux matériaux PVK : le

composé chloré CsPbCl3 et l’hybride FAPbBr3. L’étude des NCx de CsPbCl3 constitue le cœur

de ce manuscrit. Par des expériences de spectroscopie de PL menées à température cryogénique
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sur objets uniques, les états brillants de la SFE sont révélés pour la première fois dans ce composé

et confrontés à un modèle théorique. La variation observée dans les écarts énergétiques entre

niveaux brillants de la SFE est expliquée par la symétrie cristalline, l’environnement diélectrique

et la forme des NCx. Par ailleurs, les réponses spectrales d’espèces comme le biexciton ou le trion,

ainsi que celle des "espèces composites" exciton-phonon, sont présentées. L’influence des phonons

sur les propriétés d’émission et de cohérence de l’exciton fait l’objet d’une étude approfondie

en température sur des NCx individuels. Enfin, un montage de spectroscopie résolue en temps

permet l’observation des déclins de PL. Le comportement de ces déclins avec la température est

alors expliqué par un modèle de mélange thermique entre état noir et brillant, impliquant les

phonons optiques du réseau. Ce modèle révèle ainsi la position de l’état noir au sein de la SFE,

complétant sa description.

La dernière partie du manuscrit porte sur l’étude des NCx de FAPbBr3 encapsulés en matrice

poreuse. Les NCx sont synthétisés directement dans les pores de la matrice hôte, sans ligands.

Ce système est d’abord étudié à faible densité de NCx afin de déterminer si l’observation de la

réponse spectrale d’objets uniques y est possible. Enfin, la spectroscopie d’échantillons contenant

une forte densité de NCx est réalisée. L’excitation par une source laser femtoseconde met en

évidence un effet d’émission spontanée amplifiée. Par ailleurs, la dynamique d’émission dans ce

système suggère l’existence de transferts d’énergie entre NCx. Ces résultats sont alors confrontés à

des simulations numériques basées sur un modèle de transfert d’énergie Förster entre plus proches

voisins. Une première estimation du taux de transfert entre NCx voisins et "idéalement couplés"

est ainsi obtenue.

Ce travail de thèse contribue à l’élargissement des connaissances sur l’exciton au sein des NCx

PVK. Le composé chloré CsPbCl3 occupe une place particulière dans cette classe de matériaux

et les expériences menées sur celui-ci viennent renforcer le modèle théorique de la SFE dans

les PVKs aux halogénures de plomb. Enfin, les résultats relatifs aux NCx FAPbBr3 en matrice

poreuse contribuent à une meilleure compréhension des propriétés d’émission de ces objets dans un

environnement peu exploré, à l’échelle individuelle ou au sein d’ensembles de NCx en interaction.
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INTRODUCTION

Last year, the Nobel Prize in Chemistry was awarded to Mungi G. Bawendi, Louis E. Brus, and

Alexey Ekimov for their groundbreaking work on the discovery and synthesis of colloidal quantum

dots. These quantum dots are nanoscale materials, whose dimensions have been reduced in all

three spatial directions to the nanometer range, typically comprising from hundreds to hundreds

of thousands of atoms. Their scientific exploration began in the late 1970s Soviet Union, when

Ekimov investigated the optical properties of glass doped with copper chloride (CuCl) particles.

The absorption spectrum of this material exhibited exciton-like resonances that were shifted in

energy compared to bulk CuCl material [1]. Since quantum confinement effects had already been

described in epitaxial quantum wells, Ekimov deduced that these CuCl particles were, in fact,

3D-confined nanocrystals embedded within the glass matrix [2]. He later collaborated with A.

Efros to develop a theory describing the optical properties of quantum dots, which is still in use

today [3, 4]

Working at the same time at Bell Laboratories in New Jersey, Louis Brus took a different

approach by generating colloidal nanocrystals of cadmium sulfide (CdS) in aqueous media. As

the colloidal solutions aged, Brus observed a redshift in the optical transitions of the particles,

which he attributed to a size effect caused by Ostwald ripening [5, 6]. Over the following years, his

group refined the colloidal synthesis of various II-VI semiconductors, including CdS, CdSe, and

ZnS, in aqueous media [7], and made significant contributions to the theoretical understanding of

these nanomaterials.

In the early 1990s, Mungi Bawendi, a former postdoctoral fellow from Brus’s group, perfected

the colloidal synthesis of II-VI nanocrystals in collaboration with his PhD students, J. Norris and

C. Murray. Their method introduced the use of organic solvents, rapid injection of precursors

at elevated temperatures, and the addition of capping ligands to stabilize the quantum dots in

solution [8]. This innovative approach, known as the Hot-Injection synthesis method, allowed for

precise control over the nucleation and growth of the quantum dots, enabling fine modulation of

their size and, by extension, their optical properties. Today, hot-injection synthesis remains the

method of choice for producing colloidal quantum dots of semiconductors.
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14 INTRODUCTION

Semiconductor quantum dots are still an emerging technology but have already found appli-

cations in several domains. In biology, their broad absorption spectrum, narrow emission lines,

photochemical stability, and the ability to functionnalize the surfaces of these objects have led to

their use as fluorescent biological markers in living cells [9, 10] (although their toxicity, due to the

presence of heavy metals, still represents a considerable issue). The ability of quantum dots to

efficiently convert light into electrical energy across a broad spectral range has also led to their use

as absorbing layers in solar cells [11] or for the fabrication of photodetectors [12]. Regarding light

emission, the most widespread application is undoubtedly the quantum dot-based LED, which has

enabled the production of a new generation of LED displays [13, 14]. Additionally, quantum dots

have been used as optical gain media in quantum dot lasers [15], and in quantum optics, their

ability to emit single, ungrouped photons makes them promising candidates for single-photon

sources [16].

In 2015, a new class of colloidal quantum dots emerged: the Metal Halide Perovskite (MHP)

nanocrystals (NCs). The first successful synthesis was achieved by the group of M. Kovalenko at

ETH Zürich using the hot injection method [17]. Since then, research on MHP NCs has surged

worldwide, driven by their exceptional properties compared to the traditional II-VI quantum dots.

These properties include significantly larger absorption coefficients, allowing them to capture more

light over a broader spectral range, and higher photoluminescence quantum yields, leading to a

brighter emission [18]. Perovskite NCs also exhibit narrower emission lines, producing purer or

more saturated colors [17, 19]. Another key advantage of these NCs is their intrinsic tolerance

to defects, eliminating the need for the additional passivation layers that are commonly required

for II-VI quantum dots. Finally, the synthesis of perovskite nanocrystals is simpler, performed

at lower temperatures and is time and cost effective, all of this making their production easily

scalable [20]. These advantages have made perovskite NCs highly attractive for the previously

mentioned applications but their photophysics is less known and further research input is needed

to fully understand these exceptionnal optical properties.

As with other quantum dots, the optical properties of perovskite NCs are governed by band-

edge electronic excitations, which form electron-hole pairs bound by the Coulomb interaction,

known as excitons. While perovskite NCs share some similarities with II-VI semiconductor quan-

tum dots, their distinctive crystal lattice symmetry and electronic band structure require a new

theoretical framework to describe the exciton and its fine structure. A significant breakthrough

was achieved in 2018 by the group of A. Efros, which adapted the existing exciton fine structure

theory for II-VI quantum dots to MHP NCs [21]. Since then, several research groups have con-

tributed to refining this model [22, 23, 24], and while the description of the exciton in MHP NCs

has made a lot of progress it still remains an active topic of investigations.
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In this context, the experimental work presented in this manuscript aims at expanding the

general knowledge of the optical properties of MHP NCs by investigating the impact of key

parameters that are known to contribute to the exciton fine structure (EFS) through the electron-

hole exchange interaction. Specifically, the following parameters are considered: the crystal phase

symmetry, dielectric confinement, and the anisotropy in the general shape of the NCs. This work

benefits from the advances made over the last three decades in the optical spectroscopy of single

emitters at cryogenic temperatures to explore an MHP material that has been left aside due to

its poorer emission properties: the chloride perovskite compound CsPbCl3. This material is of

significant interest for general models of the perovskite family due to its largest exciton binding and

optical transition energy, representing an extremum in what MHP materials can be. Additionally,

the latter part of this manuscript investigates a hybrid organic-inorganic perovskite compound,

the formamidinium lead bromide (FAPbBr3), in the form of NCs embedded in a mesoporous

silica matrix. The primary focus will be on understanding how the optical properties of these

NCs adapt to their new environment. By examining these specific materials, valuable insights

will be provided into the optical properties of MHP NCs and the results will contribute to the

ongoing development of theoretical models describing their excitonic behavior.

The manuscript is structured into five chapters. In Chapter 1, the structural, electronic, and

optical properties of MHP NCs are introduced. The exciton fine structure in these materials is

described using a model based on electron-hole exchange interaction. Interactions between the

exciton and its environment are also discussed, and a few notable applications are reviewed. This

chapter serves as the theoretical foundation for the rest of the manuscript.

In Chapter 2, after introducing the Hot-Injection synthesis method used to produce the MHP

NCs, various experimental setups for studying the optical responses of perovskite NCs—both in

assemblies and at the individual object level—are presented. Specifically, the absorption and

micro-photoluminescence (micro-PL) spectroscopy setups, used between liquid helium and room

temperature, are described. The confocal microscopy configuration is also discussed, and the

equipment necessary for performing time-resolved PL studies is outlined.

Chapter3 presents the first set of results on the chloride perovskite compound CsPbCl3. Micro-

PL optical spectroscopy at liquid helium temperature allows to resolve the spectral signature of the

exciton fine structure in this material. The repetition of these experiments enables the creation of

a statistical ensemble of measurements, which helps to unveil the impact of NC shape anisotropy

on the fine structure splittings, based on the theoretical framework established in Chapter 1. This

chapter will also reveal the spectral signature of charged exciton species like the biexciton and

the trion.

Chapter 4 continues the investigation of CsPbCl3, focusing on the coupling of the exciton to
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lattice vibrations. After revealing the energetic landscape of optical phonons through Raman

spectroscopy, their interactions with the exciton are studied using direct and time-resolved spec-

troscopic measurements. In particular, exciton-phonon coupling is employed to reveal the EFS

dark state, using a thermal mixing model between the bright and dark states. At the end of this

chapter, the exciton fine structure of CsPbCl3 NCs is fully characterized.

In the final chapter, Chapter 5, a different perovskite system, the FAPbBr3 NCs, is studied

within a new environment, consisting of a matrix of silica beads. This system is first examined

at a low NC density, as an attempt to improve the isolation and chemical stability of the NCs.

Subsequently, samples with higher NC densities are used to investigate collective behaviors. A

non-linear effect in the emission of these samples is reported at high excitation power. Finally, the

emission dynamics of high-density NC samples demonstrates a reduction in radiative lifetime with

increasing energy, interpreted as Förster Resonance Energy Transfer (FRET) between neighboring

NCs. Using a grid model of FRET between adjacent NCs, simulations provide access to the

transfer rate between ideally coupled NCs in this system.



CHAPTER

EXCITONS IN METAL HALIDE

PEROVSKITE NANOCRYSTALS 1
This Chapter provides a detailed description of metal halide perovskite (MHP) nanocrystals

(NCs), with a focus on their electronic and optical properties. It begins by establishing the

theoretical foundations necessary for understanding the experiments and results presented later

in this manuscript. The first section will introduce the materials under study: the MHP NCs and

their structural characteristics. The following section will investigate the electronic properties of

MHP NCs. The k · p theory will be briefly introduced and applied to the modelization of the

electronic band structure of MHPs. The effects of the reduction of the dimensionality towards

the NC will also be discussed. The third section will be interested in the optical properties of

MHP NCs that are intrisincally linked to the exciton. The energy fine structure of the exciton

will be modelized by taking into account the electron-hole exchange interaction and the different

structural parameters of the NC that impact its magnitude. In the fourth section, a focus will

be made on the different mechanisms that are linked to the loss of exciton coherence. Finally the

last section will briefly introduce the reader to some of the most interesting uses of MHP NCs

either for optoelectronic devices or more advanced applications in quantum technologies.

1.1 Metal Halide Perovskites

Metal halide perovskites (MHPs), and more specifically CsPbX3, were first synthesized at the end

of the 19th century by H.L. Wells et al. at Yale university [25]. The description as perovskite

17
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structures came much later in 1958 when the Danish scientist C.K.Møller used powder and single

crystal X-ray diffraction to determine their crystal symmetry [26] while providing the first de-

scription of the absorption spectral range in these materials. In 1978, hybrid organic-inorganic

perovskites (HOIP) were synthesized for the first time by D.Weber in Stuttgart, replacing the Ce-

sium cations (Cs+) by the organic Methylammonium (CH3NH3
+) cation [27]. At this point a large

interest started to grow around these materials due to their enhanced optoelectronic properties.

The first commercial light emitting devices based on luminescent HOIP were developped in

the 1990s by a team of researchers at the T.J Watson Research center in New York, and by

the end of the 20th century M.Chikao et al. developed an optical absorption layer for solar cells

using a rare-earth based perovskite compound in Japan. This spurred enthusiasm towards the

fabrication of perovskite based solar cells and the first major success came in 2009 when Kojima et

al. reported the development of a photovoltaic cell based on a methylammonium HOIP absorption

layer achieving a solar energy conversion efficiency of 3.8% [28]. Since then, conversion yields of

up to 25.7% [29] have been reached with perovskites solar cells. Thanks to their tunable band

gap, they are expected to catch up with single crystal silicon devices and even reach the Shockley-

Queisser limit of 31%.

Another significant breakthrough - of utmost interest to this work - came in 2015 when the

group of M.V.Kovalenko achieved the first colloidal synthesis of MHP nanocrystals at ETH Zurich

[17]. The study of these nanocrystals emerged as one of the most dynamic area in materials

research primarily due to their unique set of properties: a fine spectral tunability, a high tolerance

to defects, high photoluminescene quantum yields (PLQY), fast radiative decay rates and narrow-

band photoluminescence. These characteristics, investigated throughout this manuscript, make

MHP nanocrystals ideal materials for a wide range of optoelectronic applications.

1.1.1 Crystal structure and polymorphs

MHPs are semiconductor materials adopting the well-known structure of perovskite ABX3 where

X represents a halide anion (Cl-, Br-, I- or a combination of these) B a divalent metallic cation

(Pb2+, Sn2+, Ge2+) and A is a monovalent cation, which can be either inorganic (Cs+) or organic

(Formamidinium FA+; Methylammonium MA+) [26]. The archetypal perovskite lattice has a

cubic symmetry (Oh point group) and consists of a network of corner sharing octahedra [BX6]
4−

with the A cations occupying the 12 coordinated cuboctahedral interstitial spaces in between, as

depicted on Fig. 1.1 [30].

The structural stability of perovskite materials is usually estimated with two primary factors:

the tolerance factor t and the octahedral factor µ [31, 32]. Introduced in 1926, Goldschmidt’s
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X- B2+ A+

Figure 1.1: The cubic perovskite lattice structure (Oh point group). A unit cell is represented on
the left. The central illustration highlights (grey shaded area) the cuboctahedral cavity created by the
halide X− anions. The figure on the right side illlustrates the sub-lattice of corner sharing octahedra
formed by B2+ cations surrounded by six halide X− anions.

tolerance factor t predicts empirically whether or not the A cation can fit in the cuboctahedral

cavity (See the central illustration of Fig. 1.1) formed by the surrounding octahedra. It is defined

as [33]: t = (rA + rX)/
√
2(rB + rX) where rA, rB, rX are the radii of the ions involved in the

structure. This factor shows that the available choice for the A cation is rather limited in MHPs:

either large inorganic cations such as Cs+ and Rb+ or small organic ions like MA+ and FA+ are

suitable [34]. The octahedral factor µ is defined as µ = rB/rX and controls the stability of the

[BX6]
4− octahedra [31, 35]. Again the integration of the B-site cation is constrained by ionic

size restrictions imposed by the octahedron formed by the X− anions. As a rule of thumb, the

perovskite structure can be formed with a reasonable degree of stability when t lies between 0.8

and 1, and µ from 0.44 to 0.90 [35].

Lower symmetry crystal phases:

In ideal cubic structures, such as the oxide perovskite SrTiO3, the t-factor converges to 1.

However, for most perovskite structures, the A cation radius is slightly too short which leads

to structural distortions that change the angle formed by the B − X − B bonds along one or

two directions. This process, depicted on Fig. 1.2 enhances the overall stability of the structure

by reducing the size of the cuboctahedral cavity but lowers its symmetry which results in the

emergence of a tetragonal (D4h point group) and an orthorhombic (D2h) crystal phase [30, 36,

37]. Thus, compared to the cubic crystal phase, the volume of the unit cell is doubled in the

tetragonal case and quadrupled for the orthorhombic one.
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Figure 1.2: Illustration of the octahedral tilts for the three distinct crystal phases, cubic Oh, tetragonal
D4h and orthorhombic D2h of MHPs. In the Oh phase no octahedral tilt is observed. The tetragonal
phase shows octahedra rotations ±α around the c axis. In the orthorhombic phase, a rotation ±α of
the octahedra around the c axis and ±β around the b axis are represented.

Under atmospheric pressure this phenomenon is well documented in MHPs and the three

crystal phases, represented along two different crystallographic directions in Fig. 1.2, have been

widely observed for each compound. The highest-symmetry cubic phase (Oh) exists predominantly

at high temperature, the orthorhombic phase (D2h) at the lowest temperatures and the tetragonal

phase (D4h) is generally found in between [36, 38]. Finally, it is already worth noting that when the

dimensionality of MHPs is lowered (as with the nanocrystals studied in this work), the tetragonal

phase is still regularly observed, even below the phase transition temperature measured on bulk

[39, 40, 41, 42]. The phenomenon is not yet clearly understood but could originate from a

thermally activated dynamic disorder in these structures that creates D4h ↔ D2h fluctuations of

the crystal structure on different time scales at high or low temperature [43, 44].
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1.1.2 MHP nanocrystals

Inorganic nanoparticles have become one of the main pillars of nanosciences, allowing researchers

to understand fundamental nanoscale effects and exploit them to engineer advanced materials.

This brief review will focus on the bottom-up approaches for fabricating nanoparticles, which are

constructive techniques involving the growth and self-assembly of atoms and molecules.

One of the most prominent bottom-up methods, widely used in both research and industry,

includes epitaxial techniques such as MOCVD (Metal Organic Chemical Vapor Deposition) and

MBE (Molecular Beam Epitaxy). These methods involve the deposition of material —whether

in gas, liquid, or solid phase— layer by layer onto a substrate, typically within a reactor [45].

Epitaxy offers excellent control over the shape and size of the resulting nanostructures. The

ability to grow materials directly on a substrate makes epitaxial techniques highly suitable for

creating nanomaterials that can be integrated into "on-chip" devices [46, 47]. However, epitaxy

is a resource-intensive process, both in terms of cost and time. For example, Molecular Beam

Epitaxy (MBE), the most precise epitaxial technique for producing thin films, requires ultra-high

vacuum reactors where elements are slowly sublimed and condensed onto the substrate at a growth

rate of around one micron per hour, while the equipment cost can reach millions of euros [45].

Another widely used bottom-up approach is colloidal synthesis, a chemical technique first

introduced by Bawendi, Murray, and Norris in 1993 to produce CdE (E = S, Se, Te) nanocrystals

[8]. Colloidal synthesis involves dissolving chemical precursors in a solvent and applying specific

treatments to initiate the crystal growth [48, 49]. The result is the formation of nanoparticles as

a colloidal suspension directly in the solution.

Figure 1.3: a. Solutions containing colloidal suspensions of inorganic perovskite nanocrystals under
UV light illumination. b. Typical emission spectra of the colloidal solutions presented above. Figure
adapted from Protesescu et al. [17]
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This method offers several advantages. First, it is cost-effective: the precursors and ligands

used are typically inexpensive, and the necessary laboratory equipment is often already avail-

able in chemistry labs. Colloidal syntheses can also be easily scalable and fast; for instance, the

synthesis of metal halide perovskite nanocrystals (NCs) via hot injection method, requires only

about 2 hours of preparation and around 10 seconds of actual crystal growth [17]. Furthermore,

reaction parameters, such as temperature and ligand choice, can be adjusted to precisely influence

the shape and size distribution of the resulting nanoparticles, with highly uniform sizes achiev-

able within a few monolayers [18]. However, despite these advantages, colloidal NCs are hardly

addressable as individual components and can be challenging to integrate or couple to optoelec-

tronic devices. Furthermore, they often suffer from stability issues, particularly over exposure to

various environmental agents or after re-dispersion in solution. The MHP NCs studied in this

work were synthesized using the colloidal synthesis approach first described for perovskite NCs

by L. Protesecu and coauthors in 2015 [17]. This method will be further discussed in Chapter 2.

1.2 Electronic structure of Metal Halide Perovskites

A complete description of the optical properties of MHPs, relies primarily on the calculation of

the electronic band structure around their band-gap. Indeed, the electronic band structure of

semiconductors dictates the width of their electronic band gap which in turn drives the optical

wavelength of the emitted light. Furthermore, the exciton, discussed later in this Chapter, is

constructed from the conduction and valence band states. Thus, the symmetry and energy of

these states are needed. In this section the electronic band structure of MHPs will be presented

around their band gap after a brief introduction of the k·p theory. The effect of the dimensionality

reduction towards quantum confined NCs will also be discussed.

1.2.1 Electronic structure of Semiconductors

Under the Born-Oppenheimer and mean field approximations, electrons in semiconductors are

characterized by wavefunctions which are eigenstates of the following stationary one-electron

Schrödinger equation:

Hψ(r) =

[
p2

2m0
+ V (r)

]
ψ(r) = Eψ(r) (1.1)

where p is the momentum operator, ψ(r), E and m0 are respectively the wavefunction, energy

and mass of an electron and V (r) is the electrostatic potential created by the crystal lattice.

Deriving the band structure of a material, consists in solving Eq. 1.1. Given the periodicity of

V (r), the Bloch theorem allows one to write the wavefunctions solution of Eq. 1.1 as Bloch waves
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such that:

ψnk(r,k) = unk(r)e
ik.r (1.2)

Where n is a band index, k is the wavevector taken in the first Brillouin zone and unk(r) is a

function that has the same periodicity as the lattice:

unk(r+R) = unk(r) (1.3)

with R being a lattice vector. For every band of index n there is a relationship between the

energy Enk and the wavevector k. The combination of all of these dispersion relations forms the

so called band structure of the material.

A possible approach to calculate this band structure consists in the application of the k · p

theory. The use of this empirical method yields analytical expressions for band dispersion relations

and the effective masses of charge carriers around the semiconductor energy band gap [50]. By

injecting the Bloch wave of Eq. 1.2 into the one-electron Schrödinger Eq. 1.1, and applying the

momentum operator on the Bloch waves, the so-called k · p equation is finally obtained:

(
p2

2m0
+

ℏk · p
m0

+
ℏ2k2

2m0
+ V

)
unk = Enkunk (1.4)

Thus, for k = k0 = 0 Eq. 1.4 can be written as:

(
p2

2m0
+ V

)
un0 = En0un0 with n ∈ N∗ (1.5)

Assuming that En0 represents an extremum within the energy dispersion, we can then in-

vestigate different small wavevectors k close to the band extremum by treating the k · p and k2

terms as perturbations of the k0 = 0 solutions using either degenerate or non-degenerate pertur-

bation theory. In the situation of a non-degenerate band, the unk functions at the first order in

perturbation take the following form:

unk = un0 +
ℏ
m0

∑
n′ ̸=n

⟨un0|k · p |un′0⟩
En0 − En′0

un′0 (1.6)

Since En0 is an extremum, Enk must have a quadratic behavior in k in the vicinity of k = 0.

Consequently, the linear first order term vanishes and one needs to go to the second order in

perturbation:

Enk = En0 +
ℏ2k2

2m0
+

ℏ2

m2
0

∑
n′ ̸=n

|⟨un0|k · p |un′0⟩|2

En0 − En′0
(1.7)
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Thus, still considering small values of k one has:

Enk = En0 +
ℏ2k2

2m∗ (1.8)

where m∗ is defined as the effective mass of the band. Comparing Eq. 1.7 and 1.8 one finally

obtains an expression for the effective mass:

1

m∗ =
1

m0
+

2

k2m2
0

∑
n′ ̸=n

|⟨un0|k · p |un′0⟩|2

En0 − En′0
(1.9)

These relations express that, while considering small values of k, charge carriers have a dis-

persion relation given by Eq. 1.8 and resembling that of a free electron with an effective mass

determined by Eq. 1.9. The great power of k · p theory lies in its minimal requirements, only

necessitating the knowledge of the energy gaps and optical matrix elements (that are quantities

measurable experimentally) around high symmetry points within the first Brillouin zone. This

feature makes it highly convenient for the interpretation of optical spectra and therefore relevant

to this work. With the incorporation of additional perturbative terms, one can even have access

to the band structure of a material inside entire first Brillouin zone [50].

Of course, the simple k · p expression presented in Eq. 1.5 only treats the rather simplistic

problem of a unique non-degenerate band. A more sophisticated expression will be introduced in

the next section for MHP materials considering degenerate bands and spin-orbit interaction.

1.2.2 Electronic band structure of bulk MHPs

Throughout this manuscript, the optical properties of MHPs will be extensively discussed, re-

quiring a precise understanding of the behavior of charge carriers in bulk MHPs. Since optical

transitions primarily occur near the band gap of the material, a local description of the band

structure will be used through multi-band k · p models (considering, at least, a conduction and

a valence band), similar to those commonly used for other semiconductor materials [51]. Much

like the one band k · p model discussed in the previous section, these models allow one to build

an effective mass Hamiltonian that describes the energy of the charge carriers near the band gap

while considering the contribution from multiple electronic bands, whether degenerate or non-

degenerate to obtain a more accurate description.

The general idea is to consider the atomic orbitals of the elements of the material that con-
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tribute to the electronic properties around the band gap1. Using symmetry considerations in the

point group under investigation (Oh, D4h or D2h for the different crystal phases of perovskites),

the irreducible representations of these orbitals can be determined in the point group of interest.

Once this has been established, the basis functions associated with the appropriate irreducible

representations are employed to construct the electronic Bloch functions, forming the orthogonal

basis in which the k · p Hamiltonian will be expressed.

In MHPs, the presence of heavy metal cations like lead (Pb) in the crystal lattice generates a

strong spin-orbit coupling that lifts the degeneracy of electronic states of angular momentum L ̸=0

[52] near the band gap. To include this interaction, the k ·p Hamiltonian introduced in Eq. 1.4 is

modified as:

H =
p2

2m0
+

ℏ2k2

2m0
+ V (r) +

ℏk · p
m0

+
ℏ

4m2
0c

2
(∇V × p) · σ (1.10)

where the last term represents the spin-orbit Hamiltonian with σ the Pauli operator. Each

element of the Hamiltonian Eq.1.10 is evaluated in the Bloch states basis using symmetry consid-

erations. The number of elements in the basis depends on the number of atomic orbitals that were

initially considered for conduction and valence. For example, with MHPs, considering electronic

states that transform like the atomic orbitals s (L = 0), px, py, pz (L = 1) in the Oh point group,

one gets 8 Bloch states for conduction and 8 for valence (counting the spin degeneracy).

A full 40 bands k · p model involving valence and conduction bands of s, p and d (L = 2)

symmetry was developed by Steinmetz et al. in connection to this work for inorganic MHPs and

detailed in the supplementary material of [53]. The left side of Fig. 1.4 presents their results and

the calculated band structure for CsPbCl3 in the Oh crystal phase. One can see that MHPs (other

compounds are presented in the paper and show similar results) have a direct bandgap, located

at the R point of the first Brillouin zone. Interestingly, these calculations generally demonstrate

that the choice of the cation (Cs+, FA+, MA+) has a poor influence on the electronic properties

of MHPs as compared to the "sub-lattice" formed by the PbX6 octahedra. Compared to more

conventionnal II-VI semiconductors, the band structure also appears inverted with a conduction

band of p symmetry whose degeneracy is lifted by the spin-orbit interaction by an amount ∆SO =

1.6 eV.

Regarding optical transitions, due to the large spin-orbit coupling, a good approximation

consists in only considering the elements related to the valence and the "split-off" conduction band

(associated to the R+
6 and R−

6 irreducible representations respectively) in the k · p Hamiltonian.

Doing so, one is left with a 4× 4 Hamiltonian in the {|V1⟩ , |C1⟩ , |V2⟩ , |C2⟩} basis defined by:

1The ’weight’ of these atomic orbitals near the band gap is typically provided by first-principles calculations.
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Figure 1.4: Left: Energy band structure of bulk CsPbCl3 obtained from a 40-band k · p model,
adapted from Steinmetz et al. [53]. The authors found here a bulk band gap energy of Eg = 2.7 eV
and a spin orbit coupling parameter value of ∆SO = 1.6 eV. Right: illustration of the simplified band
structure around the R point of the first Brillouin zone.



|V1⟩ = |jv = 1/2, jvz = 1/2⟩ = |S ↑⟩

|V2⟩ = |jv = 1/2, jvz = −1/2⟩ = |S ↓⟩

|C1⟩ = |jc = 1/2, jcz = 1/2⟩ = i√
3
[|X ↓⟩+ i |Y ↓⟩ − |Z ↑⟩]

|C2⟩ = |jc = 1/2, jcz = −1/2⟩ = i√
3
[|X ↑⟩ − i |Y ↑⟩ − |Z ↓⟩]

(1.11)

The corresponding Hamiltonian and its diagonalisation procedure will not be detailed here but

is fully discussed in [54, 53, 55]. After diagonalisation of the 4× 4 Hamiltonian one can find the

energy of the conduction band (valence set at 0 eV), the effective masses of the carriers near the

band edges. The right part of Fig. 1.4 presents the simplified band structure of MHPs near the

band gap.

1.2.3 From bulk to low dimension Semiconductors

The excitement around the field of Nanosciences comes essentially from the fact that materials

acquire very different properties when they are scaled down to nanometer sizes. As demonstrated

in the previous section, within the effective mass approximation, charge carriers in bulk semi-
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conductors (such as electrons and holes) exhibit a free particle behavior within their respective

energy bands, provided that their masses are replaced by an "effective" mass. This is no longer

the case when a semiconductor is reduced in size along one or more dimensions.

Indeed, when the material size approaches the same order of magnitude as the De Broglie

wavelength of a carrier wavefunction (about 10 nm at 300 K), the motion of the carriers becomes

restricted, and a phenomenon known as quantum confinement emerges. This effect significantly

influences the carriers energy levels and density of states, leading to new electronic and optical

properties within the material. Three primary types of confined nano-structures are usually

identified and illustrated on Fig. 1.5:

• The two-dimensional (2D) systems, also referred to as quantum wells, where carriers are

confined in only one dimension.

• One-dimensional (1D) systems, or quantum wires, characterized by confinement in two

dimensions.

• Zero-dimensional (0D) systems, known as quantum dots or nanocrystals, where carriers are

confined in all three spatial directions.

Bulk (3D) Nanoplatelet (2D) Nanorod (1D) QD (0D)

E

D(E)

EE

D(E) D(E)D(E)

E

Figure 1.5: Top row: Illustration of the diversity of confined objects, from the Bulk (3D) to the
quantum dot (0D). Bottom row: The density of states expected for each nanostructure.

In the case of a NC, and following the model of a particle in an 3D box of infinite potential

barriers, the energy levels and carriers wavefunctions can be expressed as followed:
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ψnx,ny ,nz =

√
23

LxLyLz
sin

(
nxπx

Lx

)
sin

(
nyπy

Ly

)
sin

(
nzπz

Lz

)
(1.12)

Enx,ny ,nz =
ℏ2π2

2m

[(
nx
Lx

)2

+

(
nx
Lx

)2

+

(
nx
Lx

)2
]

(1.13)

where ni (i = x, y, z) are quantum numbers arising from the boundary conditions and Li is

the length of the box in direction i. Fig. 1.5 illustrates this quantum confinement effect, and how

the bulk energy bands turn into distinct energy levels in strongly confined NCs.

The expression given in Eq. 1.13 is valid for a strong confinement applied to the NC. In reality,

different regimes of quantum confinement exist over a particular dimension between the bulk

material and the quantum dot. This will be discussed further in the following section.

1.3 Optical properties of MHP nanocrystals

One of the most interesting properties of semiconductors is their ability to promote electrons from

a valence band to a conduction band under the absorption of light (or e.g the application of an

electric field) providing that the excitation brings an amount of energy greater than or equal to

the band gap. This process leaves a positively charged hole in the valance band that can interact

attractively by Coulomb force with the conduction band electron to form a bound electron-hole

state called the exciton, a neutrally charged quasi-particle.

Two types of excitons are usually distinguished. The first one, the Frenkel exciton, is generally

encountered in materials with a low dielectric constant like inorganic semiconductors for example.

The low dielectric constant reduces the screening of the Coulomb interaction between the electron

and the hole which leads to a large binding energy and a spatial extent approximately limited to

a single unit cell. Thus Frenkel excitons are usually bound to a specific atom, molecule or defect

of the material structure [56, 57, 58]. The second type of exciton is called the Wannier-Mott

exciton. It is usually encountered in inorganic semiconductors and will therefore be the focus of

this work. In this case, due to the high dielectric constant and the light effective masses of the

charge carriers in these materials, the electron and hole are separated over multiple unit cells,

resulting in a highly delocalized exciton wave function [58, 59]. Since the exciton can move freely

within the crystal lattice this type of excitation is also referred to as a free exciton.

The objective of this section is to familiarize the reader with the theoretical framework used

throughout this manuscript to describe the exciton in MHP NCs, its fine structure and its optical

properties.
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Figure 1.6: Illustration of the Wannier-Mott exciton (left) and the Frenkel exciton (right).

1.3.1 Exciton in bulk semiconductors

Before modelizing excitons inside quantum confined nanostructures let us first provide a descrip-

tion in bulk MHPs. For bulk semiconductors, in the framework of the effective mass approxima-

tion, the total wave function of an exciton can be written as:

Ψ(re, rh) = Φ(re, rh)f(re, rh) (1.14)

Φ(re, rh) = eik0(re−rh)uc(re)uv(rh) is the Bloch part where uc(re), uv(rh) are the periodic func-

tions associated to the band edge conduction and valence band states obtained via the k · p

analysis for example. The f(re, rh) factor represents the envelope function for the exciton and

describes its orbital and center of mass motion, it is found solving the Schrödinger equation:[
p̂2
e

2me
+

p̂2
h

2mh
+

e2

4πϵ0ϵ1|re − rh|

]
f(re, rh) = Ef(re, rh) (1.15)

where the third term on the left side of Eq. 1.15 represents the Coulomb potential between the

two carriers in a medium of dielectric constant ϵ1. Since Eq. 1.15 describes a two-body problem,

the center of mass frame will be used and Eq. 1.15 is changed to:[
P̂ 2

2M
+

p̂2

2µ
+

e2

4πϵ0ϵ1|r|

]
f(R, r) = Ef(R, r) (1.16)
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where P̂ and p̂ are the momentum operators associated to the center of mass motion and electron-

hole relative motion respectively. M = me+mh is the total effective mass, µ = memh/(me+mh)

the reduced mass of the system and me, mh are the electron and hole effective mass respectively.

The solutions of Eq.1.16 are well established and can be expressed simply as the product of a plane

wave associated to the center of mass motion R = (mere +mhrh)/(me +mh) and a hydrogenoïd

wave function ϕnlm(r) = Rnl(r)Ylm(θ,ϕ) where Rnl(r) is the radial part in the relative electron-

hole coordinates (r = re − rh) and Ylm(θ,ϕ) is a spherical harmonic function. For instance, the

envelope function of the exciton ground state 1s is given by:

f(R, r) =
1√
V
eiK·Rϕ1s(r) with: ϕ1s(r) =

1√
πa3X

e
− r

aX (1.17)

aX = m0a0/µϵ1 is called the exciton Bohr radius with a0 the hydrogen Bohr radius and ϵ1

the relative permittivity. Since the center of mass moves freely around the lattice, its energy is

given by EK = ℏ2K2/2M . Regarding the relative motion, the energy is quantized and given by

En = RX/n
2 where RX is the exciton Rydberg defined below. Taking all of this together, the

energy of the exciton is finally given by:

En = Eg +
ℏ2K2

2M
− RX

n2
with: RX =

µ

m0ϵ21
Ry (1.18)

Where Ry = 13.6 eV is the Rydberg constant of hydrogen.

1.3.2 Exciton in confined MHP nanocrystals

The objective of this paragraph is to derive the model that will give us the energy and wavefunction

of an exciton in MHP NCs2. This work particularly emphasizes the effects of the crystal phase, the

dielectric environment and the NCs general shape on the exciton properties. The model presented

in this section takes these aspects into account and is constructed in a rather general way. Thus,

in the following, the NCs crystal phase will be undertermined between cubic Oh, tetragonal D4h

or orthorhombic D2h. The NCs are also considered as cuboids with dimensions that are generally

different, i.e Lx ̸= Ly ̸= Lz. In the framework of the effective mass approximation an exciton in

such NC can be described by the following Hamiltonian:

HX =
∑
i=e,h

[
p2i
2mi

+ V conf
i

]
+ VC(re, rh) + Eg (1.19)

2The term ’exciton’ in strongly confined nanostructures is misleading since the Coulomb potential energy be-
comes much weaker than the confinement energy. The electron and hole WFs are separable and one should speak
of ’electron-hole pair’ instead of exciton. However, the MHP NCs studied in this work will always stay in a limit
of intemediate to weak confinement, thus the exciton denomination will be used.
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where the first term is the kinetic energy of the electron (hole), VC a Coulomb potential between

the two charges (described further in the next section), V conf
i is a confinement potential taken

null inside the nanocrystal and infinite outside in a first approximation and Eg represents the

bulk band gap energy.

The exciton total wave function is given by Eq.1.14 where the periodic Bloch functions uc(re),

uv(rh) contained in Φ(re, rh) are determined by the band edge conduction and valence states∣∣ji, jiz〉 (with i = v, c for valence or conduction respectively) developed for MHPs with the k · p

model described in Sec. 1.2.2:



|V1⟩ = |jv = 1/2, jvz = 1/2⟩ = |S ↑⟩

|V2⟩ = |jv = 1/2, jvz = −1/2⟩ = |S ↓⟩

|C1⟩ = |jc = 1/2, jcz = 1/2⟩ = i [−α |X ↓⟩ − iβ |Y ↓⟩+ γ |Z ↑⟩]

|C2⟩ = |jc = 1/2, jcz = −1/2⟩ = i [−α |X ↑⟩+ iβ |Y ↑⟩+ γ |Z ↓⟩]

(1.20)

In these expressions, α2+β2+γ2 = 1. The expression of the parameters α,β and γ depend on the

symmetry of the crystal lattice. Indeed, Eq. 1.11 were given for MHPs of cubic Oh symmetry but

another term due to the crystal field has to be taken into account when the symmetry of the lattice

is lowered from cubic to tetragonal [39, 60, 61]. In the orthorhombic case, since the symmetry is

lowered along two directions, the crystal field has two contributions. Therefore, depending on the

crystal phase, and using the results of [40], the expressions of these parameters are given in the

following Tab. 1.1:

Oh D4h D2h

α2 1/3 cos2 θ/2 cos2 θ
2

(
1 + ξ

EC−EC′

)2
β2 1/3 cos2 θ/2 cos2 θ

2

(
1− ξ

EC−EC′

)2
γ2 1/3 sin2 θ sin2 θ

Table 1.1: Expression of the α, β, and γ parameters for the three crystal phases of MHPs.

In the expressions provided in Tab. 1.1 the angle θ is defined by tan 2θ = 2
√
2∆c/(∆c − 3T ),

where ∆c and T represent the spin orbit and crystal field parameters respectively. EC and EC′ are

the energies of the |jc = 1/2, jcz = ±1/2⟩ and |jc = 3/2, jcz = ±3/2⟩ conduction bands respectively

provided in [40]. Finally, ξ is an additional crystal field contribution due to the D4h → D2h

symmetry reduction. One can see that in the limit ξ → 0 the D4h expressions are retrieved.
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The envelope function that intervenes in the expression of the total exciton WF (Eq. 1.14)

needs to be adapted here to take into account the effect of the quantum confinement on the

exciton. In this context, the bulk exciton Bohr radius aX is a valuable length scale to estimate

the influence of this confinement on the exciton properties of a semiconductor. The exciton wave

function starts to be affected by quantum confinement when a dimension of the NC Li (i = x, y, z)

approaches aX . Three different regimes of quantum confinement are usually distinguished:

• Weak confinement: If the size of the nanoparticle remains larger than the exciton Bohr

radius, such that Li ≫ aX , the exciton center of mass motion becomes restricted while

relative motion of the electron-hole pair stays unaffected. In this case, the associated wave

functions remain separable and one can write:

fWC(R, r) = ψ(R)ϕ1s(r) (1.21)

where ψ(R) is the particle in a box wave function given in Eq. 1.12 which, adapted to the

ground state exciton center of mass motion, writes:

ψ(R) =

√
8

LxLyLz
cos

(
πX

Lx

)
cos

(
πY

Ly

)
cos

(
πZ

Lz

)
(1.22)

• Strong confinement: When the size of the nanoparticle gets smaller than the exciton Bohr

radius i.e Li ≪ aX the energy term due to quantum confinement becomes much larger than

the energy associated to the electron-hole Coulomb interaction which can then be treated

as a first order perturbation. Hence, excitons are not formed and the electron and hole

motions are treated separately. Thus, one can write the envelope function in this limit as:

fSC(re, rh) = ψe(re)ψh(rh) (1.23)

Where ψi(ri) is given by:

ψi(ri) =

√
8

LxLyLz
cos

(
πxi
Lx

)
cos

(
πyi
Ly

)
cos

(
πzi
Lz

)
i = e,h (1.24)

• Intermediate confinement: In this regime the NC size is comparable to the exciton Bohr

radius such as Li ≈ ax. The confinement energy is large enough to affect the charge carriers

but the electron and hole motion can no longer be treated separately as they are correlated.

The envelope function has no simple analytical expression but a variational approach with
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a one parameter trial function can be used here:

fIC(re, rh) = N (a)e−|re−rh|/aψe(re)ψh(rh) (1.25)

where a is the variational parameter, N (a) a normalization factor and ψi(ri) i = e,h

are given by Eq. 1.24. The best trial WF is obtained through the minimization of EX =

⟨Ψ|HX |Ψ⟩ with respect to the parameter a.

1.3.3 Dielectric confinement

Inorganic semiconductors generally possess a much higher dielectric constant than their surround-

ing medium (i.e vacuum, air or ligands for NCs). According to the principles of electrostatics, a

charge inside the semiconductor (medium 1) tends to maximize the polarization of its surrounding

environment. Therefore, near an interface where the dielectric constant drops from a higher value

ϵ1 inside the SC to a lower value, ϵ2, outside, the charge tends to be repelled from the interface.

The effect on the charge electric field and potential can be modeled quite easily by placing an

imaginary charge in medium 2 [62]. In bulk materials this behavior is generally neglected because

the charge carriers or the exciton can simply move away from the interfaces and Coulomb inter-

actions will take the well known form written in Eq. 1.15.

In NCs however, as the size is reduced the charge carriers have an increased sensitivity to their

surrounding environment and can no longer move away from the interfaces. Let us first consider

for simplicity a semiconductor quantum well surrounded by two interfaces with a medium of lower

dielectric constant. This situation was first elegantly described by M. Kumagai and T. Takagahara

in 1989 [63]. The effect on a charge placed inside the well can once again be modelized by imaginary

charges placed behind the interfaces on the outside. Since the thickness of quantum wells is only

a few nanometers, an imaginary charge on one side will affect the charge on the inside which

in turns affect the other imaginary charge on the other side of the well. To include this "chain

reaction" effect, one can therefore add more charges behind each 1st imaginary charge, then the

2nd ones, and so on, until a full "lattice" of imaginary charges is created Fig. 1.7 provides a visual

description of this situation.

Thus one can write the potential felt by the charge inside the well and due to all the imaginary

charges as:

V self
l =

e2

4πϵ0ϵ1

+∞∑
n̸=0

n=−∞

1

2(xl − xln)

(
ϵ1 − ϵ2
ϵ1 + ϵ2

)|n|
(1.26)

Where l = e,h and xln = (−1)nxl + nLx. This potential is called "self potential" because it
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x0x−1 x1 x2 x3x−2x−3

−L/2 0 L/2 x

ϵ2 ϵ1 ϵ2

Figure 1.7: Illustration of a quantum well of permittivity ϵ1 containing a single real charge x0.
To model the effect of the in-homogeneous dielectric environment (due to the external medium of
permittivity ϵ2) on this charge, imaginary charges xn are placed along axis x on each side of the well.
Adapted from [63].

takes into account the Coulomb interaction between the real charge and its own image charges.

It tends to increase the energy of the charge carrier. Since this work is focused on electron-hole

pairs or excitons this potential has to be considered both for the electron and the hole.

This is of course not the only Coulomb interaction that comes into play here: in this image

charges description the Coulomb interaction between the real hole and the real electron and all

of the interactions between these real carriers and their opposite imaginary charges also need to

be included. In the spirit of Eq. 1.26 this is done writing:

Ve−h = − e2

4πϵ0ϵ1

+∞∑
n=−∞

1

(xe − xhn)

(
ϵ1 − ϵ2
ϵ1 + ϵ2

)|n|
(1.27)

This Coulomb potential is attractive and tends to lower the energy of the carriers and increase

the exciton binding energy.

As mentioned earlier in this section, this work focuses mostly on anisotropic nanocubes and

so the confinement will be present in all three directions of space. Both expressions given above

can rather easily be extended to this situation and thus the following expressions are obtained:

V self
l (rl) =

e2

4πϵ0ϵ1

+∞∑
m ̸=0

m=−∞

+∞∑
n̸=0

n=−∞

+∞∑
p ̸=0

p=−∞

1

2

η|m|+|n|+|p|√
(xl − xlm)2 + (yl − yln)2 + (zl − zlp)2

(1.28)

Ve−h(re, rh) = − e2

4πϵ0ϵ1

+∞∑
m=−∞

+∞∑
n=−∞

+∞∑
p=−∞

η|m|+|n|+|p|√
(xe − xhm)2 + (ye − yhn)2 + (ze − zhp)2

(1.29)

where η = (ϵ1 − ϵ2)/(ϵ1 + ϵ2) was used. Considering Eq. 1.28 and 1.29 the total Coulomb
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potential is written as VC = V self
e + V self

h + Ve−h. Finally, it is worth noting that if ϵ1 = ϵ2,

V self
l = 0 and Ve−h takes the usual electron-hole Coulomb expression provided in Eq. 1.15.

1.3.4 Exciton fine structure in MHP nanocrystals

In semiconductor NCs, the optical band edge is characterized by a variety of optical transitions.

The exciton state, which is initially degenerate, is split into multiple sub-levels by the electron-

hole exchange interaction creating the so-called exciton fine structure. Let us start this discussion

by constructing the Bloch states of a bound electron-hole pair in an MHP NC. The electron states

are just the conduction band edge states of Eq. 1.20 i.e |je, jez⟩ = |jc, jcz⟩ = |1/2,±1/2⟩ and the

hole states are derived by applying the time reversal operator to the valence band edge states

which gives
∣∣jh, jhz 〉 = I |jv, jvz ⟩ = |1/2,∓1/2⟩. Thus, using the conventional combination rules

of angular momenta, four exciton states can be created and comprise a triplet associated to the

total angular momentum J = 1, and a singlet for J = 0:



|1⟩ = |J = 1, Jz = 1⟩ = |1/2, 1/2⟩

|0B⟩ = |1, 0⟩ = 1√
2
[|−1/2, 1/2⟩+ |1/2,−1/2⟩]

|−1⟩ = |1,−1⟩ = |−1/2,−1/2⟩

|0D⟩ = |0, 0⟩ = 1√
2
[|−1/2, 1/2⟩ − |1/2,−1/2⟩]

(1.30)

where |1⟩ , |0B⟩ , |−1⟩ are the exciton states associated to the triplet with total angular momentum

J = 1 and projection along the z axis Jz = 1, 0,−1 and |0D⟩ is the state associated to the total

angular momentum J = 0 with projection Jz = 0 along z. So far, the exciton states presented in

Eq. 1.30 are degenerate and their energy can be found by applying the Hamiltonian provided by

Eq. 1.19 to the corresponding total exciton wave-function.

However, this picture of the exciton in MHP NCs still lacks the consideration of an essential

quantum mechanical effect: the electron-hole exchange interaction. Indeed, considering an exciton

described by the state Ψ(re, rh) the indistinguishability of fermions and the Pauli exclusion

principle imply that any matrix element ⟨Ψ|Ve−h |Ψ⟩ where Ve−h is the e-h Coulomb interaction

potential, has two components:

J =
−e2

4πϵ

∫ ∫
dr1dr2

|Ψ(re = r1, rh = r2)|2

|r1 − r2|
(1.31)

K =
−e2

4πϵ

∫ ∫
dr1dr2

Ψ∗(re = r1, rh = r2)Ψ(re = r2, rh = r1)

|r1 − r2|
(1.32)

The first term J is called "direct Coulomb" since it describes the classical electrostatic inter-

action between two charges of opposite signs. The second term K represents an interaction that
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has no classical equivalent and called the exchange integral (also named "indirect Coulomb").

This term mixes the electron and hole spin momentum and lifts the degeneracy of the exciton

fine structure states.

Although this brief description of the EI can help to comprehend the origins of the e-h EI,

it is misleading because in reality the electron and the hole that compose the exciton are only

quasiparticle perturbations of a many-electron system composing the semiconductor. The theory

of the e-h EI in semiconductors was developped in the 1960-1970s by the groups of Bir and Pikus

[64, 65] and Denisov and Makarov [66]. The developments presented in these papers are quite

complex and hardly attainable. As a consequence, the following will briefly describe how the EI

is commonly handled and how it was considered in the present work through a collaboration with

the group of K.Boujdaria at the University of Carthage.

In semiconductor NCs the general idea is to separate the exchange interaction into two com-

ponents: (i) an analytical part that describes the exchange at the scale of the lattice unit cell,

called short range EI (ii) a non analytical part that expresses the symmetry reduction due to the

confinement potential in the NC and that is therefore called the long range EI. Taking both terms

into account, the total Hamiltonian describing the exciton can be written as:

H = HX +HSR +HLR (1.33)

where HX is the exciton Hamiltonian containing the direct Coulomb e-h interaction and given

by Eq. 1.19. HSR, HLR are respectively the short and long range contribution of the e-h EI. The

objective of the following paragraphs is to express these two EI terms in the exciton basis provided

by Eq. 1.30.

Short range Hamiltonian in the exciton basis:

In 1980, Rössler and Trebin [67] demonstrated that the analytical component of the exchange

interaction (EI) could be expressed in real space as a spin-dependent contact interaction, thus

referred to as the short-range (SR) EI. This interaction takes the following form:

HSR =
1

2
C(J − σe · σh)δ(re − rh) (1.34)

where J represents the 4 × 4 unitary matrix, σe, σh are vector operators with components

corresponding to the Pauli matrices for the electron and hole respectively and δ(re − rh) is the

delta function. In this expression C is the so-called SR exchange constant whose calculation can

be made from experimental measurements [54, 55, 67, 68]. The short range Hamiltonian HSR
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takes the following form in the exciton basis {|1⟩ , |−1⟩ , |0B⟩ , |0D⟩}:

HSR =
3

2
∆SRπa

3
XK


α2 + β2 −α2 + β2 0 0

−α2 + β2 α2 + β2 0 0

0 0 2γ2 0

0 0 0 0

 (1.35)

In this Hamiltonian, ∆SR = (2/3)C/πa3X contains the SR constant C and aX , the exciton

Bohr radius. The parameters α, β and γ depend on the amplitude of the spin-orbit coupling and

the crystal field. Their expressions were provided for each MHP crystal phase in Tab. 1.1. The

factor K is an overlap integral of the exciton envelope function and expresses the probability for

the electron and the hole to be in the same unit cell i.e:

K =

∫
V
|f (r, r)|2 dr =

27

8

|N (a)|2

LxLyLz
(1.36)

where f (r, r) is given by Eq. 1.25, Lx, Ly, Lz are the edge lengths of the NC and N (a) is a

normalization factor from Eq. 1.25.

Long range Hamiltonian in the exciton basis:

Although the long range can often be neglected in EFS calculations for semiconductor NCs

of isotropic shapes, it is essential for this work since it encompasses the effects of the NC shape

anisotropy that will be investigated in Chap. 3. To describe the long range (LR) EI in NCs, the

following expression is generally used [55, 69, 23]:

HLR

 r′e r′h

re rh

 =
∑
i,j

Qij
c′Iv
Iv′c

∂2

∂rie∂r
j
h

W(re, r
′
h) δ (re − rh) δ

(
r′e − r′h

)
(1.37)

In this expression, W is obtained from Eq. 1.29 by taking −Ve−h and replacing ϵ1 by ϵX , the

dielectric constant at the exciton resonance. The Bloch states in the conduction band (the hole

in the valence band) are denoted by the symbols c, c′ (v , v′), while the coordinates of the

electrons and holes are denoted by the symbols (re, r
′
e) and (rh, r

′
h), respectively. The time-

reversal operator, I, alters the linear momentum p and the angular momentum by their opposite

while leaving r unchanged. The Q matrix involves the products of the momentum operators [64,
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70], its matrix elements are provided by:

Qij
c′Iv
Iv′ c

=
ℏ2

m2
0

⟨c′| pi |Iv′⟩ ⟨Iv| pj |c⟩
(E0

c − E0
v)
(
E0

c′ − E0
v′
) (1.38)

where m0 is the free electron mass and pi (pj) is the i (j) component of the p momentum; E0
ν

(ν = c, c′, v, v′) is the νth band energy.

To obtain the LR Hamiltonian in the exciton basis the first step is to take the Fourier transform

of the Coulomb potential W to facilitate the calculations (as with many problems in electrostat-

ics). Then this potential is derived partially with respect to the electron and hole coordinates

for every position of the image charges. After this, the matrix elements of the LR Hamiltonian,

⟨Ψ|HLR |Ψ⟩, (Ψ(r, r) being the total exciton WF), are obtained after the calculation of the matrix

elements of equation Eq. 1.38. For clarity reasons, the derivation of the long range Hamiltonian

will not be performed in this paragraph but further details can be found in Appendix A or equiva-

lently in the work published by the author and his collaborators (see the Supplementary Material

of [71]).

In the exciton basis {|1⟩ , |−1⟩ , |0B⟩ , |0D⟩} the LR exchange Hamiltonian finally takes the follow-

ing form:

HLR =


Σd Σod 0 0

Σod Σd 0 0

0 0 Σz 0

0 0 0 0

 (1.39)

Note that the HLR matrix and HSR matrix have the same structure. In Eq. 1.39, Σd, Σod and Σz

are given by: 

Σd =
[
α2EPS,x

Ix + β2EPS,y
Iy
]
Λπ9

(
πa3X
L3
x

)(
3 |N (a)|2

rs

)

Σod =
[
−α2EPS,x

Ix + β2EPS,y
Iy
]
Λπ9

(
πa3X
L3
x

)(
3 |N (a)|2

rs

)

Σz = 2γ2EPS,z
IzΛπ

9

(
πa3X
L3
x

)(
3 |N (a)|2

rs

) (1.40)

where, EPS,j
=
(
2m0/ℏ2

)
P 2
S,j (j = x, y, z) are the Kane energies under the D2h point group sym-

metry (orthorhombic crystal phase), associated to the Kane interband matrix elements involved

in Eq. 1.38. Their values can either be deduced from experimental data or by calculation from

the multiband k ·p model. For NCs of cubic crystal symmetry (Oh point group), the parameters

PS,j have the same values PS,x = PS,y = PS,z whereas under the tetragonal (D4h) symmetry:

PS,x = PS,y = PS,ρ ̸= PS,z. The parameter Λ can be expressed in terms of the material and
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general constants as follow:

Λ =
1

3E2
g

ℏ2

2m0

e2

ϵ0ϵX

1

πa3X
(1.41)

The parameters r and s of Eq. 1.40 are defined by r = Ly/Lx and s = Lz/Lx and describe the

shape elongation or contraction of the NCs (modeled as a rectangular cuboid). The exchange inte-

grals, denoted Il (l = x, y, z), have very sophisticated expressions that are detailed in Appendix A.

These integrals encompass the correction caused by the dielectric effects on the exchange inter-

action while strongly depending on the parameters r and s. Thus, any modification of the NC

shape or dielectric environment will change the amplitude of the LR exchange interaction.

Eigenvalues and eigenstates of the exchange Hamiltonian:

Following the description of both contribution of the exchange interaction in the exciton basis,

the total exchange Hamiltonian Hexch =
(
HSR +HLR

)
can finally be diagonalized and admits

four non degenerate eigenvalues and corresponding eigenstates that comprises three bright exciton

states (|X⟩, |Y ⟩, |Z⟩) and one dark state (|D⟩):

E|X⟩ =
[
2ΛxEPS,x

+ 3∆SR

]
Kα2πa3X ; |X⟩ = 1√

2
[|+1⟩ − |−1⟩]

E|Y ⟩ =
[
2ΛyEPS,y

+ 3∆SR

]
Kβ2πa3X ; |Y ⟩ = 1√

2
[|+1⟩+ |−1⟩]

E|Z⟩ =
[
2ΛzEPS,z

+ 3∆SR

]
Kγ2πa3X ; |Z⟩ = |0B⟩

E|D⟩ = 0 ; |D⟩ = |0D⟩

(1.42)

where the parameter Λl is defined as Λl =
8π9

9 ΛIl (l = x, y, z) with Λ previously expressed in

Eq. 1.41 and Il the exchange integral defined in Eq. A.13.

With Eq. 1.42 the exciton fine structure is fully characterized. The great advantage of these

expressions is their general character. Indeed, they allow a full calculation of the energetic land-

scape of the exciton fine structure in any MHP material providing that the involved constants

for this material are known. The crystal phase of the given material can also be adjusted by

changing the value of the Kane energy parameters EPS,i
and the parameters α, β and γ (defined

in Tab. 1.1). Additionally, and of upmost importance for the work presented in this manuscript,

the adjustment of the parameters r, s, η that come into play in the exchange integrals Il (equation

Eq. A.13) allow for a change of the NC shape and dielectric discontinuity at the interface.

The exciton fine structure (EFS) of MHP materials is summarized on the level diagram pre-
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sented in Fig. 1.8. On the top row, the EFS expected for each crystal phase is presented for NCs

of perfect cubic shape, i.e Lx = Ly = Lz (r = s = 1). The second row shows the effects of a

change of the parameter r and s values on the EFS with a special focus on the tetragonal crystal

phase (that will be central in the following chapters). One can see that depending on the direction

of the NC distortion, the degeneracy of the states |X⟩ and |Y ⟩ is lifted or not.

Lx

Ly

Lz

Oh D4h D2h

∆BD

∆BB

∆BD

|Z⟩

|X,Y ⟩

|D⟩

∆BB′′

∆BD′′

|Z⟩

|Y ⟩

|X⟩

|D⟩

∆E′
1

∆E′
2

∆BD′

|Z⟩

|Y ⟩

|X⟩

|D⟩

∆E1

∆E2

∆BD

r varies s varies

Ly ± δLy
Lz ± δLz

Figure 1.8: EFS energy levels diagram in MHPs. The top part of the Figure illustrates how the fine
structure levels split when the crystal phase varies from cubic (Oh) to orthorhombic (D2h) while the
shape of the NC is kept perfectly cubic. On the bottom, the effect of the NC shape anisotropy is taken
into account on the tetragonal phase (D4h) specifically by adjustment of the parameter s = Lz/Lx or
r = Ly/Lx. Note that the highest symmetry axis of the D4h phase is assumed to be parallel to the
NC axis z.

As a final comment here, note that the expressions provided in Eq. 1.42 are only "semi-

analytical" for the parameters Λl (containing the Il integrals) and K (that contains the exciton

wavefunction normalization factor, N (a)) have to be determined via numerical computation.

1.3.5 Oscillator strength of exciton fine structure transitions

The optical properties of MHP NCs arise from the coupling of the EFS states presented in the

last section to the electromagnetic field. The objective of this paragraph is to calculate the oscil-

lator strength of some of the different optical transitions associated to the EFS. The interaction
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Hamiltonian describing the coupling of light to an electrical dipole is given by:

Hint = − q

m0
A(r, t) · p̂+

q2A2(r, t)

2m0
(1.43)

where p̂ is the momentum operator and A(r, t) is the vector potential. In the following only linear

processes are considered and so the Coulomb Gauge will be used. In the Coulomb Gauge, the

vector potential can be expressed as a plane wave A(r, t) = A0e
i(k·r−ωt)ê and one has E(r, t) =

−∂A(r, t)/∂t. Since optical transitions are considered in this work, their wavelengths are much

larger than the NC size i.e λ ≫ L (where L is the edge length of the NC). Thus, the dipole

approximation can be used. All in all, the interaction Hamiltonian finally takes the following

form:

Hint ≈ − iqE0

mω
e−iωtê · p̂ (1.44)

The transition rate between two electronic states of energy Ei and Ef is given by Fermi’s

golden rule:

Γi→f = −2π

ℏ
|⟨f |Hint |i⟩|2δ(Ef − Ei − ℏω) (1.45)

Eq. 1.44 and 1.45 tell us that the transition rate Γi→f is proportional to |⟨f | ê · p̂ |i⟩|2 where

⟨f | ê · p̂ |i⟩ is called the dipole moment of the transition i→ f .

Let us now consider the absorption of a photon of energy ℏω polarized along z in a MHP NC.

The initial and final states are given by the vacuum |0⟩ and the exciton |Ψ(r, r)⟩ state respectively,

one can write:

|⟨Ψ(r, r)| ê · p̂ |0⟩|2 = |⟨0B| p̂z |0⟩|2
∣∣∣∣∫ drf(r, r)

∣∣∣∣2 (1.46)

with f(r, r) the envelope function and |0B⟩ = |Z⟩ is the exciton state associated to a linear dipole

along the z direction. Thus, the transition dipole moment is given in this case by:

⟨0B| p̂z |0⟩ =
1√
2
[⟨C1,V1| p̂z |0, 0⟩+ ⟨C2,V2| p̂z |0, 0⟩] (1.47)

=
1√
2
[⟨C1| p̂z |V1⟩+ ⟨C2| p̂z |V2⟩] (1.48)

where the electron-hole representation associated to the exciton was switched to the electron-

electron representation with Bloch states |C1,2⟩, |V1,2⟩ defined in Eq. 1.20 [68, 72]. Keeping only

the non zero terms associated to |Z⟩ in Eq. 1.20 one gets:

⟨0B| p̂z |0⟩ = −i γ√
2
[⟨Z ↑| p̂z |S ↑⟩+ ⟨Z ↓| p̂z |S ↓⟩] = −i

√
2
γm0

ℏ
PS,z (1.49)

In this expression, PS,z = (ℏ/m0) ⟨Z| p̂z |S⟩ is the Kane inter-band matrix element. Thus, the

square of the optical transition dipole moment associated to the absorption of light linearly po-
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larized along the z direction is finally given by:

|⟨Ψ(r, r)| ê · p̂ |0⟩|2 = EPS,z
sin2 θ

∣∣∣∣∫ drf(r, r)

∣∣∣∣2 (1.50)

where EPS,z
= 2m2

0P
2
S,z/ℏ2 and the expression of sin2 θ was discussed in the paragraph following

Tab. 1.1. From there one can calculate the oscillator strength fZ associated to the exciton state

|Z⟩ [72]:

fZ =
2EPS,z

K

EZm0
sin2 θ (1.51)

where K is the square of the overlap integral from Eq. 1.50 and EZ is the energy of the transition

from state |Z⟩ to the vacuum. The oscillator strength of the other EFS states can be calculated

the same way. Doing so with the exciton state |D⟩ = |0D⟩ the dipole moments ⟨Z| p̂z |S⟩ cancel

each other in Eq.1.49 which will inevitably lead to fD = 0, an expected result for this dark exciton

state.

1.3.6 Additional exciton species

When the excitation power is increased, the density of photo-generated free carriers and exci-

tons will be enhanced in the NC. The Coulomb interaction between these charge carriers can lead

to the formation of charged excitons or exciton molecules that are studied in the following section.

Trion:

A trion is a three-particle state composed of an electron-hole pair (or exciton) and an addi-

tional charge that is either an electron for the negative trion X− or a hole for the positive one

X+. Thus, the creation of a trion implies the ionization of the NC, which can happen through

the doping of the material [73, 74] or by an Auger recombination process [75]. In the latter case,

the energy liberated by an exciton recombination is transferred to one of the charge carriers com-

posing a second exciton. When this energy is high enough, the carrier can be ejected from the

material, leaving the NC with a net electric charge. After this ionization process, a single carrier

is left in the NC and the photo-generation of an additional exciton leads to the trion formation by

Coulomb interaction between the single carrier and the new exciton, seen on Fig. 1.9. The energy

of the trion is governed by the attractive Coulomb interaction between the two opposite charge

carriers with an additional carrier-carrier repulsion. Therefore the binding energy of a trion is

always lower than that of the exciton and one can write ∆X± = (EX + Ei)− EX± with i = h, e

for a positive or negative trion respectively. Furthermore, the three particle state formed by the

trion is not split by the exchange interaction [76]. To see this let us take the example of the
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Auger ionization Ionized NC Trion

Figure 1.9: Illustration showing the mechanism behind the formation of a negatively charged Trion
in a NC by Auger ionization. Adapted from [75].

negative trion X−. This trion state is spin degenerate and can either be |↑↓↑⟩ or |↑↓↓⟩ (with ↑,↓

designating the hole spin). In either case, two electron-hole exchange terms of the same amplitude

but opposite signs are obtained and cancel each other. Experimentally, all of these arguments

lead to a trion emission characterized by a single spectral line associated to a circular polarization

(due to the spin degeneracy of the trion state).

Biexciton:

Biexcitons are quasi-particles composed of two electrons and two holes that can be viewed, in

analogy with the dihydrogen molecule, as exciton molecules. They are formed by the Coulomb

interaction between two excitons leading to a biexciton state |XX⟩ of energy EXX that is lower

than that of two non interacting excitons (|X⟩ of energy EX) i.e EXX < 2EX . The difference

∆XX between the two is the biexciton binding energy and thus ∆XX = 2EX − EXX .

Fig. 1.10 illustrates the resulting energy level structure known as the "biexciton cascade".

During its recombination, the biexciton can either go through the path represented in red on

Fig. 1.10 (and associated to the exciton state named |Y ⟩) or via the blue path (associated to the

state |X⟩). If the two intermediate exciton states have a smaller fine structure splitting ∆FSS

than the radiative linewidth, the two recombination paths become indistinguishable and pairs of

polarization entangled photons are generated [77]. This is the most important application of the

biexciton cascade but it requires a very fine control over the EFS splittings. In the case of MHP

NCs the adjustment of ∆FSS can be achieved by controlling the anisotropic growth of the NCs

(as seen in Sec. 1.3.4) or by directly readjusting the exciton states energies with an electric field

by Stark effect [78].

During optical spectroscopy experiments, the spectral signature of the biexciton will appear as

a red shifted multiplet with inverted polarization properties when compared to the EFS lines (i.e

if the high energy EFS transition has an horizontal linear polarization, the high energy biexciton
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|X⟩
|Y ⟩

|XX⟩
|2X⟩

|0⟩

HXX VXX

HX VX

∆FSS

∆XXE

Figure 1.10: Energy level diagram of the neutral exciton and biexciton, commonly known as the
Biexciton cascade. The exciton fine structure states are represented by |X⟩ and |Y ⟩ with energy
EX ± ∆FSS/2 where ∆FSS represents the fine structure splitting between two bright states. The
biexciton binding energy is given by ∆XX = 2EX −EXX . One can see that if ∆FSS approaches 0 the
two recombination paths (red and blue arrows) of linear polarization H (Horizontal) and V (vertical)
become indistinguishable. Note that for clarity, the splittings represented on the diagram are not to
scale. In reality, ∆FSS ≪ ∆XX .

transition will have a vertical linear polarization and vice versa). This behavior is explained by

the fact that much like the trion, the biexciton state is not split by the exchange interaction since

all the exchange terms cancel each other [76, 79]. Therefore the energy of the transitions towards

the exciton will only depend on the fine structure splitting between the exciton states, as seen on

Fig. 1.10.

1.4 Exciton interacting with its environment

The underlying atomic lattice and its environment are expected to interact with the charge carriers

confined in the NC. This section presents a brief overview of these interactions with a special focus

on the exciton-phonon interactions.

1.4.1 Dephasing

Let us first understand why these interactions are important for this work. Like any other quantum

state, an exciton inside a semiconductor lattice has a certain duration over which it remains

coherent, meaning that the phase relationship between the different components of this state is

well preserved. This particular duration is often called the coherence time (or dephasing time) and
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denoted as T2. When every other coherence damping processes are neglected, the recombination

of an exciton is governed by the spontaneous decay of its population towards the ground state, in

other word here, by spontaneous emission. Thus, in such ideal system the coherence time of the

exciton is given by T2 = 2T1 where T1 represents the radiative lifetime of the exciton.

In reality however, the coherence time of an exciton is usually drastically reduced by its

interaction with the environment. These interactions do not lead to a change in the exciton

population but rather alter its phase. A timescale is generally attributed to the combination of

all of these events and called the pure dephasing time denoted as T ∗
2 .

Considering both of these coherence damping processes, the following relation provides the

dephasing rate (1/T2) for an exciton inside a NC:

1

T2
=

1

2T1
+

1

T ∗
2

(1.52)

The understanding of these timescales is crucial for the design and interpretation of exper-

iments in quantum optics and quantum computing, where the control of quantum states is of

fundamental importance. For these applications, the objective is to find systems with the longest

coherence time T2 while suppressing the pure dephasing mechanisms to the maximum to tend

towards T2 ≈ 2T1 where the emitted photons become indistinguishable. This limit represents a

formidable challenge to reach because quantum systems are never completely isolated from their

surrounding environment. Since semiconductor NCs are solid state systems, two major sources of

pure dephasing are the fluctuations in the electrical environment (spectral diffusion) and exciton-

phonon coupling i.e. coupling to the thermally induced lattice vibrations (phonon bath), both

presented in the next paragraphs.

1.4.2 Electrical environment

The electrical environment of a NC can have a huge impact on the coherence properties of the

exciton. The presence of charges arises from the occupation fluctuations of the available states in

the surrounding environment and leads to time-dependent shifts in the local electric field. These

fluctuations result in small variations in the energy levels of the exciton through the Stark effect

and random phase shifts of the quantum state, contributing to dephasing. Since most of these

charge fluctuations are due to the presence of nearby traps or impurities, one way to limit their

impact is to passivate the surfaces of the NCs and improve the synthesis conditions to limit the

number of defects in the NC lattice.
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1.4.3 Exciton-Phonon coupling

The presence of a crystal lattice surrounding the exciton in solid-state systems provides the ideal

environment for exciton-phonon coupling. Three main mechanisms of exciton-phonon interaction

are usually distinguished: the deformation potential, the piezoelectric coupling and the Fröhlich

coupling. The following only presents a brief review of these mechanisms but a rigorous mathe-

matical treatment can be found in [80, 81, 82].

Coupling to deformation potentials:

The electronic band structure of a material is very sensitive to the inter-atomic distances. Thus,

the atomic displacement induced by lattice vibrations will slightly change the energy of excited

carriers inside the crystal lattice. This form of carrier-phonon coupling is generally described by

deformation potentials, i.e potentials that depend on the relative volume change δV/V of the

material due to the deformation. The phonons involved in this type of coupling are usually low

energy acoustic phonons. Since the occupation number of these modes is given by the Bose-

Einstein distribution, n(T ) = 1/(exp(ℏω/kBT ) − 1), their low energy (usually a few 100 µeV in

MHPs) allow them to exist even at cryogenic temperatures and to interact with the exciton state.

Piezoelectric Coupling:

Piezoelectric coupling occurs in materials that lack a center of symmetry, meaning that they

possess piezoelectric properties. In such materials, mechanical stress can induce an electric po-

larization, and conversely, an electric field can cause mechanical deformation. When an acoustic

phonon propagates through a piezoelectric material, it deforms its atomic lattice and induces an

electric field that can interact with the electrons. In this manuscript, phonons are essentially

investigated in fully inorganic perovskite materials (like CsPbCl3) which are centrosymetric ma-

terials. Thus, piezolectric coupling wil not be considered further.

Fröhlich coupling:

Fröhlich coupling describes the interaction between electrons and optical phonons in polar mate-

rials, such as ionic crystals (e.g., CsPbX3, NaCl, GaAs). In these materials, when a longitudinal

optical (LO) phonon mode is excited, it generates a local electric field due to the displacement

of ions with opposite charges. This electric field can then interact with charge carriers in the

material, leading to a modification of the exciton energy. Like the acoustic phonons, the occupa-
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tion of the optical phonon modes is governed by the Bose-Einstein statistics. Since their energy

is usually much larger (e.g ∼ 10 meV in CsPbCl3) they do not "perturbate" the exciton at the

lowest temperatures. At high temperature however their occupancy is much larger and since

MHP materials are highly ionic compounds, the Fröhlich interaction generally dominates all the

exciton-phonon scattering mechanisms at temperatures above ∼ 50 K typically.

1.5 Short review of MHP NCs applications

Now that MHP NCs and their optical properties have been presented, let us close this introduc-

tory chapter by reporting some of the most promising applications of these materials. Note that

the short following review will be restricted to the description of light emission devices, which are

closely related to this work and will thus not mention photovoltaic applications that represent

another important area of research in perovskite materials.

Light emitting devices:

One of the first optoelectronic application that comes to mind when speaking about perovskite

NCs are LEDs. These devices emit light via the radiative recombination of electrically injected

e-h pairs inside their active layer i.e the region containing the semiconductor NCs. The high oscil-

lator strength of the optical transitions characterizing MHP NCs, alongside their defect tolerant

band structure (for Br- and I- based compounds at least) have led to the observation of near-unity

Photoluminescence Quantum Yields (PLQY) and translate, application wise, into brighter LEDs.

Moreover, these systems show narrow emission peaks of full width at half maximum (FWHM)

typically in the range of 20–30 nm at room temperature which leads to a high color purity of LED

emission [17, 18].

The relatively easy adjustment of the halide composition and quantum confinement in these

systems results in a high tunability of their band gap and, naturally, of their emission wavelength

over the entire visible spectrum [17]. Thus, red and green emitting LEDs, based on MHP NCs,

have been widely reported in the litterature and already achieve external quantum efficiencies

(EQE) between 15 to 30 % (see e.g [83, 84, 85] for red LEDs and [86, 87, 88] for green emission).

Regarding blue LEDs, MHP NCs suffer from issues that are rather general to all semiconductors:

A reduced choice in the available compounds to generate wide band gap structures and a larger

proportion of trap states that lead to non-radiative recombination in these large band gaps [89].

The strategies for developing blue MHP NCs based LEDs include the use of mixed Cl- and Br-

halide materials i.e ABBr1-xClx where 0 ≤ x ≤ 1 [90], highly quantum confined structures like

quasi-2D perovskite structures [91] and passivation to reduce the number of defects on their
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surfaces [92]. Fig. 1.11 shows a brief overview of the progress that has been made over the last

decade regarding the quantum efficiency of perovskite based LEDs alongside other quantum dots

(essentially II-VI semiconductors) and organic LED technologies for comparison.

a. b.

c.

d.

Figure 1.11: MHP based LEDs. a,b. Images of green [86] and red [93] LEDs under operation.
c. Concept of an LED display based on an MHP NCs active layer [94] d. Evolution of the external
quantum efficiency (EQE) at peak luminance for MHP and other LED technologies. The Brown and
purple lines and symbols represent organic and II-VI semiconductor quantum dots LEDs respectively.
Reprinted from [95].

Finally, LEDs based on MHP NCs face additional challenges such as photostability (especially

due to their moisture and oxygen sensitivity) [96, 97, 98], operational longevity, and environmen-

tal safety (the B site cation being lead in many perovskite NCs) [99]. Even though many research

groups are actively working on these issues [100, 101], further progress still need to be made for

a widespread commercial use of these devices.

Lasers:

For laser emission to happen, a gain medium needs to reach population inversion i.e a situa-

tion where the number of emitters in an excited state overcomes that of emitters in their ground

state. When this situation is reached, stimulated emission can occur and, with the appropriate

resonant configuration, leads to light amplification of high coherence. Therefore, in such systems,

lasing is triggered as long as the gain surpasses the non-radiative losses in the optical medium.

In this context, perovskite nanostructures are highly promising for laser applications. The

unique combination of properties mentioned in the previous paragraph makes them well-suited

for efficient, tunable, and low-threshold lasing. Additionally, the emission of MHPs essentially
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comes from the radiative recombination of bright exciton states that can show a high binding

energy in confined systems such as nanoplatelets and quantum dots, thus favoring a high exciton

gain even at room temperature [102]. Finally, non radiative recombination channels are reduced

by the defect tolerance of these materials, the inefficient bright-dark exciton state relaxation [22,

71], and the ultrafast stimulated emission processes occuring on a shorter time scale that non-

radiative Auger recombination [103, 104, 105]. Although several studies have already reported

optical gain or laser emission with hybrid or all inorganic MHPs in the visible spectrum [106, 107,

108, 109] most of these demonstrations used a pulsed laser as excitation pump. Fig. 1.12 shows

the example of a lasing MHP device made out of a ∼ 10 µm MAPbI3 nanowire (NW) by the

group of X-Y.Zhu in 2015 [106]. The lasing here is characterized by a large non linear intensity

increase above the pump fluence threshold, a strong reduction of the emission linewidth (down to

∆λ = 0.2 nm) and an acceleration of the emission decay dynamics (τ ≤ 20 ps).

Perovskite laser gain media operating under continuous wave (CW) excitation have been much

less reported in the literature [110, 111, 17]. Under such excitation conditions, and due to the low

thermal conductivity of perovskites [112, 113], the lattice can rapidly overheat by Joule heating

which then leads to the degradation of these soft-lattice materials and to the accumulation of

lattice defects. [114]. Finally, the largest remaining challenge for the realization of MHP based

lasers is the design of an electrically excited gain medium (coupled to a resonator) with a lasing

threshold sufficiently low for practical uses [115, 116]. In these excitation conditions the overheat-

ing is even worse due to a poorer conversion of optical to electrical energy. To this day, no efficient

solutions have been found to these issues. New strategies are being explored among which the

polaritonic one that could allow to combine an electrical pumping to the low threshold density

lasing obtained through polariton condensation. Among the rapidly developing literature in the

field the reader can refer to references [117, 118] for a first insight into the possibilities offered by

the approach.

Single photon sources:

A single-photon source is a system that emits light in the form of individual photons (i.e. one

at a time), in contrast to classical light sources, which emit multiple photons simultaneously (in

bunches). These sources are crucial for various applications in quantum technologies, particularly

in fields like quantum cryptography, computing, and communication [119]. In their ideal form,

such light sources are represented by an isolated two level system comprising an excited state |1⟩

and a ground state |0⟩. Through the spontaneous relaxation |1⟩ → |0⟩, indistinguishable photons

(i.e. in the same pure quantum state) are emitted at time intervals characterized by the radiative
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Figure 1.12: Lasing MAPbI3 NW device. a. Illustration of the lasing device on its SiO2 substrate
and under pulsed excitation (∆t = 150 fs, Rep. rate 250 kHz, λ = 402 nm). b. PL intensity map
as a function of the pump fluence and the emission wavelength. c. Emission spectra captured at
different pump fluences. The black dots in the inset show the evolution of the emission intensity with
the pump fluence (note the non linear regime above the fluence threshold of ∼ 600 nJ/cm2). The
blue triangles give the emission linewidth evolution with pump fluence with a clear drop around ∼ 600
nJ/cm2. d. Optical image (left) of a single NW. The middle and right images show the NW emission
below and above the lasing threshold. e. Emission decay measurements for below (blue curve) and
above (red curve) the lasing threshold (black curve is a measurement at very low fluence). A strong
reduction of lifetime is clearly observed in the stimulated emission regime (with a residual background
of spontaneous emission). Figure reprinted with permission from [106]

lifetime τ1 of the transition.

For practical systems however (e.g., semiconductor NCs), this ideal picture is degraded by

the interaction of the "two level" system of interest with its environment. Indeed, Sec. 1.4.1

explained that several mechanisms can lead to the decoherence of the exciton state: coupling to

lattice vibrations [120] fluctuating electrostatic charge distribution in the environment [121] or

even hyperfine interaction with nuclear spins [122]. In these conditions, the emitted photons loose

their indistinguishability and single nature. Therefore, key quantities to measure for the evaluation

of practical single-photon sources are: the single photon purity (how reliably the single-photon

source emits one photon at a time, without multi-photon events), the indistinguishability (how
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identical the emitted photons are in terms frequency, polarization etc.) and brightness (driven by

the rate at which single photons are emitted by the source).

CsPbBr3

FAPbBr3

a

c d

b

e f

Figure 1.13: Comparison of the single photon emission properties for two materials: CsPbBr3 and
FAPbBr3. a,c. PL blinking measurements for each material. CsPbBr3 shows a better photostability
under illumination over time with less frequent blinking. The histogram on the side shows the number
of occurences on the same intensity range. Two "on" and "off" states are observed with higher "off"
state occurences in the case of FAPbBr3 b,d. Second order correlation function obtained through
HBT two-photon coincidence measurements on a single emitter for each compound. Over multiple
measurements, the authors found a g(2)(τ = 0) < 0.1 for 56% of CsPbBr3 and 75 % of FAPbBr3
NCs. e,f. Coherence time measurements for each compound obtained by two-Photon time-resolved
near-field scanning optical microscopy experiments. Both materials have T2 ≈ 100 fs with a slightly
longer coherence time for CsPbBr3. a,b,c,d. are adapted from [123] and e,f from [124]

Using a Hanbury Brown and Twiss (HBT) interferometer, F. Hu et al. demonstrated in 2015

the room temperature single photon emission from MHP NCs with a 0.06 probability of pho-
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ton coincidence at zero time delay and per excitation pulse [125] 3. Since then, MHP NCs and

their bright EFS transitions have been highly investigated for their potential use as single photon

sources [126, 127, 123, 128]. The high PLQY measured in MHPs alongside the ease of tunabil-

ity of their emission wavelength (particularly towards long wavelengths) makes them excellent

candidates for bright single-photon sources. Additionally, unlike many single-photon sources that

require cryogenic temperatures to operate (e.g., self assembled quantum dots or trapped atoms)

the large exciton binding energy of MHP NCs allow the emission of single photons at room tem-

perature [129]. Fig. 1.13 reports typical measurements characterizing the single photon emission

of MHP NCs.

As of today, many issues still need to be addressed for the use of MHP NCs as efficient single

photon sources. First, their quick degradation when exposed to light and moisture reduces their

long-term photostability (see Fig. 1.13). Another limitation comes from the blinking of their

emission that randomly switches between "on" and "off" states over time [126, 123]. Addressing

these issues, D’Amato and coauthors have demonstrated the higher photostability of CsPbBr3

and later used Zn2+ doped CsPbBr3 NCs to observe a clear diminution of the PL blinking [127].

Perovskite NCs generally exhibit lower photon indistinguishability compared to other quantum

emitters, such as quantum dots or color centers. This is due to the already mentioned spectral

diffusion and phonon interactions at room temperature, which affect the homogeneity of emitted

photons in terms of phase, polarization, and frequency. A common method to deal with this

issue and ensure a large photon extraction is to couple the quantum emitter to a cavity [130] or a

photonic circuit [131]. These structures have been shown to enhance the radiative recombination

rate (by Purcell effect), which in turn, reduces the influence of the dephasing processes and

improves the brightness of the emitter. However, this remains less developed for NCs when

compared to self assembled quantum dots since the later have, by nature, a better "on-chip"

integration potential. Notably, recent work by S. Jun et al. successfully coupled a single CsPbBr3

NC, capped with zwitterionic ligands, to a circular Bragg grating (CBG). This configuration

demonstrated an enhanced photon extraction, attributed to improved emission directionality, and

achieved a two-fold increase in the radiative recombination rate [132]. While the improvement in

recombination rate was moderate, these results offer promising prospects for the integration of

metal halide perovskite NCs into photonic devices.

3The second order correlation function will not be introduced here, but to be more precise, they measured its
value at a zero time delay (τ) between the two detectors (avalanche photodiodes) of their set-up i.e g(2)(τ = 0)



1.5. SHORT REVIEW OF MHP NCS APPLICATIONS 53

Conclusion

This introductory chapter presented the theoretical background that will be applied throughout

this manuscript to study the optical properties of MHP NCs. It began with a brief overview of

the perovskite structure and the various crystal phases accessible to MHPs, followed by an intro-

duction to their electronic band structure and the k · p method typically used for its calculation.

The chapter then explored the optical properties of MHP NCs, focusing on the theoretical con-

struction of excitons in both bulk and quantum-confined materials. The description of excitons

was further refined by incorporating the electron-hole exchange interaction, which resulted in the

breaking of exciton state degeneracy and the emergence of bright and dark exciton fine-structure

states. Additionally, the concept of multicharged exciton species, such as biexcitons and trions,

was introduced, followed by the various dephasing mechanisms that typically lead to exciton de-

coherence in these materials. Finally, the chapter provided a brief review of optoelectronic and

quantum applications, highlighting the broad application potential of this work
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CHAPTER

EXPERIMENTAL METHODS 2
Centered around nanocrystals, this work encompasses an extensive range of experimental plat-

forms that bridge chemistry and physics at Paris Institute for Nanosciences (INSP). The primary

objective of this chapter is to provide the reader with a comprehensive understanding of the di-

verse methods and equipment involved in the production of the results presented throughout this

manuscript. Sec. 2.1 will discuss the hot injection method used to produce the lead halide per-

ovskite (LHP) nanocrystals at the center of this work: the cuboid CsPbCl3 NCs. Sec.2.2 discusses

the preparation of diluted colloidal solutions of nanocrystals and their deposition on substrates.

Lastly, the primary focus of this PhD work has been on optical spectroscopy techniques, and

Sec. 2.3 will introduce the absorption and micro-photoluminescence spectroscopy setups along

with their associated equipment.

2.1 Nanocrystals synthesis

The past three decades have seen the discovery of a wide variety of nanocrystals which was nat-

urally accompanied by significant progress in the development of colloidal synthesis methods. In

their 1993 groundbreaking paper, Murray, Norris, and Bawendi [8] demonstrated the first colloidal

synthesis of II-VI semiconductor nanocrystals using the Hot-Injection (HI) method. Today, it re-

mains the method of choice for synthesizing colloidal nanocrystals with a narrow size distribution.

The objective of this section is to detail this method and apply it in the context of lead halide

55
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perovskite (LHP) nanocrystals production. It will become apparent that the change of reaction

parameters like the temperature, concentration or type of ligands along with the reaction time

have dramatic effects on the sizes, morphologies and optoelectronic properties of these nanoma-

terials. These parameters were extensively manipulated to produce the nanocrystals discussed in

this work.

2.1.1 Hot Injection

The hot injection method is based on the pioneering work of La Mer and Dinegar who explained in

a 1950 study [133] how the synthesis of monodisperse colloids relies on a swift nucleation process

followed by a controlled growth of the nuclei. Nucleation is triggered by the quick injection of

a pre-synthesized monovalent cation precursor (caesium-oleate for instance for inorganic LHPs)

into a high temperature solution (typically from 100°C to 200°C) containing the other precursors

(PbX2), a solvent and some surfactant molecules called ligands (Oleic Acid, Oleylamine) that

passivate the surfaces, control the size and shape of the nanocrystals and prevent their aggre-

gation. This injection triggers the thermal decomposition of the precursors, leading to a critical

concentration of the resulting metallic ions and anions in the solution. The formation of new

nuclei then lowers the excess ion concentration. The growth of these particles continues as ions

from the solution are added to the nuclei of the newly formed nanocrystals. Since the concentra-

tion of ions is now below the critical concentration for nucleation, these species only contribute

to the growth of existing particles, rather than forming new nuclei resulting in a higher size ho-

mogeneity. Finally, once the concentration of ion precursors has been sufficiently reduced, the

particles growth persists through a process known as Ostwald ripening. During this process, the

larger nanocrystals (NCs) continue to expand, while the smaller ones dissolve due to their higher

chemical potential.

In the context of this work, the LHP NCs were synthesized directly at INSP by E. Lhuillier

and followed, with slight adjustments, the protocol initially introduced by Protesescu et al. in

2015 [17]. To be more specific, the HI synthesis of colloidal NCs typically adopts the following

procedure:

• Cs-Oleate solution preparation: In a three-neck balloon, cesium carbonate (Cs2CO3)

is dissolved in a mixture of oleic acid (OA) and octadecene (ODE). The balloon is then

degassed under vacuum for 30 minutes at 110°C. After this, the atmosphere is replaced

with argon, and the temperature is raised to 200°C for 10 minutes. Once the cesium salt

has completely dissolved, the temperature is lowered below 110°C, and the flask is further

degassed for 10 minutes. The resulting solution is used as the Cs-precursor in the next steps
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of the synthesis.

• Other precursors solution preparation: In a three-neck balloon, a lead halide salt

PbX2 (X = Cl, Br, I) is introduced with octadecene (ODE). The balloon is first degassed

at room temperature until the bubbling of the solution slows down, and degassed at 110°C

for the next 30 minutes. Oleic acid is injected into the flask, and once the vacuum has been

recovered, oleylamine (OLA) is also added. The degassing process is continued at 10°C for

30 minutes. The atmosphere is then switched to nitrogen, and the temperature set to 180°C.

• Hot injection: Cs-oleate solution is injected into the lead halide one still at 180°C. The

reaction is conducted for a few seconds and a color change is observed (color will depend on

the selected halogen). The heating mantle is removed, and the flask is cooled using an ice

bath or some fresh air.

• Centrifugation and cleaning: The obtained solution is centrifuged at 6000 rpm during 5

min. The supernatant containing the excess of ligands and unreacted byproducts is discarded

and the obtained pellet redispersed in a solvent of low polarity like hexane or toluene.

In the last step the need for an apolar "storage" solvent highlights the fact that due to their

ionic nature and the dynamic bonding of the ligands [134] perovskite NCs are highly reactive with

polar solvents such as water and ethanol. Thus, to prevent their degradation, the solutions are

usually stored in sealed chemistry vials protected from light. Despite these efforts coalescence of

the nanocrystals along with a redshift of their emission is inevitably observed after a few days to

a few months (depending on the type and shape of the LHP NCs).

2.1.2 Size and shape control

The hot-injection method offers a high level of control to modify the particles sizes and shapes

by varying the reaction time, temperature and the concentration and combination of ligands. As

a consequence of the strong ionic nature of their bonds, LHP NCs grow in a matter of a few

seconds and so the adjustment of the reaction time is generally not convenient for controlling

their absolute sizes or shapes. Instead, this can be managed by changing other parameters like

the reaction temperature, the concentration of ligands or precursors, and the size of the cap-

ping ligands. Besides the isotropic nanocube geometry, the fabrication of NCs with anisotropic

shapes is performed inducing growth preferences along certain directions by altering the synthesis

conditions.

For example, in its original 2015 paper, the group of M.V.Kovalenko varied the temperature

from 140°C to 200°C to generate CsPbX3 nanocubes (X = Cl, Br, I) of sizes ranging from 4 to 15

nm [17] and this has been reproduced several times since then (see [135, 136] for examples). On
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Figure 2.1: Scheme of the hot injection method. a) PbX2 is disolved into ODE with the ligands.
b) The temperature is raised to 180°C, the atmosphere switched to N2 and the Cs-Oleate solution is
injected. c) The reaction is quenched with an ice bath after 30s. d) After centrifugation the pellet is
redispersed in a non polar solvent.

the other hand several groups demonstrated that under 130°C objects start to grow anisotropically

producing 2D objects such as nanoplatelets (NPLs) that get thinner and thinner the lower the

temperature gets [135, 137, 138, 139].

Regarding ligands, another study conducted with CsPbBr3 demonstrated that increasing the

length of the caboxilic acid capping ligand (Oleic acid, OA) while keeping the reaction temperature

at 170°C decreased the edge length of the nanocubes from 13 to 9.5 nm on average [140]. On the

other hand, by reducing the length of the OLA ligand, they showed -alongside with other groups-

that 2D geometries with thicknesses down to only few unit cells even at high temperature could

be achieved [140, 141, 142].

Several studies also changed the concentration ratio of ligands and precursors and reported

effects of size and shape modifications [137, 139]. In 2018 Almeida et al. [139] proposed that
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key parameters here are the oleic acid and oleylamine concentrations. During the synthesis,

oleic acid and oleylamine can interact and form an hydrogen bonded ionic salt called ammonium

carboxylate. This process is exothermic and implies that at high temperature the two ligands

coexist separately while lower temperatures favors the ammonium carboxylate salt form. It is now

well accepted [143, 144] that oleylammonium (OLAH+) can compete with surface Cs+ cations

during the growth of the nanocrystals. Keeping this in mind, varying the temperature or changing

the acid/base equilibrium directly in solution by adding more oleic acid or other acids such as

HBr will increase the concentration of OLAH+ and trigger this competition effect.

Although these mechanisms explain how the growth could slow down on all the nanocrystals

surfaces it is still not entirely clear as to why it happens only on specific facets of the nanocrystals

leading to anisotropic forms. A possible reason could come from the preferential binding of

oleylammonium on certain facets (as observed by Zhang et al. on LHP nanowires [145]) leading

to a surface energy reduction that would slow the growth on these facets [146].

2.1.3 Structural characterization: Electron microscopy

Electron microscopy offers detailed insights into the size and shape of the nanocrystals (NCs)

synthesized through hot injection. The quality and uniformity of the synthesized material can be

directly verified on the images and statistics of these parameters can be compared to the sizes

inferred from the optical response of the NCs, which are subject to quantum confinement. For

this work, a JEOL 2010 transmission electron microscope operating at 200 keV was used. The

TEM samples were prepared by placing a drop of rather high concentration of NCs from the

solutions (typically a dilution factor of 10) on a copper grid coated with carbon. Fig. 2.2 presents

an example of the images that can be captured with this equipment.

Figure 2.2: TEM images of LHP NCs. Image on the left side shows nanocubes of CsPbBr3 while
nanosticks (1D objects) of the same material are presented on the right side. The dark spots on the
left side image are attributed to the reduction of Pb2+ ions to Pb0 by the electron beam.
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2.2 Sample processing

After the synthesis of the NCs, a few processing steps, described in the following paragraph, have

to be performed in order to fabricate the final samples that are used in single object spectroscopy

experiments.

2.2.1 Dilution

The colloidal solutions described in Sec. 2.1 contains a large concentration of nanocrystals (NCs).

While these solutions would be suitable for TEM and spectroscopic ensemble measurements or

integration into certain optoelectronic devices, they cannot be used as such in this work where

intrinsic individual responses are desired. To make the observation of the optical response of

individual nanocrystals possible, it is thus necessary to heavily dilute the solutions. This dilution

process was done using the same solvent as the one used for the colloidal solutions storage, namely

hexane or toluene. Additionally, about 3% in mass of either polystryrene (PS) or Poly(methyl

methacrylate) (PMMA) was frequently added to these diluted solutions in order to later create a

protective film embedding the NCs upon deposition onto their substrate.

The dilution factor depends on the initial concentration of precursors during the HI synthesis

and on the chosen deposition technique as elaborated in the next paragraph but would usually

range from a few hundreds to 104 times.

2.2.2 Deposition

The diluted colloidal solutions of NCs are not really handy as such. To perform the spectroscopic

characterization of their content they need to be deposited on a substrate. Usually the substrate

is a square 5 mm × 5 mm glass cover-slip of 120 µm thickness that allows a good cryogenic

thermalization of the NCs when working at low temperature. It was also empirically observed

that the nanocrystals have a tendency to stick to the surface irregularities. When dealing with

strongly diluted solutions small grooves can be made with a diamond tip on the surface of the

glass cover-slips to attract the NCs during their deposition. This has mainly two benefits: during

single object micro photoluminescence measurements the experimentalist just has to follow these

grooves to find NCs and secondly the surface "landscape" generated that way would provide a

wider range of available orientations of the nanocrystals on the surface. The glass cover-slips were

cleaned prior to NCs deposition using soap water and a sonication bath for 10 minutes and again

with acetone for another 15 minutes. Two distinct methods are used to deposit the NCs: the spin

coating and the drop casting both detailed below.
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Spin coating

The glass cover-slip is clamped on a spinning platform. A drop from the colloidal solution is

deposited with a micro-pipette on the cover-slip and the rotation is launched. After this process

and the evaporation of the solvent, the thickness of the deposited layer will first depend on the

properties of the colloidal solution like its viscosity and the nanoparticles concentration and sec-

ondly on the programmable spin coater settings: the acceleration and its duration, the maximum

constant angular velocity reached and its duration as well.

a) b) c)

Figure 2.3: Illustration of the spin coating method: a) A drop of the colloidal solution is deposited
on a glass substrate. b) The sample holder starts rotating ejecting most of the solution out of the
substrate. c)

Drop casting

Here a droplet of the diluted NCs solution is deposited directly on the glass cover-slip with a

micro-pipette. The solvent then evaporates leaving either the NCs or a thin film on the surface

depending on whether or not the solution contained PS or PMMA.

a) b) c)

Figure 2.4: Illustration of the drop casting method: a) A drop of the colloidal solution is deposited
on a glass substrate. b) As the solvent starts to evaporate most of the NCs are pushed towards the
edges. c) When the solvent has completely evaporated a "coffee ring" mark of NCs is left on the
substrate.

As depicted on Fig. 2.4 this method has the tendency to leave a circle of higher density of

objects on the substrate after the solvent evaporation. This phenomenon called the "coffee ring

effect" is due to a capillary flow inside the deposited droplet that pushes the NCs in the center

towards the solvent/air interface when the solvent evaporates. Although it can be inconvenient

when a homogeneous layer of nanocrystals is desired, for single object spectroscopy, the density

gradient of NCs around the ring can actually be useful for progressively reaching single objects

left around it. However, if a homogeneous distribution of single NCs is wanted on the surface of
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the sample, it was found that the use of a octane/hexane solvent combination (in a 1:20 ratio)

could prevent the appearance of the coffee ring effect.

2.3 Optical spectroscopy techniques

Ever since Newton built the first spectroscope by decomposing light through a prism, spectroscopy

has played a crucial role in countless discoveries in the fields of physics and chemistry. It is

an essential instrument for the comprehension of atomic and molecular mechanisms, chemical

structures and, of course, for the understanding of optoelectronic phenomena inside semiconductor

materials. In the context of this work one can divide the spectroscopic tools into two classes: the

absorption and photoluminescence (PL) techniques. These two methods are often complementary

and this section details the experimental setups that were used for both.

2.3.1 Absorption spectroscopy

Absorption spectroscopy consists in measuring the intensity I of light passing through a sample

of chromophores, comparing it to the intensity before the sample, I0, and providing an output

of the ratio I/I0 (called the transmittance) at every wavelength of interest. The absorbance

can then be deduced A = −log(I/I0) and depends, as stated by Beer-Lambert law, on the

thickness of the active material, the concentration of chromophores, and the molar extinction

coefficient. The technique plays a central role in this work, as it provides basic information about

the allowed optical transitions in the material under study, their energies and absolute (or relative)

oscillator strength. Contrary to photo-luminescence (PL), absorption measurements inform about

the transitions in a system that is not subject to geometrical relaxation and can thus - in general

- be directly compared to theoretical predictions as far as excited states are concerned.

These experiments were realized using a UV-Vis-NIR Cary 5000 spectrophotometer from Var-

ian. The device comprises two light sources (Tungsten filament and deuterium arc UV lamps)

associated to two detectors (Hammamatsu R928 photomultiplier tube for the 175 to 900 nm range

and a - not documented - cooled PbS photocell for the near infrared spectral range) offering, in

total, a 175 - 3300 nm wavelength range. Note that, for the work presented in this manuscript,

only a limited interval (350 - 700 nm typically) was covered. In this context, great attention

was also paid to the detection of any possible contributions from the glass or quartz substrate

response below 400 nm. This work thus took advantage of a high performance spectrophotometer

with a limiting resolution of less than 0.05 nm in the UV-visible range as well as a wavelength

reproducibility of less than 0.025 nm. These specifications were well beyond the challenges raised

by the materials, even at low temperature.
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Two types of experiments could be performed using this instrument. The first kind were

absorbance measurements on cuvettes of colloidal NCs solutions at room temperature. The second

kind of experiments could be done from room to cryogenic temperature i.e. 300 K to 10 K. Here

a Helium gas cryostat was installed inside the Cary 5000 measurement chamber. The cold finger

(placed in line 1) had two samples holders: one for the NCs sample itself and the other for

the bare substrate. An uncoated piece of substrate was then placed in the sample holder of

the second measurement line to cancel its contribution to the measured signal (sample vs bare

substrate configuration). The substrate - substrate configuration provides a correction curve that

additionally allows to compensate - in part - for the instrument response and that is therefore

subtracted to the absorption curve (obtained from the sample - substrate configuration).

2.3.2 Photoluminescence spectroscopy

Upon photoexcitation of electrons within a semiconductor material, relaxation can occur through

radiative or nonradiative mechanisms. Photoluminescence (PL) spectroscopy is an experimental

technique designed to collect and analyze the emitted light after its decomposition through a

dispersive element such as a diffraction grating. While this technique primarily measures the

light emitted after radiative relaxation, insights into non-radiative processes can be gathered by

looking at the dynamics of the emitted light, as discussed in the following.

The experimental set up used in this work is illustrated in Fig. 2.5 and can be segmented into

three principal sectors: the excitation laser sources, the confocal microscope, and the detection

equipment.

Excitation

For any radiative recombination to actually happen the energy of the laser sources must exceed

that of the different optical transitions of NCs that are investigated. While no resonance ex-

periments were carried out in this work, it is still generally desirable to be as close as possible

to the targeted optical transitions in order to prevent the photo-excitation to undesired higher

energy levels and minimize the focal shift potentially induced by axial chromatic aberrations in

the confocal optics. Hence, three different laser sources were used in this work.

The first was a Thorlabs DJ532 solid-state laser emitting a 532 nm continuous wave. This laser

is mounted on a Thorlabs TCLDM9 connected to a temperature (for stabilization) and output

power controller. Due to its continuous operation the risk of high peak power pulses that could

damage the NCs is reduced. The emission wavelength centered at 532 nm makes it also highly

visible to the human eye enabling safe and easier pre-alignment of the optical setup at a relatively

low power before moving on to the other higher energy and power laser sources.
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Figure 2.5: Illustration of the PL spectroscopy set up used in this work. Three distinct regions
are represented: The excitation area (red background) comprising the different laser sources used in
this work. The confocal microscope (green background area) with the beam splitter, the microscope
objective and the cryostat. The detection set up (blue background) with the CCD camera, the TCSPC
and APD module, the spectrometer and the streak camera. Note that the curved arrows illustrate the
possible movement of their associated optical elements.

Time-resolved PL measurements require a pulsed laser source capable of producing short

bursts of laser emission to excite the studied materials followed by an off period long enough to

let the material relax radiatively. For such applications, a Ti:Sapphire laser (Tsunami, Spectra

Physics) is well suited. This laser generates picosecond light pulses at an 82 MHz repetition rate

through active mode locking achieved with an acousto-optic modulator placed within its cavity.

The emission wavelength can be tuned from 700 nm to 1000 nm using a birefringent filter, and

second harmonic generation can be achieved with a BBO crystal giving access to the 350 to 500

nm wavelength span. The Ti:Sapphire laser beam is then coupled to a single mode optical fiber

redirected to the experiment table.

The high repetition rate of the Ti:Sapphire laser results in 12 ns intervals between pulses,

which may be limiting when studying emitter dynamics of longer timescales. Consequently, a

pulsed PICOPOWER 405 nm laser diode from Alphalas was also used. The pulse duration is set

around 70 ps and the repetition rate is tunable from 1 Hz to 40 MHz.

Finally, for all three laser sources, different systems of converging lenses and pinholes (or the

optic fiber extremity acting as a point source for the Ti:Sapphire) allow the recovery of spatially

filtered and collimated laser beams with diameters equivalent to that of the entrance pupil of the
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microscope objective. Some neutral density filters are also regularly inserted along the optical

paths to adjust the laser power reaching the samples.

Confocal microscope

The second part of the set up (green area of Fig. 2.5) can be thought of as a confocal optical

microscope working in the reflection configuration i.e. a microscope that has the ability to provide

images with a weak depth of field or equivalently that allows to collect selectively light coming

from a thin "slice" (section) of the sample. Its first element is a 70:30 beam splitter cube from

Thorlabs that allows light to pass in one direction and reflects it towards the detection systems in

the other direction while preserving the polarization properties of the light passing through. Right

after the beam splitter a microscope objective is used to focus the excitation beam on the sample

and collect the PL emission. A modified PAL-100-NIR-LC15 from Optosigma specifically designed

to work through the 1.5 mm of the cryostat glass window is used. It has a focal length f = 2 mm

(N.A = 0.53) and a spot size diameter (assuming an incident 550 nm Gaussian laser beam) of 1

µm. This objective also features a rather good transmission in the UV and is infinity corrected, a

prerequisite for its use in an afocal microscopy configuration. The objective is mounted on a stack

of three piezo-electric actuators (P-611.3 NanoCube from PI) enabling 120 µm range of movement

along the three spatial directions with a sub-micrometer resolution.

The collimated PL light is focused on the spectrometer entrance slit using an achromatic

lens whose focal length is adapted to the spectrometer aperture (f/9.7) in order to guarantee

an optimal spectral resolution in the experiments. In this configuration the sample plane and

the spectrometer slit plane are conjugated planes. The slit itself acts as an efficient spatial filter

avoiding to resort to an additional pinhole - lenses combination along the beam path (see Fig.2.6)

Slit

B A

B’ A’

Microscope
Objective

Spectrometer
Lens

Figure 2.6: Illustration of the focal configuration used in the single object experiments. The spec-
trometer slit acts as an efficient spatial filter that rejects light that does not come from the emitting
NC plane (point A). Here, A’, the image of A forms between the slits of the spectrometer while the
light from B is imaged in B’ and only a small fraction of it passes through the slits.

Most of the photoluminescence (PL) measurements are conducted at cryogenic temperatures
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to avoid the thermal broadening of the emission linewidths. To help with this, a MicrostatHiRes

cryostat manufactured by Oxford Instruments is positioned so that the samples are located at

the focal distance of the objective. This sophisticated instrument comprises a copper cold finger

onto which the glass coverslips coated with nanocrystals (NCs) are fixed using a silver lacquer,

ensuring optimal thermalization of the samples. The back of the cold finger is in thermal contact

with a liquid helium circulation system, enabling the samples to reach a temperature as low as

7 K. Furthermore, temperature adjustments spanning from 7 K to 300 K are done thanks to a

heating resistor connected to a control unit, providing precise temperature control throughout

the experiments. The cold finger is also designed so that in-plane deformations are minimized

when temperature is varied, allowing to keep the object of interest under focus throughout the

experiments. In general, corrections in the objective position are required along the optical axis

direction and are well known and controlled so that efficient light collection and collimation are

achieved at any temperature.

Detection

The detection instruments within the micro-PL spectroscopy setup (blue region of Fig. 2.5) offer

flexibility for conducting both time-resolved and classical spectral analyses. They allow studies

on samples of varying concentrations, from NCs ensembles to individual objects.

At the core of this setup is the ACTON SP2750 spectrometer from Roper Scientific-Princeton

Instruments, that ensures the spectral decomposition of the incoming PL. It features a turret

containing three gratings (300, 600, and 1200 gr/mm) and has a focal length of 750 mm. This

instrument images the dispersed light either on the sensor of a SPEC10 CCD camera cooled to

140 K with liquid nitrogen or on the entrance slit of a streak camera for time-resolved experi-

ments. The pixel sizes of the CCD detector, the opening of the spectrometer entrance slits and

the selected grating give an overall 100 µeV spectral resolution around 450 nm (working with the

1200 gr/mm grating). This resolution proves sufficient for the observation of exciton fine structure

lines whose separations are found lower than 1 meV as discussed in the subsequent Chapters.

Regarding spectroscopy measurements on samples of low NCs density a Thorlabs CMOS

camera (LP126MU - Kiralux) is used to capture images of the photoluminescence and track the

areas susceptible to contain single objects. When used alongside the spectrometer, a glass slab is

placed in the detection path to reflect 3 % of the incident power towards the CMOS camera. A

system of lenses encompassing a 100 µm pinhole mounted on a flipping holder additionally allows

- if necessary - the selection of the emission from a single object as illustrated in Fig. 2.7. Note

that in most of our experiments the confocal effect due to the spectrometer slit was found enough
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to be able to isolate the PL emission of a single NC.

a b

Figure 2.7: Images of the PL from single NCs. Image b. shows the PL of the central object of image
a. after its selection through the pinhole.

Another system extensively used during single object spectroscopy is a motorized half wave

plate combined to a linear polarizer whose transmission axis is aligned with the grating of the

spectrometer. It is interesting to check whether or not the emitted PL from NCs has a linear

polarization. For example, as mentioned in Chapter 1 the exciton fine structure of single LHP

NCs is composed of bright states expected to emit linearly polarized light after recombination. To

verify this experimentally the angle θ between the half wave plate and the polarizer is varied by

a step by step rotation of the motorized waveplate (λ/2). At each position the incoming linearly

polarized PL makes an angle β with the passing axis of the polarizer. Thus the intensity after

projection on this axis is written I = E2
0cos

2(β − 2θ) and the intensity maxima will be reached

for θ = β/2 + nπ. Taking a spectrum for each value of θ we can then verify if the PL intensity

follows the relation given above for a linear polarization by plotting the PL intensity variation

with 2θ as shown on Fig. 2.8.

Time-resolved PL (TRPL) spectroscopy was also used throughout this work as an important

tool to characterize the photogenerated states. The emission dynamics of fluorescent species over

time provides an insight into processes such as carrier recombination and energy transfer within

nanocrystals. The processes under focus typically occur on the tens of picosecond to tens of

nanoseconds timescale, sometimes with an extremely low number of emitted photons. Therefore,

detectors with excellent sensitivity and very fast processing electronics are necessary.

A streak camera (C5680 from Hamamatsu) enables the study of emission dynamics in sys-

tems with relaxation time scales ranging from a few tens of picoseconds to ∼1 ns. It receives

the dispersed light from the spectrometer as an input and produces three-dimensional output

images in which the luminescence intensity is observed as a function of wavelength and time

(see Fig. 2.9). Its operating principle is based on the conversion of incident photons into photo-

electrons using a photocathode. The photo-electrons undergo acceleration by an electric field,

followed by deflection through the application of a high voltage (i.e. another field) perpendicular



68 EXPERIMENTAL METHODS

0
30

60

90

120

150
180

210

240

270

300

330

𝛽

𝜃

𝑃 𝑌

𝑋

𝐸!"#

𝐸$%

a. b.

Figure 2.8: a. Angles involved in the polarisation analysis of NCs emission. For an initial PL emission
Ein linearly polarized and making an angle β with the polarizer P the angle with the polarizer after
the half-wave plate is (β − 2θ) with θ being the angle between the polarizer and the plate axis Y . b.
Polar diagram showing the theoretical intensity behavior of linearly polarized PL passing through the
half-wave plate and polarizer system as a function of 2θ. Note that for this simple case the emitting
dipole lies in the plan perpendicular to the optical axis.

to the accelerating field. The deflection voltage is synchronized with the incoming light pulses

(the synchronization signal being provided by a fast photodiode receiving a fraction of the pulsed

laser beam). Depending on their arrival time in the chamber, the electrons are thus more or

less deflected by the amplitude of the high voltage, which allows to convert their time of arrival

into spatial information. After the chamber a micro-channel plate (MCP) essentially acts as a

gain amplifier for the photo-electrons which are then projected onto a phosphorescent screen that

will emit photons at each point of impact. The vertical axis of this screen then represents the

time of arrival (after proper instrument calibration) and the horizontal axis the wavelength of

the incident photons. The emitted photons from the screen are then captured by a CCD camera,

which finally transmits the data to a computer. With the 2 ns caliber, the temporal resolution

of the instrument is approximately 15 ps, but can be significantly degraded by laser instabilities

that result in a dispersion of trigger times for each acquisition (referred to as "jitter"). Therefore,

resolutions of 20-25 ps are more realistic under operating conditions (in particular for acquisitions

requiring averaging over a large number of frames).

For PL decays longer than the 2 ns time window of the streak camera, another type of in-
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Figure 2.9: a. Illustration depicting the working principle of the streak camera. Adapted from [147].
b. Example of an image captured with the streak camera displaying the normalized PL intensity
variations with time and emission wavelength for a sample of FAPbI3. The PL spectra presented on
top represent the normalized sum of the PL intensity over 50 ps around the time t1 and t2 while the
PL decays, presented on the right side, are summed over 10 meV around the energies E1 and E2.

strument has to be used. A good solution can be found using a time correlated single photon

counter (TCSPC), like the Time-harp 260 from PicoQuant, coupled to an avalanche photodiode

(APD) (from MPD). During these counting experiments, the Time-harp module first needs a

"clock" to tell it when to start and stop counting. This start/stop triggering is done using the

pulses of the laser source by connecting it either to the 405 nm laser diode controller or if we use

the Ti:Sapphire pulsed laser to the periodic signal generated by the aforementioned photodiode.

Once a counting experiment has started the APD detects the single photons from PL emission

and sends a signal to the TCSPC module that will measure the time difference between the start

of the experiment and the arrival of the photon. By repeating the experiment numerous times,

this setup enables the construction of an histogram of photon arrival times (see Fig. 2.10). This
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provides access to the profile of the temporal decay of photoluminescent emission. Rigorous anal-

ysis of these decays requires a thorough understanding of the response function (i.e. the impulse

response) of the counter used. Thus, during our decay measurements, the actual recorded signal

is the convolution product between the response function (referred to as IRF hereafter) and the

absolute optical response of the emitter system. When the relaxation constant of the emission is

of the same order as the constant characterizing the IRF, the consideration of the IRF becomes

particularly critical.

Figure 2.10: Illustration depicting the working principle of the TCSPC experiments, adapted from
[148]. Photons arrival times are measured over N periods (i.e. after N laser pulses) and an histogram
is built by summing all of the photon arrival times.

Finally, in order to maintain single photon statistics (and "correct" building of the arrival time

histograms) only one in 20 to 100 excitation pulses should generate a count at the detector [148]
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otherwise distortions of the dynamics occur, an effect known as "pile up". It was thus carefully

verified that the average rate (at the detector) did not exceed 1 % to 5 % of the excitation rate

and most of the experiments were performed with a ratio close to 1 % or slightly less.

Conclusion

In this chapter, the colloidal synthesis of LHP NCs and the experimental tools and spectroscopic

techniques used for the study of their optical properties were described. The absorption spec-

trocopy, ensemble PL and TEM equipment allow one to unveil some structural properties of the

NCs. The confocal microscopy system, which can operate at a temperature of 7 K, allows for

the investigation of the photoluminescence properties of the band-edge exciton fine structure. In

particular, correlations between the structural aspects and the optical properties of single objects

can be achieved. Finally, the combination of a Streak camera and a time correlated single-photon

counter offers the opportunity to perform in-depth time resolved studies of the PL emission by

revealing the dynamics of the excited-state populations. The study of the PL intensity decays as

a function of temperature was found essential to track the energy position of non-emitting states,

as detailed in the next chapters.
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CHAPTER

OPTICAL PROPERTIES OF

CsPbCl3 NANOCRYSTALS 3
Within the metal halide perovskite (MHP) family, the chloride compound CsPbCl3 stands out and

possesses the widest energy band gap, resulting in light absorption and emission on the UV edge of

the visible spectrum for the most confined nanocrystals [149, 150]. The band-edge exciton, which

is central to the material optoelectronic properties, is characterized by the strongest electron-hole

Coulomb interaction, resulting in a small Bohr radius and the largest binding energy among all

MHPs [149, 151, 152]. While quantum confinement and halide selection have proven to be an

efficient way to tune the emission response of MHPs [17] numerous studies have demonstrated

further control over the optical and magnetic properties of CsPbCl3 through doping of transition

metal ions [153]. Indeed, the substitution of Pb2+ ions by Mn2+ ions results in an additional

emission band in the red spectral region and alters the magnetic properties of CsPbCl3 [154].

Moreover, it plays an important role in improving the efficiency and the stability of photovoltaic

devices by converting absorbed UV light into visible red light. [155]. It has also been demonstrated

that rare earth ion doping of NCs could further expand the emission capabilities: implementation

of electroluminescent white light emitting devices could be achieved thanks to Sm3+ doping [156],

whereas near-infrared emission was obtained by incorporation of Yb3+ ions [154, 157].

Undoped CsPbCl3 nanocrystals (NCs) still suffer from rather low 5-10% photoluminescence

quantum yields (PLQY), generally attributed to surface vacancies of Chloride ions that generate

trap states deep into their band gap [89, 158, 159, 160]. However, recent studies have shown that

this intrinsic ’flaw’ is avoidable and that the PLQY can be enhanced through simple adjustments

73
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during or after the colloidal syntheses [161, 162, 19, 163].

Thus the remarkable properties of CsPbCl3 have a great potential for the development of

optoelectronic devices such as UV or white LEDs, photodetectors and scintillators [164, 165, 166].

Yet, more sophisticated applications towards photonics and quantum technologies either based on

the fine control of the excited states energy tranfers or the coupling to resonators and nanoguides

[167] will require a full understanding of the emission properties of this material and, in particular,

a complete description of the band edge exciton and its fine structure which is still lacking for

this LHP compound.

This Chapter aims at responding to this issue and presents a comprehensive study of the

optical properties associated with undoped CsPbCl3 nanocubes, both as dense ensembles and

individual emitters. The micro-PL spectroscopy measurements performed clearly identify single

NC emission patterns and indicate that the exciton fine structure (EFS) bright-state splitting

amplitudes are - as expected due to enhanced Coulombic effects - among the largest within MHP-

NCs of comparable average size. The experimental results are thoroughly correlated to EFS

calculations based on the e-h EI and crystal field model in crystals of tetragonal symmetry (D4h

point group) and takes explicitly into account the large dielectric mismatch between the object

and its environment as well as the actual NC cuboid shape. Considering shape anisotropy as

an independent significant parameter, the model is refined by applying NC deformations in the

simulations and provides an explanation for the large dispersity of bright states splitting energies

observed in this compound.

3.1 Characterisation of CsPbCl3 nanocrystals

As highlighted in Chap. 1, quantum confinement has profound effects on the optoelectronic prop-

erties of MHPs while NCs distortions or any departures from isotropic symmetries will impact

the band edge exciton and the energy separation of its fine structure levels. Therefore, providing

a good interpretation of single object optical spectroscopy measurements will rely on the precise

knowledge of the crystal structure, the general morphology, the level of shape anisotropy and the

ensemble optoelectronic properties of these perovskite NCs.

3.1.1 Crystal structure

Following the synthesis of NCs, transmission electron microscopy (TEM) images can be extremely

effective to confirm the presence of the expected material in the colloidal solution and potentially

determine its crystal phase. The left side of Fig. 3.1 shows an example of such an image, obtained

after deposition of a solution containing a high concentration of the synthesized material on a

TEM copper grid.
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Figure 3.1: Left: Bright field TEM image of a CsPbCl3 nanocube. Right: Intensity profile of the
yellow line drawn on the left hand side image.

In this image, one can observe raws of individual atoms on the surface of a single NC. The

yellow line traced across the image corresponds to the intensity profile depicted on the right side of

Fig. 3.1. Regular maxima of intensity are seen and by measuring the spacing over 13 maxima, an

average distance of 0.55 ± 0.02 nm is obtained, consistent with lattice parameter measurements in

the cubic crystal phase of CsPbCl3 NCs reported by [26, 168, 169] at ∼ 0.56 nm. Chap.1 discussed

the existence of three different crystal phases in LHP NCs depending on the temperature: Cubic

Oh, Tetragonal D4h and Orthorhombic D2h, observed respectively at T > 47°C ; 37°C < T <

47°C and T < 37°C in bulk CsPbCl3 [170, 171]. Unfortunately the TEM resolution does not allow

to distinguish between these phases and, more importantly, the images were captured at room

temperature while most of the spectroscopic measurements detailed in the following sections of

this Chapter were performed at cryogenic temperatures.

Another approach commonly used to determine the crystal symmetry of a compound is X-

ray diffraction (XRD). Although a lot of such experiments were done at room temperature, for

CsPbCl3 very few studies have been performed at low temperature and only bring partial infor-

mation. The issue of identifying the crystal structure and correlating it to the optical response

will be more extensively discussed when inspecting the micro-PL spectra measured on single NCs.

3.1.2 Morphology of CsPbCl3 NCs

To facilitate our understanding of the optical spectroscopy measurements conducted on lead chlo-

ride perovskite NCs, a comprehensive analysis of their sizes and shapes was performed using

transmission electron microscopy (TEM). Examples of the resulting images are depicted on Fig.3.2.
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50 nm20 nm50 nm

Figure 3.2: Bright field TEM images of CsPbCl3 nanocubes taken at three different locations and
magnifications. Dark dots can be seen on the central image and are attributed to the reduction of
Pb2+ ions to Pb0 by the electron beam. This reduction is followed by the diffusion of Pb atoms,
resulting in the formation of metallic aggregates that appear darker in TEM images [172].

The resolution achieved in these images allows for the differentiation and measurement of the

two dimensions lying parallel to the surface. On the left side of Fig. 3.3, a 2D size distribution

histogram was constructed based on the lateral dimensions of approximately 500 NCs, with the

longer dimension denoted as L1 and the shorter one as L2. This histogram reveals that the most

prevalent classes of sizes correspond to lateral dimensions L1 and L2 being approximately of the

same magnitude, with an average value of Li ≈ 8.0 ± 0.5 nm.
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Figure 3.3: Lateral lengths distribution of CsPbCl3 nanocubes. Left: 2D histogram of the lateral
sizes distribution (L1 and L2, L1 ≥ L2) of the observed NCs. Right: Histogram of the L1/L2 ratio
distribution, with standard deviation σanis.
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Although the TEM images do not provide a direct insight into the third dimension of the NCs,

it can reasonably be assumed that it aligns with the average length of the other two dimensions.

This assumption stems from the fact that the hot injection synthesis method employed was not

adjusted to produce highly anisotropic forms such as nanoplatelets (see Sec.2.1.2). Consequently,

the majority of the NCs can be categorized as possessing either a cubic morphology or a closely

resembling one. Beyond that, one can see that a large proportion of the NC population belongs to

classes out of the L1 = L2 line, highlighting a significant degree of shape anisotropy. The right side

of Fig. 3.3 presents a histogram of the length ratio L1/L2, and offers a preliminary but relevant

estimation of the shape anisotropy magnitude of the NCs. Here, the standard deviation, denoted

as σanis, is found to be approximately 1.2 ± 0.05 and constitutes a characteristic anisotropy

parameter that will be taken into account to some extent during the analysis of the micro-PL

results discussed in the subsequent sections. In fact, since L1 and L2 are not associated to any

particular lateral dimensions of the nanocrystals (i.e. for each object L1,2 = Lx, Ly, Lz) the

anisotropy factor range that should be considered lies between σ−1
anis − σanis i.e. within the [0.8 ,

1.2] interval.

3.1.3 Optical properties of nanocrystal ensembles

Now that the morphology of the CsPbCl3 nanocubes has been established, consistency with the

ensemble optical responses can be verified. Optical absorption measurements were carried out for

different temperatures ranging from 300 K to 10 K, and the resulting spectra are presented on

the left side of Fig. 3.4. These spectra are representative of lightly diluted CsPbCl3 NCs phases,

prepared on thin glass substrates using the drop-casting method described in Chap. 2. Several

absorption peaks are evidenced, and their energy position as a function of temperature is plotted

on the graph located on the right side. In perovskite materials and NCs the bandgap energy is

governed by the Pb s to the halide p covalent antibonding interaction, which translates into a

blue shift of the transitions with increasing temperature [173].

Here all the resonances obey the usual Varshni relation EX(T ) = E0 − (αT 2)/(β + T ) [174]

where E0 is the exciton transition energy at T = 0 K, and α, β are empirical constants of the

model. Initially the model was built to reproduce the usual shift observed on band to band

transitions in semiconductors. Writing ∆Eg(T ) = EX(T )−E0, this energy gap change is believed

to arise from two different temperature dependent mechanisms:

• A dilatation of the lattice that was shown to lead to a linear variation of ∆Eg with T at

high temperature.

• An electron-lattice interaction for which theoretical treatments show that ∆Eg scales differ-

ently whether T is lower or higher than the Debye temperature Tθ with ∆Eg ∝ T if T ≫ Tθ



78 OPTICAL PROPERTIES OF CsPbCl3 NANOCRYSTALS

and ∆Eg ∝ T 2 if T ≪ Tθ.

Hence the Varshni formula manages to operate a phenomenological unification of the main influ-

ences governing the behavior of band to band transitions in temperature. For CsPbCl3 a linear

behavior is observed, due to a low β temperature (≈ 10 K). The parameter α is found around

300 µeV/K. The monotonous behavior of all the transition energies is indicative of the absence

of phase transition over the considered temperature range. Furthermore, both parameter values

are characteristic of perovskite materials [120]. All of this indicates that the electronic transi-

tions are intrinsic to the semiconductor lattice and do not originate from impurities or synthesis

by-products.
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Figure 3.4: Left side: Absorption spectra of a CsPbCl3 nanocubes ensembles taken at temperatures
ranging from 300 to 10 K. The closest number of monolayer matching their energy at 10 K is provided
according to the simulations presented in Fig.3.5. Right side: The energy of each absorption transition
is followed with temperature. The experimental points are fitted with a Varshni law presented in the
text.

These absorption peaks most likely correspond to different population sizes of NCs. To confirm

this hypothesis, numerical simulations were conducted and their results are reported on Fig. 3.5.

These simulations predict the exciton transition energy as a function of the NC size under various

regimes of quantum confinement and dielectric confinement applied to cubic shaped NCs. In this

figure, the red curve was derived using Eq. 1.23 for a strong confinement regime, while the green

curve gives the results for a weak quantum confinement applied to the exciton, as determined

by Eq. 1.21. As already mentioned in Chap. 1 the case of the intermediate quantum confinement

regime is more challenging due to the absence of analytical solution. Therefore, a variational

calculation was performed to determine the exciton energy in this regime as represented by the

set of blue curves. Given the average size of the CsPbCl3 NCs studied in this work - ⟨L⟩ ≈ 8 nm

- the ratio ⟨L⟩/aX = 4.7 justifies the use of the intermediate confinement regime in the following.
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This regime was also preferred by other authors for NCs of similar sizes [55].

Additionally, three distinct dielectric environments were tested by changing the value of the

dielectric contrast parameter defined as η = (ϵ1 − ϵ2)/(ϵ1 + ϵ2) where ϵ1, ϵ2 are the dielectric

permittivity inside and outside the nanocrystal respectively. In CsPbCl3 Ghribi et al. [175] found

ϵ1 = 6.56 while ϵ2 = 6.6 , 2 and 1 were considered to simulate dielectric environments made of

other CsPbCl3 NCs, organic ligands and air respectively.

The transition energies measured from the absorption spectrum at T = 10 K were also included

in this graph, along with the corresponding number of monolayers (taking a lattice parameter

a = 0.56 nm [176]) that best matches the observed transitions. At this point, there is clearly an

overall agreement between the spectral range expected to be of importance given the spectroscopic

data (around 3 eV) and the energy range associated to transitions of NCs of sizes revealed by the

histogram of Fig. 3.3.
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Figure 3.5: Simulated exciton transition energy, EX −Eg (in units of the bulk exciton binding energy,
Eb,bulk), as a function of the absolute edge length, L (and L/aX parameter), in cubic-shaped CsPbCl3
NCs. Red and green lines are simulations in the strong and weak confinement limits respectively
while the blue lines are the variational calculations results for an intermediate quantum confinement
with three different dielectric environments. Note that the resonances observed on Figure 3.4 are
represented by the black and red "X" markers and that the associated closest number of elementary
cells, n, alongside the corresponding absolute NC size L are also displayed.

Focusing now on the band edge, Fig. 3.6 presents a comparison between the absorption (blue

line) and photoluminescence (red line) spectra, both measured on CsPbCl3 NCs ensembles at

T = 10 K. The band edge absorption is dominated by a strong peak, X0, centered at 3.041 eV,

while a weaker intensity peak, X1, is detected at higher energy (X1 ≈ 3.086 eV) and a satellite,

Xb, is identified at lower energy (Xb ≈ 2.98 eV). Considering objects with an average edge length

⟨L⟩ = 8.0 nm and ϵ2 = 2 (i.e. η = 0.53, which is consistent with NCs covered with organic lig-
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ands) the simulation curve of Fig. 3.5 predicts EX ≈ 3.043 eV. This is in close agreement with the

experimental value found here, X0 = 3.041 eV. However, the proximity of the calculated exciton

resonance to the experimental value should be approached with caution, as fluctuations in the

dielectric environment (see Fig. 3.5) or variations in NC shape anisotropy can cause the transition

energy to change within a few meV typically. Nonetheless, the good agreement allows for the

identification of X0 as the zero-phonon excitonic transition. This also leads to a reasonably good

interpretation of the overall steady-state optical response, as discussed further. At higher energy,

X1 can be explained by the optical response of 6−6.5 nm nanocubes. Larger size NCs form the tail

of the size distribution and most likely contribute to the low-energy structure, Xb, noticing that

free exciton transitions were clearly identified in bulk-like crystalline films (2.992 eV at 2 K)[149].

Finally, slight variations (a few meV) are obtained as the dielectric contrast is varied (becoming

larger for higher energy transitions) and they may add to the energy fluctuations associated with

the size dispersion to explain the broadening of the absorption peak.
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Figure 3.6: Absorption (blue line) and photoluminescence (red line) spectra of a lightly diluted phase
of CsPbCl3 nanocubes dispersed on a glass coverslip (T = 10 K). The solid black line is an adjustement
made out of three Gaussian contributions (dashed black lines).

Regarding the ensemble photoluminescence (PL), the spectrum is clearly Stokes-shifted rel-

ative to the absorption. The origin of the Stokes-shift in perovskite NCs is a debated topic.
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Performing PL, PL excitation (PLE) and transient differential absorption (TDA) spectroscopy

measurements on single and ensembles of NCs, Brennan and coauthors ruled out any extrinsic

cause of this Stokes-shift due to the size distribution of the NCs, the reabsorption by other NCs

or the formation of polarons [177]. Moreover, their measurements on NCs of different average

sizes revealed a general increase of the Stokes-shift with the confinement in inorganic LHPs [178].

Since all of their experimental results point towards an origin that is intrinsic to the electronic

structure, the same group modelled the joint electronic density of states of CsPbX3 compounds

with atomistic ab initio method. They finally proposed that the Stokes-shifted PL in inorganic

LHPs results from the presence of a confined hole state located tens of meV above the valence

band edge depending on the level of confinement applied to the NCs.

Back to Fig. 3.6, the main PL structure is attributed to the emission of the X0 absorption

transition with a red shift ∆SS ≈ 16 meV a value that matches the one reported by Brennan

and coauthors [177] for CsPbCl3 NCs with ⟨L⟩ ≈ 8.0 nm. The central sharper structure peaks

at 2.99 eV, an energy that corresponds to a 25 meV shift from the main exciton peak X0. This

difference matches the LO2 phonon energy evidenced in several studies [170, 41, 179], meaning

that a phonon replica line is most likely observed. Following the absorption analysis, the lower

energy PL peak can be seen as the emission line associated with Xb. The lower Stokes shift with

respect to Xb ( ≈ 8 meV) is an indication of the poor level of confinement that subsists in the

objects responsible for this emission, in agreement with the work of Brennan and co-authors [177].

Before introducing the reader to the spectroscopy of single objects, a brief summary of the

results presented so far on the chloride compound needs to be done. The NCs studied in this

work have a cuboid geometry with an average edge length ⟨L⟩ ≈ 8 nm. A statistically significant

proportion of these objects present a shape anisotropy that corresponds to an increase or decrease

of ⟨L⟩ ≈ between 0 to 20% in one or more dimensions. The first round of optical spectroscopy

measurements performed on NCs ensembles gives an exciton transition at 3.041 eV in absorption

and 3.025 eV in emission for NCs of 8 nm edge length, with a stokes shift of ∆SS = 16 meV

between the two, that should be observed on single objects and grows with the confinement.

Optical phonons are expected to play an important role on the emission properties since their

replicas are already observed on the emission spectra.

3.2 Exciton fine structure in CsPbCl3 NCs

Following the characterisation of the CsPbCl3 NCs morphology and their ensemble optical proper-

ties, the spectroscopic investigation of single objects will be conducted. This will provide insights

into the fine structure of the band edge exciton state and the symmetries of its constitutive sub-
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levels. In LHP NCs, the exciton fine structure (EFS) has been extensively studied over the last

ten years in numerous studies by A. Efros [21, 180], and P. Tamarat [39, 22, 181] groups, while

our group also made significant contributions [40, 53, 23]. Despite the prediction of the largest

energy splittings in the CsPbCl3 system, no studies had been conducted on this compound prior

to this work, probably due to the poor PL quantum yield (PLQY) of this material that renders

light collection more challenging and the necessity to adapt optical spectroscopy set ups to lower

wavelengths (typically 390 to 420 nm). Experimentally, optical micro-PL spectroscopy on single

objects has proven multiple times to be the appropriate tool for the EFS observation, as it allows

for the elimination of the inhomogeneous spectral broadening due to size dispersivity and enables

the measurement of emission lines as thin as a few hundreds of µeV in width, provided that the

system is studied at temperatures close to liquid Helium.

3.2.1 Single object micro-PL spectroscopy

The experimental set-up that is one of the basis of the study was presented in Chap. 2 in details

and will not be further described throughout this section that focuses on single NCs spectroscopy.

The spectral response of four individual CsPbCl3 NCs is presented in Fig. 3.7, along with a polar

diagram that analyzes the polarization of each spectral line of the structure. The spectra are

composed of two Lorentzian-shaped components of linewidths measured between 0.6 and 1 meV

and splittings from 0.5 and 3 meV, well above the experimental energy resolution of 100 µeV.

These components exhibit orthogonal ’8 shaped’ intensity profiles on the polar diagrams, which

are characteristic of crossed linear polarisations in this type of experiment.

In approximately 15 % of all cases, a different type of spectrum was observed experimentally

and is presented on Fig. 3.8. This time the emission pattern is composed of three Lorentzian-

shaped spectral lines with linewidths and splittings similar to the ’two-peak’ spectra. Again, the

inserted polar diagrams demonstrate that these transitions all have linear polarizations.

As described in Chap.1 the exciton fine structure of LHP NCs, and specifically here of CsPbCl3,

arises from the electron-hole exchange interaction. This leads to a lift of the exciton state de-

generacy and results in two energetically separated sublevels in the high symmetry case: a 3-fold

degenerate state with total angular momentum J = 1, known as the bright state, and a lower

energy singlet state with J = 0, whose transition is dipole forbidden and therefore called a dark

state. Further symmetry reduction of the system (either through changes in the crystal phase or

the NC shape), results in a splitting of the J = 1 state and leads to a fine structure composed -

in the lowest symmetry cases - of three well separated bright states and a dark state.

Although the linewidths and polar diagrams of both sets of spectra presented on Fig. 3.7 and

3.8 are typical of the emission response of individual objects, they do not provide sufficient proof
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Figure 3.7: Spectra of exciton fine structure doublets observed with CsPbCl3 nanocubes at T = 7 K
(highest proportion of patterns - 85 % - observed throughout the experiments). Red and blue lines are
the Lorentzian fits, black line is the cumulative fit. The insets are polarisation analysis of both spectral
lines with their respective fits.

of the individual nature of the observed spectral responses. After all, different combinations of

individual object emissions could match the ones reported by the experiments. To confirm the

observation of single objects PL, a commonly used experiment consists in acquiring spectra at

regular time intervals to create PL maps in the energy-time domain.

Fig. 3.9 shows the results of such experiment for an EFS doublet and triplet. Under the

influence of local electric fields created by trapped charges on the NC surface or in its direct

environment, concerted spectral shifts of the EFS peaks are clearly observed. These shifts are

manifestations of the Stark effect affecting the exciton, and their same amplitudes clearly demon-

strate that the measured optical responses originate from the same particle in both cases. This
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Figure 3.8: Spectra of exciton fine structure triplets observed with CsPbCl3 nanocubes at T = 7K.
Red and blue lines are the Lorentzian fits, black line is the cumulative fit. The insets are polarisation
analysis of all spectral lines with their respective fits.

figure also provides insight into the level of spectral stability characteristic of excitonic transi-

tions. With shift amplitudes of 300-500 µeV, the spectral diffusion seems to have a greater impact

here than in bromide and iodide systems, also likely explaining that significantly larger EFS peak

linewidths (comparatively ∼ 2 times larger) are measured for CsPbCl3 NCs at 7 K [39, 40, 182].

Interpreting the spectra and associated polar diagrams in Fig. 3.7 and 3.8 is a challenging

task. Moreover, there is a striking feature that has to be explained regarding the statistics of

the energy splittings. Fig. 3.10 reports the inter-bright states splitting energies ∆BB observed

across a set of 75 two-peak spectra, plotted against their PL transition energies (taken at the

lower peak energy). The graph also includes the theoretical projection associated to ∆BB and

made while varying the edge length L of cubic-shaped NCs subject to an intermediate quantum

confinement regime within an environment characterized by a dielectric constant ϵ2 = 2 (depicted

by the dark red curve). This theoretical curve was derived from numerical calculations in the

EFS model discussed in Sec. 1.3.4, while intentionally neglecting the anisotropy for the moment.

On the graph, the ∆BB curve is translated towards lower energies to compensate for the Stokes

shift so that it intersects with the average splitting line at the average PL transition energy of

individual objects, ⟨EX⟩ = 2.993 eV.

One can see that the bright-states energy splittings measured experimentally do not align

along the theoretical ∆BB curve. Instead, a wide dispersion of the ∆BB values is evidenced over

the 2.98 – 3.00 eV interval. Indeed the splitting energies span from 0.51 meV to 3.11 meV with a

⟨∆BB⟩ = 1.48 meV average and ∼ 0.54 meV standard deviation. Despite a reasonable agreement

regarding a subpart of the experimental sample, the striking point is the overall weak correlation
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Figure 3.9: Spectro-temporal traces of CsPbCl3 NCs EFS doublet (left side) and triplet (right side)
captured at T = 7 K. Intensity profiles taken at two different moments are plotted on top of each
trace. The concerted shifts of all the EFS lines are additional proofs of the individual object character
of the collected PL.

between splitting amplitude and emission energy. More specifically, strong deviations from the

theoretical curve are observed since the larger splittings are also measured for NCs presenting

lower transition energies. From these arguments it appears necessary to invoke an additional

parameter that might be responsible for this pronounced dispersion in ∆BB while having a weak

influence on the transition energy itself.

Considering a slight anisotropy in the NCs shape could be a straightforward solution to account

for the variety of single objects emission responses, as well as the unexpected occurrence of triplets

assuming NCs of tetragonal crystal lattice. This aspect is evidenced more exhaustively in the next

section but, before that, the origin of the multiplicity in the EFS peaks needs to be discussed.

From the theoretical developments of Sec. 1.3.4 the number of peaks in the EFS is governed by

two aspects:

• The symmetry of the crystal phase: for NCs of perfect cubic shapes, doublets are expected

in the tetragonal phase while triplets are characteristic of the lowest symmetry orthorhombic

structure.

• The level of shape anisotropy: a modification of the NC shape (while remaining a cuboid)

possibly leads – through the modification of the exchange interaction energy terms, ∆SR

and ∆LR – to the lift of the degeneracy that subsists in the cubic and tetragonal phases of
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Figure 3.10: Left side: Observed EFS energy splittings ∆BB of two peak spectra as a function of their
PL transition energy (low energy peak position). The dark red curve represents a theoretical prediction
obtained while varying the edge length L of perfect cubic shape NCs (L = Li, i = x, y, z) in the
intermediate quantum confinement regime. The blue shaded area indicates the standard deviation of
the experimental splitting values. Right side: Histogram of the ∆BB splittings.

perfectly cubic NCs.

The energy level diagram presented below in Fig. 3.11 was already displayed in Chap. 1 and

summarizes how both factors tailor the EFS in LHP NCs.

In this work, the quasi-systematic observation of doublets and the occasional observation of

triplets strongly support the hypothesis that the NCs have a lattice structure belonging to the

tetragonal space group D4h. Let us note that, at 77 K, the tetragonal symmetry was found to

dominate the structure of CsPbCl3 NCs in samples fabricated using a method similar to the one

used in this work (method of L. Protesescu in [17]), as demonstrated by Liao and collaborators

[41]. In general, phase transitions manifest themselves in the optical response of the NCs as

a non-monotonous evolution of the excitonic transition, both in absorption and emission. No

signature of that type could be evidenced throughout the optical measurements performed in

this work between 7 K and 77 K (see Fig. 3.4 for absorption and Fig. 4.5b for emission). These
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Figure 3.11: EFS energy level diagram in LHPs. The top part of the Figure illustrates how the fine
structure levels split when the crystal phase varies from cubic (Oh) to orthorhombic (D2h) while the
shape of the NC is kept perfectly cubic. On the bottom, the effect of the NC shape anisotropy is taken
into account on the tetragonal phase (D4h) specifically by adjustment of the parameter s = Lz/Lx or
r = Ly/Lx. Note that the highest symmetry axis of the D4h phase is assumed to be parallel to the
Nanocrystal axis z.

results comfort the hypothesis of a major population of NCs being in the tetragonal phase in our

low-temperature studies.

Therefore, in the hypothesis of a tetragonal structure, doublets essentially correspond to NCs

that have been elongated or contracted along their crystallographic axis c (or that kept a cubic

shape). One component of the doublet comes from the linearly polarized dipole, |Z⟩ , whereas

the other should be associated to the 2-fold degenerate |±1⟩ state. Before going further in the

analysis, let us briefly examine different aspects that may come as troublemakers in the working

framework:

• The experimental configuration might significantly influence the micro-PL spectral patterns.

Indeed, dipoles with axes perfectly aligned to the optical axis (microscope objective axis),

contribute poorly to the collected PL. Consequently, one might argue that doublets should

appear instead of triplets due to the strong artificial - detection dependent – attenuation of

the dipole component parallel to the optical axis. However, there are two major objections to

this argument: (i) A dipole oriented along the optical axis corresponds to a very particular
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configuration that is realized when the NC has one of its face parallel to the substrate

and cannot be envisaged as a general trend. Fig. B.3 (see Appendix B) and Fig. 3.12 depict

the patterns that would be detected for NCs having different orientations with the optical

axis. In the case of tetragonal NCs, doublets are predominantly observed whereas triplets

would be quasi-exclusively observed for NCs of the orthorhombic phase. (ii) Whenever the

highly specific orientations mentioned above were to occur, the microscope objective has a

sufficiently broad angular acceptance (∼ 34°, corresponding to a numerical aperture of ∼

0.55) to detect emission from dipoles forming a small angle with the optical axis. Fig.B.3 and

Fig. 3.12 are simulations of the expected polar diagrams for various orientations of the NC,

considering the numerical aperture of the objective. These simulations were performed using

the theoretical model of [183] detailed in Appendix B. For both tetragonal and orthorhombic

cases, the ratio of maximum intensities between the dipole parallel and orthogonal to the

optical axis is approximately 0.1, a value that compares well to the calculations made by

Bohmler et al., who found a ratio of about 0.2 in the worst-case scenario [184]. Therefore,

a dipole parallel to the optical axis, if present, would always be detected.

• Thermalization effects additionally play a role: by strongly decreasing the highest energy

state population, a triplet might be observed as a doublet. So far the issue of inter-bright

states relaxation has not been addressed in perovskite NCs but the experiments show that

the bright states cannot be considered as fully thermalized at low temperature. For example,

doublets are detected with comparable amplitudes of their components at 7 K (kBT ≈ 0.6

meV) while the latter are separated by energies that span the 1.6 – 2 meV interval. More

generally, the observation of bright states that are not quenched towards the low energy

dark state also indicate a difficult thermalization process in the EFS. In perovskite cesium-

bromide 2D systems (having large bright states – dark state separation) it was shown that the

exciton temperature may be as high as 75 K even for a lattice temperature approaching 0 K

[185]. Therefore, a thermalization process is probably at play in CsPbCl3 NCs but cannot

be an impeding process with regard to the discrimination between the emission patterns

(actual doublets or triplets). Sec. 4.3.4 of the next chapter comes back to the issue of the

thermalization dynamics (once a phenomenological model is set to explain the time resolved

PL) and shows that at low temperature (T ∼ 10 K) the bright exciton sub-levels of the

EFS is a ’hot system’ i.e thermalizes on a timescale that is orders of magnitude larger than

the effective lifetimes. Additionally, in Fig. 3.13, the evolution of a doublet with increasing

temperature is displayed until 40 K (kBT ≈ 3.5 meV) so that if thermalization was at play,

a third (triplet-belonging) component should have been detected both under the form of an

emerging peak and an additional broadening of the spectrum at higher temperatures. The
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measured spectra show that this is clearly not the case.

Figure 3.12: Simulated polar diagrams of three orthogonal emitting dipoles, corresponding to the
emitting states of LHP NCs belonging to the tetragonal crystal phase. The angles Θ and φ give
the orientation of the dipole |Z⟩ (blue line), while the dipoles |X⟩ and |Y ⟩ (red and black lines) are
orthogonal to |Z⟩ at all times.

At that point there remain two aspects that should be developed further: (i) the large dis-

persion of the doublet energy splittings presented on Fig. 3.10 and, (ii) the occurrence of triplets.
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Figure 3.13: Exciton fine structure doublet followed in temperature. The transition energy blue shifts
with increasing temperature, as expected with perovskites. The lower intensity peaks located at higher
energy are most likely due to another object poorly excited by the laser (λexc = 395 nm).

This is done in the following paragraph where the role of the shape anisotropy is considered in a

more exhaustive manner.

3.2.2 Effect of the shape anisotropy and dielectric discontinuity on the EFS

The prior discussion regarding the low-temperature crystal phase of CsPbCl3 NCs and their

spectroscopic signature discarded an essential parameter: the shape induced anisotropy. Indeed,

given that Coulomb interactions depend on the overlap of the electron and hole wave functions,

the EFS levels energies are strongly influenced by morphologies of reduced symmetry within

confined nanostructures. Moreover, if the surrounding medium has a different dielectric constant,

the screening of these Coulomb interactions will be affected, further modifying the EFS energy

spectrum. In NCs these effects are well known and were already investigated by Efros, Bawendi

and Norris as soon as 1996 [68].

In this section, spectroscopy results are compared with simulations conducted using an EFS

model in CsPbCl3 NCs that specifically takes into account the NCs’ shape anisotropy. These

numerical calculations were conducted in collaboration with the K. Boujdaria group from Carthage
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University. They were based on the theoretical framework presented in Sec. 1.3.4 and were built

on prior work on bromide or iodide LHP NCs by A.L. Efros and P. Tamarat and our group [180,

22, 186]. A complete derivation will not be provided here, but the reader can find more details in

the work published by our group and collaborators [71, 186].

Variations in the anisotropy parameter s

Fig. 3.14 illustrates the energy of each EFS bright state |X⟩, |Y ⟩ and |Z⟩ defined by equation

Eq. 1.42 within a tetragonal lattice CsPbCl3 NC. These energy levels are plotted relative to the

dark state energy set here at ED = 0 eV. The NC size is either contracted or elongated (with

volume V = ⟨L⟩3 kept constant) by changing the value of the parameter s defined as s = Lz/Lx

and keeping the value of the parameter r = Ly/Lx to unity. The situation with r = s = 1

therefore corresponds to a NC of perfect cubic shape.

Two dielectric environments are also considered on Fig. 3.14: A ligand-type surrounding

medium characterized by a dielectric constant ϵ2 = 2 i.e η = 0.53 (with η = (ϵ1 − ϵ2) / (ϵ1 + ϵ2)

and ϵ1 the dielectric constant inside the NCs) depicted by both solid lines, and an outside en-

vironment with ϵ2 = 6.56 i.e η = 0 that would typically be composed of other CsPbCl3 NCs

(dotted lines). It is worth noting that the latter scenario is unrealistic and just provides here a

limiting case, as this would imply a continuity in the dielectric environment that is most likely

not realized as single NCs are studied here.

Given that the model assumes the nanocrystal axis to be aligned with the tetragonal unit cell

(which is the most commonly used and simple hypothesis), changing the value of s while keeping

r = 1 translates into a deformation of the NC along the vector c of its tetragonal lattice while

keeping a square like section in the plane defined by the lattice vectors a and b (orthogonal to c).

Regarding the exciton states |X⟩ and |Y ⟩ this situation is rather similar to the case of a D4h

cubic NC without anisotropy: the symmetry of the structure is unchanged in the plane parallel

to these dipoles and their degeneracy is maintained regardless of the s parameter value.

The simulated curves also demonstrate that a size reduction along the c axis leads to a continuous

increase of the bright states splitting ∆BB between the highest energy |Z⟩ state and the (|X⟩ , |Y ⟩)

doublet. Indeed, the amplitude of ∆BB is doubled from 1.42 to 2.79 meV when Lz experiences a

20% reduction (s decreasing from 1 to 0.82, respectively). A two peak spectrum possibly matching

this situation is displayed on the top right of Fig. 3.14. Since the confinement gets stronger along

the c direction, the electron and hole wavefunctions (WFs) overlap gets larger which leads to a

sharp increase of the |Z⟩ state energy while that of the (|X⟩ , |Y ⟩) doublet remains more or less

stable. This behaviour has been observed several times on anisotropic nanocubes and will result

in giant bright-bright splittings similar to the ones observed on highly anisotropic nanoplatelets
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Figure 3.14: Simulated bright exciton energy levels with respect to the dark state energy and plotted
against the value of the parameter s = Lz/Lx while keeping r = 1. The solid and dotted lines represent
environments of respective ϵ2 = 2 and 6.56 dielectric constants. The black arrows and their associated
symbols are two situations matching the two peaks spectra on the right side. Note that the role of an
’anisotropy’ in the dielectric confinement (i.e a dielectric contrast that would change with the direction
orthogonal to the NC faces) was not investigated here. Such considerations are left for further studies.

if the NC is flattened further [187].

On the contrary, a decrease in ∆BB is predicted as the NC size is increased along the c axis

(s > 1), an expected behaviour since the carriers WFs overlap declines when the confinement is

reduced. The threshold above which state inversion occurs is expected around s = s0 = 1.25.

Again a spectrum acquired experimentally and possibly matching this situation is displayed on

the bottom left of Fig. 3.14.

The reported dispersion of splittings ∆BB displayed in Fig. 3.10 is thus well reproduced as

s spans a wide interval (possibly with s > s0). In particular, the average ∆BB = 1.48 meV is

reached at the expected level of anisotropy i.e for a value of the s parameter around 1 and is

compatible with the anisotropy standard deviation of σanis = 1.2 reported on Fig. 3.3.

Regarding the emission spectra and their associated polar diagrams, NCs deformed in such

ways should statistically present an emission response matching closely with the polarisation

simulations performed for cubic shaped NCs of D4h crystal phase discussed in the previous section

on Fig. 3.12: changing the NC orientation, an observer would see spectrally a majority of two

peak spectra and a minority of one peak spectra (or with a second peak of much lower intensity).
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Regarding the latest, the lack of observation of such emission response still does not find an

answer here. An explanation could potentially be found in a preferential orientation of the NCs

with respect to their substrate, although such behaviour did not find direct confirmation here.

Variations in the anisotropy parameter r

A second type of size modification was simulated on Fig.3.15. This time the value of the parameter

r was adjusted while keeping s = 1. This situation, illustrated on Fig. 3.15 corresponds to a

distortion in the plane defined by the lattice vectors (a,b) orthogonal to the c axis, with a square-

like section maintained in the (a,c) plane. Again, two different dielectric environments were tested:

ligands (solid lines) or NCs (dotted lines) with ϵ2 = 2 and 6.56 respectively.

In sharp contrast with the first set of simulations, this type of morphological change lowers

the NC symmetry further and leads to a complete lift of the bright exciton states degeneracies

resulting in the emergence of three orthogonally polarized states |X⟩, |Y ⟩ and |Z⟩ as soon as r

departs from 1 (with the exception of two crossing points where a degeneracy remains). This

behaviour is very similar to the way that crystal phase symmetry reduction from tetragonal to

orthorhombic impacts the EFS of cubic shaped crystals [39, 23].

On the right side of Fig.3.15, three peak spectra associated to two situations on the simulation

curves are provided. The first one correspond to r = 0.91 where the peak separation is assymetrical

with ∆EXY and ∆EY Z on the order of the spectral linewidth and the second one corresponds to

r = 1.25 with larger and symmetrical peak separations.

While these results clearly demonstrate that NCs of anisotropic shapes would lead to the

observation of triplets in a majority of cases, it is worth noting that three peak spectra might also

be associated with NCs in the orthorhombic phase with a larger EFS configuration space (the

study of Han et al. on CsPbI3 NCs provides a complete picture in that matter, incorporating

the effect of anisotropy [188]). Finally, only systematic single-object correlative spectroscopy with

both high-resolution electron microscopy imaging and optical micro-PL spectroscopy could allow

distinguishing the different origins for the characteristic triplet-like response.

Additional comments on the EFS simulations

As final remarks on these numerical simulations, let us focus on a couple of points:

• Fluctuations in the dielectric environment may already lead to appreciable variations in the

exciton fine structure splittings and contribute to their dispersion even for NCs of perfect

cubic shapes. These fluctuations were also investigated here for reasonable variations of

ϵ2 from 3.0 (η = 0.37) to 1.0 (η = 0.74) while preserving a cubic shape, i.e r = s = 1.

Doing so, a ≈ 200 µeV variation was observed in the ∆EBB splitting value which is too
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Figure 3.15: Simulated bright exciton energy levels with respect to the dark state energy and plotted
against the value of the parameter r = Ly/Lx while keeping s = 1. The solid and dotted lines
represent environments of respective ϵ2 = 2 and 6.56 dielectric constants. The black arrows and their
associated symbols are two situations matching the three peak spectra on the right side. Note that
the role of an ’anisotropy’ in the dielectric confinement (i.e a dielectric contrast that would change
with the direction orthogonal to the NC faces) was not investigated here. Such considerations are left
for further studies.

small to explain the experimental dispersion of Fig. 3.10. Moreover, assuming a tetragonal

crystal lattice, the observation of triplets cannot be explained without introducing a specific

asymmetry in the NC shape. Both arguments comfort the idea that anisotropy is a crucial

parameter and plays an effective role in shaping the EFS.

• Despite the limited statistics, it seems that the occurrence ratio strongly favors the obser-

vation of two peaks spectra. This may find an explanation recalling that a large population

of objects have no anisotropy or a rather small one. The results presented here point to a

preferential anisotropic growth of the NCs alongside a specific crystallographic direction.

• Experimentally, bright states splittings below 0.5 meV (typically, 1.2 < s < 1.3) were not

observed whereas the simulated curves clearly predict their existence. Han and coauthors

have demonstrated that a model of NCs with pseudocubic bounding facets, i.e. having their

lattice vectors unaligned with the cuboid NC axis, changes the LR exchange interaction so

that the |X⟩ and |Y ⟩ EFS states couple to each other. This coupling translates into the
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emergence of an avoided crossing on the fine structure energy spectra [188] that indeed

leads to a limitation of the splitting. While noteworthy, the model requires the crystalline

phase to be orthorhombic, which cannot be an initial postulate here. The lack of small

bright states splittings cannot be explained in a straight forward manner but a possible

explanation is that the actual NCs edge lengths distribution (on its sides) might not be

strictly the same as the one characterized through the TEM images analysis. The chemical

processes at stake during the dilution of the colloidal solutions (necessary to reach the

spatial dispersion compatible with single-object experiments) are not perfectly known and

the selective dissolution of certain NCs geometries can not be excluded.

3.2.3 Observation of other exciton species: trions and biexcitons

Chapter 1 reported that in semiconductor NCs, excitons can sometimes form charged species

called trions, which result from the Coulomb interaction between an exciton or electron-hole (e-h)

pair and another charge carrier present in the NC, either an electron or a hole (generated by an

Auger recombination process). Furthermore, when multiple excitons are generated in the medium,

biexcitons can also be formed. These systems typically require higher laser excitation powers to be

generated, but are nevertheless regularly reported in micro-photoluminescence (micro-PL) studies

on individual emitters. Although they are not the main focus of this work, biexcitons and trions

represent interesting aspects of single object spectroscopic investigations of CsPbCl3 and their

characterization is essential either for classical or quantum light emission applications.

The micro-PL spectrum presented on Fig. 3.16 shows an exciton fine structure doublet from a

single CsPbCl3 NC acquired for a fairly long period of time, i.e, ∼10 s. Alongside this exciton,

a single line shifted of ∼ 17 meV was captured on the low energy side. The polar diagram of

this single line is also presented on Fig. 3.16 and demonstrate that this spectroscopic feature has

no linear polarisation. As seen in Chap. 1, in charged excitons (also called trions) opposite sign

electron-hole exchange interaction terms cancel each other. Therefore, trions do not exhibit fine

structures and their emission is circularly polarized [76, 79]. For these reasons the single line

of Fig. 3.16 is attributed to the trion X∗. The FWHM = 1.15 meV of this trion emission peak

appears slightly larger than that of the EFS peaks and can be explained by a higher sensitivity of

this charged species to its electrical environment resulting in an increased amplitude of spectral

diffusion. The trion was already observed multiple times on CsPbI3 and CsPbBr3 NCs of similar

sizes [182, 181, 24, 189] but never on the CsPbCl3. Here, the measured energy shift appears very

similar to the ones observed on other LHP materials.

Fig. 3.17 displays a PL map of another CsPbCl3 nanocrystal EFS taken at different positions

of the rotating half-wave plate. With no surprise the spectral signature of the EFS, noted X,
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Figure 3.16: Two peaks EFS spectrum of a single CsPbCl3 NC accompanied by its trion at 17
meV shift on the low energy side. The inset is a polar diagram of the trion line and shows no linear
polarization. The absolute exciton transition energy here is EX = 2.986 eV.

is retrieved on this map, alongside its crossed linear polarisation response, confirmed by the

corresponding inset polar diagram. On the low energy side the trion emission, noted X∗, is found

again at an energy shift of 17-18 meV from the EFS and does not show a linear polarization

behavior. Note that, as observed by [182], since the trion is a charged exciton, it should not emit

simultaneously with the neutral exciton. Here the integration time was set to 20 s for each angle

position which is a way larger time scale than the X ↔ X∗ charging/decharging and therefore

explains their "simultaneous" observation.

Further down the low energy side of the neutral exciton, a new spectral feature denoted XX,

appears at ∼ 31 meV from the exciton transition. Looking at its corresponding polar diagram

on the inset one can clearly see that its constituents have linear crossed polarisations that are

anti-symmetric to the ones of the neutral exciton, X, i.e, its higher energy constituent has a

maximum PL amplitude when the lower energy constituent of X has a maximum amplitude and

vice versa. As seen in Chap.1 (see Fig.1.10) this behavior is characteristic of the emission response

of a biexciton and has also been observed several times on other inorganic LHP NCs [181, 182,

24, 189].
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Figure 3.17: PL intensity map of a single CsPbCl3 constructed from individual spectra captured at
different positions of the rotating half wave plate. The top of the figure shows the intensity profiles for
two different angles and the inserted polar diagrams are associated to the exciton X and the biexciton
XX. The absolute exciton transition energy here is EX = 2.987 eV.

Finally, it is worth mentioning that the intensity of these new exciton species were usually

much lower (specially for the biexciton) than the ones of the neutral exciton and were therefore

not observed as much. A small but relevant statistics of their energy positions is provided on

Fig. 4.4 of Chap. 4 alongside the observed phonon replicas that will be discussed in greater details

in the same chapter.

Conclusion

In this chapter a comprehensive study of cesium-lead-chloride perovskite NCs was presented

thanks to the combination of TEM imaging, highly resolved microspectroscopy experiments and
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numerical simulations. The emission patterns of single NCs were observed at multiple times allow-

ing to build statistics that revealed a strong prevalence of two peak spectra although three peak

emission responses were also observed occasionally. These findings were analyzed comprehensively

considering a crystal lattice of tetragonal symmetry. Specifically, the large dispersion observed

in the bright-bright splitting values, ∆EBB, was explained successfully by an EFS theoretical

model considering deviations in shape from the perfect cubic nanocrystal (NC) geometry. This

explanation aligns with the level of shape anisotropy estimated from structural characterization

via transmission electron microscopy (TEM). It was shown that even light deformation of the

NCs edge lengths, whether along or orthogonal to the crystal main symmetry axis, can lead to a

wide distribution of ∆EBB values, potentially indicating a significant reorganization of the EFS in

terms of state ordering. Depending on the nature of the deformation, the theory also predicts the

emergence of three peaks emission patterns, a phenomenon clearly evidenced in the experiments.



CHAPTER

EXCITON-PHONON COUPLING IN

CsPbCl3 NANOCRYSTALS 4
In semiconductor nanocrystals, scattering of charge carriers and excitons by the underlying atomic

lattice happens essentially through three mechanisms. First, the atomic displacements induced

by acoustic and optical phonons affect the electronic band structure of the material and change

the properties of the charge carriers. This perturbation is generally described by a deformation

potential. Secondly, in structures lacking inversion symmetry, long wavelength acoustic phonons

can induce a strain that will generate an electric field via the piezoelectric effect interacting with

the carriers. Finally, the Coulomb coupling of the carriers with the electric field generated by

the lattice optical phonons is called the Fröhlich interaction and creates a quasi particle called

the polaron. Regarding inorganic lead halide perovskites (LHPs), Fröhlich interaction is the

prevalent scattering mechanism of carriers, primarily due to their strong ionic nature and the soft

character of their lattices [190]. In these materials the study of phonon interactions with charges

is of prime importance as it can greatly modify the carriers transport and optical properties. For

instance, these interactions reduce the mobility of carriers in hybrid perovskites by increasing their

effective masses which is detrimental for solar cells applications [191, 192, 193]. Additionally, a

slow cooling of hot carriers, induced by a phonon bottleneck effect, has been observed [194, 195,

196] and linked to an enhanced PL Stokes shift that changes the band edge optical spectra [197]

and the linewidth of the emission which is detrimental for LED applications. Finally, some authors

have demonstrated that interactions with phonons can ensure the thermal mixing of EFS bright

and dark state populations, therefore modifying the dynamics and coherence properties of their

99
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emission [198, 199].

The Chloride perovskite compound is special in this context because it possesses the high-

est energy optical phonon modes in all LHPs. Although some studies have already investigated

CsPbCl3 phonon modes in bulk and NCs, their impact on its PL properties have never been ob-

served. In this Chapter, the exciton-phonon interactions in single CsPbCl3 NCs are addressed and

multiple optical phonon modes are highlighted. In addition, by precisely selecting single spectral

lines - thanks to the polarization properties of the emission - the temperature evolution of the pho-

toluminescence (PL) and its linewidth broadening are followed on individual CsPbCl3 NCs. This

work provides a better understanding of the processes at play in the context of exciton-phonon

interactions in a high-energy emitting material with great potential for applications in optoelec-

tronics. Additionally, it confirms general trends already observed in other halide perovskites

emitting at lower energy [198, 22, 200, 120, 201, 202].

Finally, the reader may have noticed that the previous Chapter left aside a very important

feature of the exciton fine structure (EFS) in the chloride compound: the dark state and its

energy position relative to the bright ones. The last section of this Chapter is therefore dedicated

to this issue and demonstrates that an indirect experimental observation of the dark state is made

possible by investigating the emission dynamics of these NCs with temperature. Indeed, it will

be demonstrated through the use of a phonon assisted thermal mixing model that the emission

dynamics somehow reflects the coupling of the exciton to lattice optical phonons, rendering the

measurement of the bright-dark EFS splitting possible in this material.

4.1 Phonon modes in CsPbCl3 nanocrystals

In order to later study the various exciton-phonon interactions within CsPbCl3 nanocrystals, the

identification of the phonon modes in this material is a prerequisite. For this purpose, a brief

review of the expected phonon modes is presented in this section, followed by the presentation of

Raman spectroscopy measurements performed on CsPbCl3 NCs.

4.1.1 Expected phonon modes in CsPbCl3

The high temperature phase of CsPbCl3 being the ideal cubic perovskite structure, its symmetry

properties and normal vibration modes are well known and available in the literature [30]. Within

the unit cell, 15 phonon modes classified into 3 acoustic and 12 optical modes are expected.

Calistru et al. [170] have shown that, the IR spectrum of cubic phase CsPbCl3 is expected to

display 3 doubly degenerated TO modes at low energy and three non-degenerate LO modes at

higher energies.
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By lowering the space group symmetry, the degeneracy of each of the three TO modes is

completely lifted and will consequently appear experimentally as distinct modes. With non-

resonant Raman spectroscopy in the 0 to 400 cm-1 Raman shift domain, the 3 LO and 6 TO

modes are measurable as it has been done with bulk CsPbCl3 of orthorhombic crystal phase

[170].

Regarding CsPbCl3 NCs, Liao et al. have observed the complete lift of all the TO modes

degeneracy by performing in situ both Raman spectroscopy and X-ray diffraction experiments

on CsPbCl3 NCs at temperatures spanning from 775 K down to 83 K [41]. In this work, the

CsPbCl3 NCs are synthesized using the same hot-injection method. As reported, Liao et al.

kept observing a tetragonal crystal phase throughout the entire 83 K to ∼ 300 K temperatures

range while measuring Raman resonances at similar energies as in [170, 203, 204]. They also

clearly observed the three distinct TO mode doublets which are all revealed under ∼ 200 K until

the low temperature limit of 83 K. Moreover, as already presented in Chap. 3 on Fig. 3.4, when

the temperature was increased from 5 to 150 K, the variations of the absorption peaks (that

correspond to different population sizes of CsPbCl3 NCs) were monotonous. It is also the case for

the blue-shifts of the single NC emission lines measured in the 5 to 90 K range and presented in

the following on Fig.4.5. Thus, combining these results with the work of Liao et al. the tetragonal

crystal phase is likely to be maintained at low temperature.

4.1.2 Raman spectroscopy of CsPbCl3 nanocrystals.

On Fig.4.1 micro Raman spectra of CsPbCl3 NCs are shown for 4 different temperatures between

110 K to 170 K. These spectra were acquired at the Gemac laboratory by I.Stenger using a

continuous excitation at 514.5 nm (2.41 eV). On the lowest temperature spectrum, one can clearly

see 3 sets of doublets between 15 and 150 cm−1 and a single peak located at higher energy around

200 cm−1. This spectral doubling was verified several times prior to this work [170, 171, 41, 203]

and is consistent with our previous analysis. The third doublet located at 115 cm−1 i.e. 14 meV

is a superposition of both TO3 and LO1 modes. The single peak located at higher energy, around

200 cm−1 i.e. 25 meV is associated to a LO2 phonon mode as already observed by both Calistru

and Liao at the same energy [170, 41] and by Hirotsu at 220 cm−1 i.e. 28 meV [171]. It is worth

noting that Calistru et al. identified the LO3 mode at 375 cm−1 while the experiment of Fig. 4.1

was only performed up to 250 cm−1.

The excellent agreement between the phonon energies observed in this work on NCs and those

reported by Calistru and Hirotsu on bulk single crystals suggests that these phonon modes are

not size-dependent,i.e., not subject to quantum confinement. This finding was also supported

by the experimental results of Kanemitsu, Amara and their co-authors [189, 24], as they did not
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Figure 4.1: Raman spectra of CsPbCl3 NCs taken at four different temperatures from 110 K to 170
K. Inset: Each TO doublet Raman shift is followed in temperature.

observe a size dependence of phonon energies in CsPbBr3 NCs, which can be an indicator of the

poor level of confinement usually encountered in LHP nanocubes.

On the right side of Fig. 4.1 the Raman shifts of the three TO doublets is followed in tem-

perature as in [205]. It is evidenced that the energy of these TO modes is independent of the

temperature in the explored domain, although a slight redshift of the higher frequency TO2 mode

doublet and that of the lower TO1 mode is observed within the experimental accuracy. The

monotonic behavior of the Raman shifts with temperature provides further evidence that there

are no phase transitions in this temperature range.

4.2 Evidences of exciton-phonon interactions in CsPbCl3 NCs

Optical phonons can interact with excitons and modify the emission properties of NCs. In single

object spectroscopy they can appear as replicas or enlarge the spectral linewidth of the exciton

leading to a loss of the emission purity and a reduction of the exciton coherence time [206, 207].

Having identified these phonons in CsPbCl3 in the last section, their spectral signatures are

investigated on single object spectroscopy experiments in the following.
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4.2.1 Optical phonon replica on micro-PL spectra

Alongside the zero phonon exciton recombination lines, the emission from single nanocrystals

is usually accompanied by a multitude of different spectral lines. Chap. 3 demonstrated that

the variety of these spectral lines sometimes correspond to complex excitonic species such as

biexcitons and trions. Phonons can also manifest themselves in micro-PL spectra under the form

of Stokes shifted replicas and, less frequently (or at higher temperatures at least), as higher energy

replicas via anti-Stokes processes. Although these spectral features are typically detrimental for

applications - reducing the purity of the emission - they become valuable for characterizing the

phonon spectrum of a material.

Fig. 4.2 displays the micro-PL spectrum of a single CsPbCl3 NC on a large energy domain

acquired at T = 5 K. One can see that peaks of weak intensity appear on the low energy side of

the EFS lines. Since the energy of these peaks corresponds to the ones of the optical phonons

highlighted in the last section both on bulk and NCs, they can rather confidently be associated to

Stokes shifted phonon replicas. Thus, the peaks centered at 14 and 26 meV most likely correspond

to the LO1 and LO2 phonons measured at 14 and 25 meV with Raman spectroscopy. This process

is made possible because the spontaneous emission of phonons is independent of their occupation

number and the temperature. In contrast, phonon absorption is proportional to their occupation

number, making it highly dependent on the temperature. Therefore, at such low temperatures

and given the relatively high energy of the first LO phonon, anti-Stokes replicas are highly unlikely

to appear. Transverse optical phonons are also known to have considerably weaker coupling with

carriers by Fröhlich interaction and should not appear or have an much lower intensity than the

LO modes replicas [81]. Finally, no spectral features were observed at energy shifts of ≈ 35 meV

from the EFS, hindering to confirm the existence of the LO3 mode observed by Calistru in Raman

spectroscopy [170].

As already stated in this manuscript, the PL quantum yield (PLQY) of CsPbCl3 is particularly

weak within the LHP family and, in order to reveal phonon replicas, the spectrum presented on

Fig. 4.2 had to be acquired during 20 s which led to an enlargement of the peaks induced by

spectral diffusion. Nevertheless the LO2 peaks seem to reveal a fine structure, which is expected

from phonon replica and has already been observed by Kanemitsu and other authors in CsPbBr3

[189, 24]. On the contrary, the LO1 peaks overlap too much to display well resolved fine structure

replicas. The fits that were performed on the LO2 peaks show an energy difference of ∼ 1.9 meV

and is in good agreement with the measured splitting of the exciton fine structure peaks.

In Fig.4.3, one can see a micro-PL map recorded by capturing different spectra for 10 s at each

position of the rotating half-wave plate. The NC observed here is different from the one shown in

Fig. 4.2 but exhibits similar spectral features. Optical phonon replicas are clearly observable and
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Figure 4.2: Micro-PL spectrum of CsPbCl3 integrated for 20 s and showing an EFS doublet. The
low energy side bands are labeled to their matching phonon energies. The absolute exciton transition
is measured at EX =2.976 eV (λexc = 395 nm).

located at ELO1 = 13.9 meV and ELO2 = 24.2 meV. Despite their very low intensity, especially

for the LO2 replica, their fine structures are clearly visible. The spectrum on top of Fig.4.3 shows

two intensity profiles on semi-log scale taken at two different angles. These profiles evidence that

the components of the LO1 replica fine structure have crossed linear polarisation in phase with

their corresponding exciton fine structure peaks.

The histograms of the LO1 and LO2 phonon energy positions are displayed on Fig.4.4 alongside

the energy of the measured trions X∗ and biexcitons XX to have a complete view of the spectral

landscape usually encountered on the lower energy side of the EFS. For each population a gaussian

distribution adjusts the data. It can first be noticed that there is a rather small population for

each species (30, 24, 24 and 20, counts for respectively LO1, X∗, LO2 and XX) this is due to

the extremely low intensity usually encountered with these spectral features. The populations

of the trion and LO1 replicas are clearly overlapping and although Fig. 4.3 shows an example of

polarisation measurement on a LO1 replica, such measurements were not possible to perform in

most cases. Nevertheless two preferred classes are clearly identified on the histogram around 18

meV for the trion and 14 meV for the LO1 replicas. The trion seems to have a more defined

energy with a lower standard deviation of its population while the LO1 fine structure (and the

LO2 for that matter) have a standard deviation of about 1.25 meV.



4.2. EVIDENCES OF EXCITON-PHONON INTERACTIONS IN CsPbCl3 NCs 105

Figure 4.3: PL intensity map of a single CsPbCl3 NC EFS on a 50 meV energy domain and as a
function of the rotating halfwave plate angle θ. The top spectra are intensity profiles (semi-log scale)
taken at θ = 180° and 260°. Two phonon replicas are clearly visible on the lower energy side. The LO1

replica clearly shows the same polarization as the EFS peaks, while the intensity of the LO2 seem to
show the same behavior.

4.2.2 Spectral broadening in single CsPbCl3 NCs

A significant challenge for quantum technology applications is the identification of exploitable

two-level systems that are sufficiently isolated from their environment to maintain coherence for

extended periods of time. In the case of semiconductor NCs when such systems are found, under

the form of an exciton or an e-h pair, the coherence times are often damped by the interactions

with the environment. These interactions are mainly due to the coupling of the exciton to the

lattice phonons and to the spectral diffusion associated to the trapping and detrapping of carriers

to lattice defects. Understanding and evaluating these interactions is of primary importance to

have a better idea of the possibilities offered by a given material for advanced quantum applica-

tions. Single object spectroscopy offers a particular advantage in this regard, as it allows for the

measurement of the spectral broadening of exciton emission lines, thereby enabling to directly

probe the contributions from acoustic and optical phonons. This would not easily be feasible in
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Figure 4.4: Histogram of the optical phonons LO1 and LO2 energies alongside the trion X∗ and
biexciton XX energies. The energy shift is measured from the lowest energy exciton fine structure
line. Each population is adjusted with a Gaussian distribution of parameters provided in the labels.

ensembles of NCs due to the inhomogeneous broadening resulting from the dispersity of NC sizes.

To effectively address these exciton-phonon couplings in single CsPbCl3 NCs, it is necessary

to isolate a single spectral line from the exciton fine structure (EFS) doublets. This is because the

close energy proximity of these lines would lead to their strong overlap at higher temperatures,

making the measurements impossible. As demonstrated in Chap.3, a simple polarizer can be placed

in the optical path to carefully select the line of highest intensity, thanks to the cross-polarized

property of the EFS doublet lines. Moreover, to ensure that the line of the same single NC

is unambiguously followed across the different temperatures of the experiment, the temperature

dependence of the peaks energies is monitored for each spectral line and the monotonous evolution

of their slope is verified. This monotonous evolution also highlights the absence of a phase

transition in the temperature range explored. This can be observed on Fig. 4.5b for four different

doublets.

On Fig. 4.5b a blue-shift in energy with respect to the bulk is observed for each line when the

temperature increases. The slopes measured here, ⟨α⟩ ≈ 0.3 meV/K, are close to previous values

found in CsPbBr3 NCs [120], which indicates a similar influence of the temperature on the lattice
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Figure 4.5: a. Stacked micro-PL spectra showing the spectral broadening and the blue shift of a single
line for different temperatures. b. Spectral blue shift of the exciton transition when the temperature
is raised for four different NCs. c. The linewidth of four selected lines are measured with temperature.
The provided adjustment is performed while considering the four sets of data simultaneously using
Eq. 4.1. The insert shows a comparison of Gaussian and Lorentzian adjustments to the data on a
semi-log scale at 7K.

deformation and therefore on the energy band gap. Furthermore, this value of the parameter α

is the same as what was found in the previous chapter while doing the experiment in absorption

(see Fig. 3.4). Fig. 4.5c gathers the temperature dependence of the linewidth, Γ(T ), for the four

selected doublet lines, obtained from the full width at half maximum (FWHM) of a Lorentzian

fit, as illustrated on Fig. 4.5a.

The homogeneous spectral broadening of an exciton transition can be described as the sum

of the broadening due to both acoustic and optical phonons. In LHPs and other semiconductors
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the model given in Eq. 4.1 is generally used [198, 200, 82, 208]:

Γ(T ) = Γ0 + σacT + ΓLOnLO(T ) (4.1)

The first term Γ0 is temperature-independent and represents either the contribution due to the

finite lifetime or the residual inhomogeneous linewidth at T = 0 K. When looking at single objects,

this contribution is primarily attributed to spectral diffusion. The second term, encompassing the

σac coupling strength constant, represents the homogeneous broadening resulting from charge-

acoustic phonon scattering due to the deformation potential effect. The third term, encompassing

the ΓLO constant, involves the LO phonons and their Fröhlich interaction with the carriers (and

thus, the exciton) [82, 208, 209, 210]. In Eq. 4.1, the expression for nLO(T ) is given by nLO(T ) =

1/(eELO/kbT −1) where kb is the Boltzmann constant and ELO is an average representative energy

for the LO phonons [209, 210]. nLO(T ) represents the Bose-Einstein occupation number for optical

phonons and therefore strongly depends on the temperature. The expression given in Eq. 4.1 was

used to fit the Γ(T ) data of all four selected spectral lines to improve our statistics and highlight

an average behavior of the measured broadening.

In the linear 0-40 K temperature range the homogeneous broadening with temperature is

essentially driven by the coupling to acoustic phonons. The coupling strength coefficient is mea-

sured at σac ≈ 4 µeV/K, which is in line with the values usually reported for inorganic LHP NCs

(See Tab. 4.1). With no surprise, at temperatures higher than 40 K the scattering due to optical

phonons starts to dominate as they follow the Bose-Einstein statistics, explaining the shape of

the fitting curve in the 40-100 K temperature range. The best fit provides a value of ∼ 25 meV

for the ΓLO coupling constant with an optical phonon energy of ELO = 21 meV that matches

the average value of the LO1 (14 meV) and LO2 (26 meV) phonons replicas observed on micro-

PL spectra. Extrapolating to room temperature the fit used in Fig. 4.5, the obtained micro-PL

linewidth for a CsPbCl3 NC is of the order of 20 meV, comparable to that of equivalent Br-based

material, CsPbBr3 [120]. This value establishes a characteristic limit to the spectral width for

short-wavelength light-emitting diodes using this material at ambient temperature.

The residual broadening contribution, Γ0, is close to 1.2 meV, which is even higher than pre-

vious measurements made on CsPbBr3 NCs (0.4 meV) [120] and gives a coherence time of the

emission of T2 ≈ 1 ps at 5 K. Although the excitation power was kept at a low level, these ex-

periments were performed in non-resonant excitation conditions favoring spectral diffusion during

the micro-PL measurements due to the generation of a fluctuating charge distribution under pho-

toexcitation. This extremely short coherence time in the chloride compound can be explained by

a large concentration of defects observed on the surface of the NCs. These defects can trap or

detrap charges thereby modifying the energy of the exciton by Stark effect [121]. For example,
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with CsPbI3 NCs and a non-resonnant excitation at 570 nm, Min Xiao and coauthors observed

a 200 µeV linewidth [105] via conventional micro-PL spectrocopy at 4 K. Under resonnant exci-

tation they later measured emission lines as thin as 11 µeV at 3 K associated to a pure exciton

dephasing time T ∗
2 of 115 ps and limited essentially by the interaction with the acoustic phonons

[211]. A better approach to suppress spectral diffusion happening on short time scales is to use

interferometry techniques such as correlation Fourier spectroscopy. Using this method, Coolen et

al. observed a linewidth of 6.5 µeV in CdSe NCs passivated with ZnS at 10 K [212, 213]. Later on,

Bawendi and coauthors performed the same type of experiment on CsPbBr3 NCs and measured

a linewidth of ≈ 20 µeV leading to a coherence time T2 ≈ T ∗
2 = 2ℏ/Γ= 66 ps [207] which, taking

the radiative lifetime they measured at T1 = 270 ps gives a ratio T2/2T1 = 0.12 a value two orders

of magnitude higher than for core-shell II-VI NCs. Whether challenging, similar approaches (i.e

resonant spectroscopies and Fourier correlation spectroscopy) would allow to gain insights into

the mechanisms that contribute to the low temperature broadening and now appears as a logical

continuation to this work. In particular, resonant PL excitation remains accessible to our group

by exploiting the doublet configuration and its cross polarized nature.

Overall, in LHPs, the optical phonon energies revealed by the linewidth broadening of the

exciton recombination line with temperature match the values reported with other spectroscopy

techniques or numerical methods. Therefore single NC spectroscopy can be considered as a re-

liable and powerful tool to probe the role of different phonon modes. Tab. 4.1 summarizes the

fit parameters values obtained by different groups that performed linewidth measurements with

temperature while adjusting experimental data with Eq. 4.1. A wide variety of LHP materials

under different forms of samples are listed. The optical phonon coupling constants ΓLO and their

associated average energies, measured here in CsPbCl3, as well as those determined in hybrid or

all inorganic perovskite materials are almost all of the same order of magnitude, which reflects

the polar characteristics of the Pb-halide bonds and the overall ionic character of these materials.

4.3 Unveiling the EFS dark state in CsPbCl3 nanocrystals

The discussion of the exciton fine structure in Chap. 3 focused essentially on the bright states and

their energy positions. However, it was also mentioned that the exciton fine structure of LHPs

and - CsPbCl3 - also contains an optically non-active state called the ’dark-state’. Although it

is weakly coupled to the electromagnetic field, this exciton state can interact with other particles

(such as phonons) and have a profound impact on the emission properties of the NC. Therefore,

in order to draw a complete picture of the EFS in this semiconductor material, and for its possible

use in quantum emission based applications, the determination of the energy position of this state
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Material Sample type σac (µeV/K) ΓLO (meV) ELO (meV) Ref.

FAPbBr3 Single NCs 5 ± 5 52 15.2 [22]

Polycryst. thin films 0∗ 61 ± 7 15.3 ± 1.4 [200]

CsPbBr3 Single NCs 8 ± 3 42 ± 13 16 [120]

Nanowire ensemble 0∗ 66 19 [202]

NCs ensemble 8.9 ≈ 100 ≈ 18 [205]

Single crystal 32 41.7 22.2 [201]

MAPbBr3 Polycryst. thin films 0∗ 58 ± 2 ≈15 [200]

FAPbI3 Polycryst. thin films 0∗ 40 ± 5 11.5 ± 1.2 [200]

Single NCs < 5 27 10.5 ± 0.8 [198]

MAPbI3 Single crystal 0∗ 12 ± 2 4.2±0.8 [214]

Single crystals 93.5 ± 20.5 57 ± 22 16.1 ± 3.4 [215]

Polycryst. thin films 0∗ 40 ± 2 ≈ 11 [200]

CsPbCl3 Single NCs 4 ± 1.5 25 ± 2 21 [179]

Table 4.1: Parameters obtained by other authors and our group while fitting the emission
linewidth broadening in temperature with Eq. 4.1. Different organic and inorganic perovskite
materials under several forms are reported. The asterisk after the 0 values in the third
column indicates that the parameter has been set to zero for adjustments. In Ref. [200],
measurements for MA compounds are done above 80 K. In Ref. [215], data are photocurrent
measurements until 80 K.

as well as its impact upon the emission dynamics is necessary.

4.3.1 Magneto optical coupling

The most straightforward strategy to reveal the energy position of a dark state relies on evidencing

its spectroscopic signature in magneto-optical experiments performed at the single NC scale [22,

181]. Indeed, via Zeeman effect, magnetic fields can induce a coupling between bright and dark

state of the EFS. This technique has been commonly used with II-VI materials [216] and later on

LHPs [22]. Let us first consider the exciton basis composed of the bright states |X⟩, |Y ⟩, and |Z⟩

given by Eq. 4.2 i.e:

|X⟩ = |+1⟩ − |−1⟩√
2

, |Y ⟩ = |+1⟩+ |−1⟩√
2

and |Z⟩ = |0B⟩ . (4.2)

While the dark state reads |0D⟩. When a magnetic field B is applied parallel to |X⟩, (the exciton

state corresponding to an emission dipole oriented in the X direction) the dark state |0D⟩ gets
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coupled to |X⟩ and their interaction can be described by the following Hamiltonian :

Hz =
1

2

−∆BD δgµBB

δgµBB ∆BD

 (4.3)

Where δg, the coupling parameter, reads δg = ge−gh and ge(h) is the electron (hole) Landé factor,

µB, is the Bohr magneton and B the field amplitude. Similar expressions are obtained with a

field, B, along the z axis. [61, 217]

The corresponding energies are given by:

E± = ±1

2

√
(∆BD)

2 + (δgµBB)2 (4.4)

And the eigenstates Ψ− and Ψ+ can be expressed as a function of the θB angle as:

Ψ− =

cos θB

sin θB

 , Ψ+ =

− sin θB

cos θB

 with: tan θB = − δgµBB

2E+ +∆BD
(4.5)

For B = 0, one consistently has E± = ±∆BD
2 , Ψ− = |0D⟩ and Ψ+ = |X⟩.The ratio in the

emission intensity of the coupled states reads [61]:

I−
I+

= tan2 θB ≈
(
δgµBB

2∆BD

)2

(4.6)

Here, the last approximation holds if the bright-dark energy splitting remains large in front

of the characteristic magnetic energy, i.e. if ∆BD ≫ δgµBB.

Eq.4.6 can then be used to predict the field amplitude required to obtain a measurable emission

from the Ψ− state in a regime where the (δgµBB) term remains small in front of ∆BD. Following

a recent study providing the Landé factors versus the gap energy in perovskite materials, one

expects, for CsPbCl3, |δg| ≤ 0.4 [218]. With ∆BD = 10 meV one finds B > 86 T for I−/I+ = 1

% (whereas B > 104 T if ∆BD = 12 meV, assuming the same intensity ratio). A magnetic field

of great amplitude is thus required to achieve a significant transfer of oscillator strength toward

the dark state, indicating that a more accessible and immediate strategy should be employed to

reach a reliable ∆BD estimation. The following paragraph will demonstrate that time resolved

PL is an indirect but powerful tool to reach that goal. For comparison, Tamarat et al. used

magneto-optical spectroscopy to evidence the dark exciton emission in FAPbBr3. With δg ≈ 2

and ∆BD = 2.6 meV, the criteria = 1 % leads to B = 3.5 T. At the maximum field used in their

study (B = 7 T), the ratio is equal to 7 %, in good agreement with the PL spectra provided. [22]
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4.3.2 Thermal mixing models

Since magnetic field cannot reveal the EFS dark state in the chloride compound a less direct

approach shall be considered. Thanks to the simulations presented in Sec. 3.2.2 the dark state

is expected to lay below the bright states at an energy shift of ∼ 10 meV. The optical phonons

unveiled in the last section have a similar energy, thus the possibility of a thermal mixing be-

tween the bright and dark states via the emission and/or absorption of optical phonons shall

be considered. These phonon assisted thermal mixing models are based on the carrier-phonon

interactions described in Chap.1 and, specifically for LHPs, on a Fröhlich coupling mechanism in-

volving optical phonons. The Hamiltonian describing this interaction does not include a spin part

while any transfer between bright and dark states requires a spin flip between orthogonal exciton

states which is forbidden. Fortunately, some authors have shown that the spin-orbit coupling -

which plays a major role in LHP materials due to the presence of the heavy lead element - can

mix orthogonal exciton states of different J and Jz [219]. In this section, two models commonly

used to describe such behaviors will be introduced and applied afterwards to adjust the emission

dynamics using time resolved PL spectroscopy as well as its evolution with temperature.

One Phonon model

The first model that is considered is sketched on Fig. 4.6. It involves the thermal mixing of the

bright and dark state by absorption and emission of an optical phonon. Here, the band edge

exciton fine structure is represented by only three levels: a bright state |B⟩ that represents by

itself the EFS bright state multiplet (i.e., the splitting between the bright states is neglected) a

zero exciton ground state written |G⟩ and a dark state |D⟩ that is assumed to be located under-

neath the bright one. Let us note that the position of the dark state, i.e., whether located at

higher or lower energy than the bright ones was recently the subject of an intense debate in the

community. Indeed, an inversion symmetry breaking of the lattice, due to the instability of the

organic FA+,MA+ or Cs+ ion, was predicted by Becker and coauthors in 2018 for LHP NCs [21]

and would have induced a Rashba effect resulting in the inversion of the exciton fine structure

placing the dark state at higher energy. On the other hand, the absence of this effect would have

left the EFS untouched with its dark state at lower energy. The debate was closed by Tamarat

and coauthors [22] when they performed magneto-optical spectroscopy on FAPbBr3 NCs and di-

rectly revealed the position of the dark state at ≈ 2.3 meV underneath the lowest energy bright one.

In the framework of the one-phonon model, both bright and dark states can decay towards

|G⟩ through radiative and non-radiative recombination with associated ΓB and ΓD decay rates,

respectively and ΓB ≫ ΓD. At zero temperature the bright-state population can also sponta-
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neously decay towards the dark-state via the emission of a phonon, a process to which a rate γ0

is associated and called "spin flip rate" since a carrier spin is reversed in the process from J=1

to J=0. At a temperature T , the occupation of a given phonon mode follows the Bose-Einstein

statistics given by n = 1/(expELOi
/kbT −1) where ELOi is the energy of an optical phonon. The

bright and dark states are thus thermalized by the absorption |D⟩ → |B⟩ or emission |B⟩ → |D⟩ of

optical phonons with associated rates γ↑ and γ↓ respectively and energies matching the bright-dark

splitting i.e. ∆BD.

|B⟩

|D⟩

|G⟩

γ↓
γ↑

ΓB

ΓD

∆BD

Figure 4.6: Energy levels diagram of the one phonon model. The bright and dark state thermalization
is assured by the absorption (γ↑) or emission (γ↓) of an optical phonon with energy matching the bright-
dark splitting ∆BD.

In this model, the rates γ↑ and γ↓ take the following expressions:

 γ↑ = γ0n

γ↓ = γ0(n+ 1)
(4.7)

Considering all the processes that fill or empty the bright and dark states, their populations, ρB

and ρD respectively, are given by a set of coupled differential equations that can be written under

the form of a matrix equation ρ̇ = Mρ: ˙ρB

˙ρD

 =

−ΓB − γ↓ γ↑

γ↓ −ΓD − γ↑

ρB
ρD

 (4.8)

The general solution of Eq. 4.8 is written as a sum of exponential decay functions such as:

ρ(t) = A1 exp
−ΓLt uL +A2 exp

−ΓSt uS (4.9)

Where A1,2 are the amplitudes of each component and uS,L the eigenvectors of matrix M. Their

detailed expressions are provided in Appendix C by Eq.C.6 and Eq.C.7 and depend on the param-

eters ΓB, ΓD, γ↓ and γ↑. The eigenvalues ΓS and ΓL of M are given by:

ΓS,L =
1

2

[
ΓB + ΓD + γ↑ + γ↓ ±

√
(ΓB − ΓD + γ↓ − γ↑)2 + 4γ↑γ↓

]
(4.10)
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Finally, the total PL intensity is given by:
∑

i ηiΓiρi where ηi is the fluorescence quantum yield

of state i. Considering here that ηB = ηD = 1 it gives:

I(t) = AL exp−ΓLt+AS exp−ΓSt (4.11)

Where the expressions of AS,L are provided in Appendix C by Eq. C.11 and Eq. C.12.

Thus, in the model, the PL time decays are expected to have a characteristic bi-exponential

profile with rate constants exhibiting the temperature behavior provided by Eq.4.10. The analyt-

ical expressions of ΓS and ΓL are quite complex even for this rather basic model and contain, a

priori, 4 unknown parameters (ΓB, ΓD, γ0 and ∆BD). Fortunately, using their asymptotic limits

in temperature and the relations Eq. C.14 and Eq. C.15 provided in Appendix C (that express the

combination of the rates with hyperbolic functions) one has access to the different parameters of

the model:

• Low temperature limit: In this regime kBT ≪ ELO = ∆BD. Using Eq.C.14 and Eq.C.15

this implies that coth and sinh−1 approach 1 and 0 respectively. Thus ΓS and ΓL are given

in this limit by:

ΓL = ΓD and ΓS = ΓB + γ0 (4.12)

• High temperature limit: Here kBT ≫ ELO = ∆BD implies that both coth and sinh−1

functions approach 2kbT/∆BD leading to the expressions:

ΓL =
ΓB + ΓD

2
≃ ΓB

2
and ΓS =

2γ0kbT

∆BD
(4.13)

If it can be reached, the high temperature limit is extremely interesting since it provides a

direct access to the radiative lifetime of the bright state ΓB. Once this parameter is known, γ0 can

be obtained from the measurement of ΓS at low temperature using the relation, γ0 = ΓS−ΓB and

the relaxation scheme is fully characterized. The remaining challenge then is to link the absolute

values of the extracted characteristic constants to the microscopic properties of the material.

Furthermore, the energy gap, ∆BD, is extracted from the adjustment of the ΓL(T ) curve, which

is usually the easiest to obtain experimentally (since the time constants involved are in the range

0.1 ns - 100 ns).
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Two Phonon model

The second thermal mixing model considered in this work and illustrated on Fig. 4.7 was first

presented in LHPs by Fu and coauthors [198] and inspired by the work of Tsitsishvili et al. [220].

Here the thermalization between the bright and dark state is realized with an upward and a

downward mechanism both involving a two phonon process. The EFS is still represented by the

degenerated bright multiplet |B⟩, the lower energy dark state |D⟩ and the zero exciton ground

state as with the one phonon model. In this model, a higher energy state representing the exciton-

phonon coupling and labelled |E⟩ on the level diagram is also considered. This state plays the

role of an intermediate between the absorption and emission of the LO1 and LO2 phonons.

|E⟩

|B⟩
|D⟩

|G⟩

γ↓γ↑

ΓB ΓD

∆BD

Figure 4.7: Energy levels diagram of the two phonons model introduced in the main text. The bright
and dark state thermalisation is assured by a two phonon process: the |D⟩ → |B⟩ transition is done by
absorbing a first phonon LO2 towards an intermediate state followed by the emission of a LO1 phonon
towards the bright state. The |B⟩ → |D⟩ is the reversed process with phonon energies ELO2 > ELO1 .

Although the detailed expressions of the up and downward transition rates γ↑ and γ↓ are

different from the one phonon model, the matrix rate equation ρ̇ = Mρ and the eigenvalues ΓS,L

have the same general forms and are given by Eq.4.8 and Eq.4.10 respectively. As a consequence,

PL decays having two components are also expected in the frame of this two phonon model.

The transition rates γ↑ and γ↓ now correspond to the absorption of a LO2 (LO1) phonon

followed by the emission of a LO1 (LO2) phonon for γ↑ (γ↓). To be consistent with the first

section of this Chapter the same notation for the optical phonons is kept recalling that ELO2 >

ELO1 . The rates γ↑ and γ↓ thus take the following expressions:

 γ↑ = γ0nLO2(nLO1 + 1)

γ↓ = γ0nLO1(nLO2 + 1)
(4.14)

Where nLOi = 1/(expELOi/kbT −1) is the Bose-Einstein occupation number for phonon LOi and

γ0 is a two phonon thermal mixing rate. Eq. C.17, C.18 provide useful expressions regarding the

combination of these two rates with hyperbolic functions and are used in the following. Once

again the low and high temperature limits give access to the parameters of the model:
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• Low temperature limit: In this regime kBT ≪ ∆BD. This implies that coth and sinh−1

approach 1 and 0 respectively in Eq. C.17, C.18 which gives the following limits:

ΓL = ΓD and ΓS = ΓB (4.15)

• High temperature limit: kBT ≫ ∆BD implies that both coth and sinh−1 functions

approach 2kbT/∆BD in Eq. C.17, C.18 leading to the expressions:

ΓL =
ΓB + ΓD

2
≃ ΓB

2
and ΓS ≃ ΓB

2
+

2γ0(kbT )
2

ELO1ELO2

(4.16)

4.3.3 Time resolved PL measurements

Having now described the relaxation models that will be used to reveal the bright-dark energy

splitting, the time resolved photoluminescence (TRPL) measurements performed will be intro-

duced and the emission dynamics of CsPbCl3 NCs should be compared to these models.

Ideally, TRPL measurements are performed on single NCs to eliminate averaging effects [22]

and directly access the emission rates of the different levels composing the EFS. Performing these

experiments on single objects implies that they have a sufficient PL quantum yield and are stable

under illumination for long periods of acquisition time (ideally more than ∼ 30 minutes). Such

measurements have already been performed in the past on CdSe NCs by several groups and more

recently on LHPs, notably on FAPbI3 and CsPbBr3 by the groups of Tamarat and Diederichs

[198, 199]. Unfortunately, it became quickly evident in this work that such measurements would

not be achievable on single CsPbCl3 NCs due to their low PL quantum yield and stability under

illumination. Measurements on NCs ensembles are therefore necessary and a good compromise is

found by investigating samples from moderately diluted solutions while addressing the dynamics

of lines with reduced inhomogeneous broadening. This approach combines a satisfactory signal-

to-noise ratio with an acceptable level of averaging (over the NCs sizes) across the considered

PL line width. Typically, bands centered around 3.025 eV were selected while making sure their

widths remained below 40 meV. This guaranteed that only NCs with a ∆L ≈ 2 nm around the

mean edge length ⟨L⟩ = 8 nm in the cubic shape approximation contributed to the emission

response collected. Consequently, in these experiments, populations of NCs with different average

sizes could be selected so that a ’moderately’ averaged picture should be obtained.

On Fig. 4.9 the PL decay dynamics of CsPbCl3 NCs are presented for different temperatures

spanning from 7 K to 110 K. These curves represent an averaged PL decay over ∼ 20-30 meV

(Fig. 4.8). Analysing these decays, a mono exponential behavior with a rather constant char-

acteristic time τ ≈ 30 ps is first noticed in the 7 - 40 K followed by the emergence of a second



4.3. UNVEILING THE EFS DARK STATE IN CsPbCl3 NANOCRYSTALS 117

2.90 2.95 3.00 3.05 3.10 3.15

 PL intensity
 Fit Peak 1
 Fit Peak 2 
 Cumulative fit

2

PL
 in

te
ns

ity
 (a

rb
.u

ni
ts

)

Energy (eV)

FWHM2 = 32.3 meV

1

E2 = 3.027 eV

Figure 4.8: Typical PL emission profile used for emission dynamics experiments. The area colored
in red represent the bandwidth of ∼ 30 meV typically selected during the measurements. Within this
type of profile a rather homogeneous sub-population of the NCs is considered during the experiments
(λexc = 395 nm).

exponential decay above 40 - 50 K typically. This bi-exponential behavior is observed distinctly in

the 50 – 150 K interval and its rather sudden appearance represents the signature of a thermally

activated process that can be described by the models presented in the last subsection. Therefore,

in the following ΓS and ΓL will be used to denote the rates associated with the short and long

components of such decays.

Adjustment to the one phonon model

From the bi-exponential intensity decays presented on Fig. 4.9 both short and long rates ΓS =

1/τS and ΓL = 1/τL are extracted and reported on Fig. 4.10 as black dot and triangle symbols

representing the experimental data. Alongside these measurements and in the framework of the

one phonon model, both theoretical rates are plotted using Eq.4.12 for comparison and represented

as blue and red solid lines. The phonon energy ELO1 which, in this model, represents the ∆BD

energy splitting is taken at 14.2 meV to match with the energy of the first measured LO1 optical

phonon mode presented in Sec.4.1. As stated before, in the one phonon thermal mixing model, the

radiative rate of the bright state ΓB can be obtained from the high temperature limit ΓL ≈ ΓB/2.
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Figure 4.9: PL intensity decays, in semi-log scale, obtained by TRPL measurements with the streak
camera for different temperatures. The experimental points (black dots) are adjusted with a biexpo-
nential decay function (red lines). Note that since the 7 K decay appears purely monoexponential it
was captured on a smaller time domain. The decays were recorded in the automatic "background sub-
straction mode" of the camera software, allowing to get rid of the photocathode response imperfection
and identify the real background at negative delays. In this way reliable decay times values can be
extracted.

Therefore, noticing that ΓL measurements saturate around 10 to 15 ns-1, a first approximation

of ΓB between 20 to 30 ns-1 can be found. Considering that at low temperature ΓS = ΓB + γ0

the range where γ0 should be located spans between 2 to 5 ns-1, a rather large value that is

characteristic of II-VI semiconductors based NCs [221]. Finally, the low temperature limit of ΓL

directly provides the value of ΓD. While the temperature is increased progressively, the amplitude

of ΓL increases accordingly. This behavior relies on the Bose Einstein occupation number of the

LO1 phonon and therefore on its energy and the temperature. If the energy of the phonon is small

enough (which is generally the case when this thermal mixing model is applied to II-VI NCs with

acoustic phonons [222]) the process is activated at lower temperatures. On the other hand, and

in the present situation, the high energy of the optical phonon taking part in the process (14.2
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meV) does not allow any back transfer from the dark state before 35 K typically (corresponding,

at this temperature, to a rate γ↑= 0.2 ns-1). Combining this remark to the fact that, in the

chloride compound the PLQY typically ranges from 5-10%, ΓD cannot be probed directly, even

by strongly increasing the experimental acquisition times. This lack of available measurement

does not constitute a large problem because ΓD is usually a few orders of magnitude weaker than

the other parameters and has therefore a poor influence on the relaxation scheme except at very

low temperatures. Indeed, by keeping all the other parameters constant, changing realistically its

value from 10-3 ns-1 to 10-1 ns-1 does not change the general shape of ΓS and affects ΓL only in

the 0-35 K temperature range, setting its low temperature limit. With these considerations in

mind, ΓD is fixed at 2×10-2 ns-1 in the following, to match the value measured by Fu et al. on

FAPbI3.

In Fig.4.10, each plot was generated using fixed bright and dark state radiative rates of ΓB =28

ns-1 and ΓD =0.02 ns-1, with different values of the spin flip rate γ0 set to 2, 6 and 100 ns-1 for

graphs a, b, and c, respectively. One can see that the experimental data points are poorly adjusted

by these curves, regardless of the selected values of γ0.

The last plot, located on the lower right, represents a concerted adjustment of both curves

and was created by fixing ELO1 and ΓD while allowing ΓB and γ0 to take values within the ranges

of 20 to 30 ns-1 and 2 to 6 ns-1 respectively. Although the concerted adjustments show a slight

improvement, they still fail to match the high and low temperature limits of ΓL and ΓS measured

experimentally. At this point, it must be recognized that this thermal mixing model is not adapted.

In fact, with inorganic perovskites NCs it has failed to reproduce the experimental data multiple

times [22] revealing that the model of a direct bright to dark state phonon assisted relaxation is

not appropriate. A possible explanation could originate from the fact that the bright-dark energy

splitting do not resonate with an optical (or, of course, acoustic for that matter) phonon having the

proper energy (i.e the energy that perfectly matches the bright-dark splitting). However, some

studies have shown that even when a phonon is found at the right energy, the fact that these

quasi-particles usually do not carry angular momentum prohibits any one phonon spin relaxation

mechanisms [181, 223].

Adjustment to the two phonon model

Although the bright-dark one phonon assisted spin relaxation model cannot explain the PL dy-

namics of CsPbCl3 NCs, it was clearly evidenced in the last section that the bi-exponential nature

of the PL is a thermally activated process. Therefore, to explain this dynamical behavior and

the population transfers between bright and dark sub-levels this section proposes to adjust the

Raman-like two phonons thermal mixing model to our experimental data. Despite the fact that
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a.

c. d.

b.

Figure 4.10: Evolution of the ΓS and ΓL rates with temperature. The black dots and triangles repre-
sent the data acquired by TRPL measurements with the Streak camera and the TCSPC respectively.
For the TCSPC measurements the excitation wavelength is 405 nm and a repetition rate of 4 MHz is
chosen. The red and blue lines represent the adjustments of ΓS and ΓL respectively to the one phonon
model. Note that the plots a, b and c are attempts to adjust the experimental points ’manually’ while
d represents the best concerted adjustment to the measurements.

it does not bring strong microscopic insights into the coupling mechanism, this model has, so far,

proved to efficiently reproduce exciton emission dynamics of LHP NCs [71, 198, 199].
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The left side of Fig. 4.11 gives once again both ΓS and ΓL sets of data points acquired on

several CsPbCl3 NCs as a function of the temperature (black dots) alongside their adjustment

with the two phonon model as red and blue solid lines. To adjust the experimental points, there is

now five parameters to optimize: the intrinsic lifetimes of the bright and dark states (ΓB and ΓD,

respectively), the longitudinal optical phonon energies, with an energy difference that matches

the EFS bright-dark splitting, i.e., ∆BD = ELO2 − ELO1 , and the two-phonon mixing rate, γ0,

that appears in the direct and back transfer rate expressions (γ↑ and γ↓, respectively) of Eq. 4.14.

These transfer rates are themselves determined under the hypothesis that the phonon bath defines

the thermal equilibrium [198].

Figure 4.11: Left side: Evolution of the ΓS and ΓL rates with temperature. The black dots and
triangles represent the data acquired by TRPL measurements with the Streak camera and the TCSPC
respectively. The red and blue lines are the adjustments of ΓS and ΓL respectively to the two phonon
model. Right side: Evolution of the measured (black dots) and calculated (red line) amplitude ratio
AS/AL with the temperature. The dashed black line is the calculated ratio with ΓD = 10-9 ns-1 (quasi
infinitely long-lived dark state).

In this model, at low temperature (i.e, kbT ≪ ∆EBD), ΓB identifies with ΓS so that it is

unambiguously extracted from the data. In the following ΓB ≈ 28 ns-1 is used as the average of

the ΓS values measured at 7 K, in satisfactory agreement with the results from other studies in

NC ensembles [224]. In the same vein as the one phonon model, the energy of the LO1 phonon was

set to the value acquired from the Raman spectroscopy measurements and the replicas observed

on micro-PL experiments presented in Sec.4.1 and 4.2, that is, ELO1= 14.2 meV while the energy

of the optical phonon ELO2 was left unconstrained to give some flexibility to the adjustment.
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The low temperature limit of ΓL should provide, as with the one phonon model, the value of

ΓD but it is still found inaccessible below 40 K. Since the values extracted from the adjustment

procedure presented in the following are again found quasi-insensitive to ΓD variations provided

they are lower than ≈10-1 ns-1, the upper value ΓD ≈ 2.0×10-2 ns-1 will be used again. From that

point, the concerted fit of ΓS and ΓL leads to ∆BD ≈ 10.7 ± 3.0 meV and γ0 ≈ 100 ± 10 ns-1

when including all the (ΓS , ΓL) pairs within the 7 – 120 K range so as to avoid the drop in ΓS

above 120 K that is not consistent with the model predictions (see the red fit in Fig. 4.11). The

∆BD estimation is thus in good agreement with the theoretical results presented in Chap. 3 that

predicted an energy separation of 13.2 meV between the dark state and the center of the bright

doublet for cubic-shaped NCs of average edge length, ⟨L⟩, of 8 nm.

The graph presented on the right side of Fig. 4.11 displays the experimental variation of the

amplitude ratio AS/AL (short and long component weight in the PL decay). The solid and

dashed lines are calculations using the analytic expressions of AS,L provided in Appendix C. At

low temperature it is found that AS/AL approaches ΓB/ΓD (for equally populated states at t

= 0) which using the values discussed above gives AS/AL ≈ 1400 as seen with the red curve.

The calculated amplitude ratio also provides a good adjustment to the data which increases the

confidence in the selected set of parameters. As a side note, one can see that by changing the

value of ΓD from 2×10-2 ns-1 to 10-9 ns-1 (quasi infinitely long-lived dark state) the amplitude

ratio stays unaffected in the temperature range in which an access to ΓL is actually possible.

The adjustment in Fig. 4.11 is thus quasi-independent of the ΓD value provided it is below the

threshold value of ΓD = 2×10-2 ns-1

Using a bi-exponential decay function and the parameters ΓS , ΓL,AS and AL discussed in

this section the PL decay is plotted on Fig. 4.12 for different temperatures. The experimental

PL decays of Fig. 4.9 are well reproduced with this set of parameters and, interestingly, one can

see that by considering the best experimental signal to noise ratio of ∼ 5000 obtained with the

time correlated single photon counter equipment the bi-exponential character of these simulated

decays only reveals itself around ∼ 35 K which is consistent with our measurements.

Finally, the global consistency of the approach is further supported by the following arguments:

• The proximity of ELO2 to the energy of the LO phonon identified by Calistru and coauthors

at 24.8 meV [170] in bulk and by our group at 25 meV [179] in NCs (see Sec. 4.1.2) must

be noted. The best adjustments displayed in Fig. 4.11 provide a value of 25 meV for ELO2.

Therefore, the "bright–dark coupling" is mediated by a two-phonon process operating close

to resonance, likely explaining in part the relatively large value obtained for the two phonon

mixing rate γ0 [198, 220].

• It was verified that the overall PL intensity remained nearly constant within the studied in-
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Figure 4.12: Simulated PL decays, in semi-log scale, obtained with the two phonon model for different
temperatures. For these simulations the expression for the PL intensity given by Eq.4.11 was used with
ΓS , ΓL given by Eq. 4.10 and AS ,AL given by Eq. C.11 and Eq. C.12 respectively. The parameters of
Fig. 4.11 were also used i.e: ΓB = 28 ns-1 ; ΓD = 2×10−2 ns-1 ; γ0 = 102 ns-1.

terval, allowing the analysis to be performed while keeping the ΓB and ΓD rates independent

of temperature, ΓB and ΓD incorporating both the radiative and nonradiative components

of the relaxation.

4.3.4 Interpretation in terms of excited states thermalization

The two phonon relaxation model also helps to describe the thermalization of the bright excited

states following their photogeneration. In the chloride compound, the involved phonons have a

rather high energy compared to the phonons that were shown to play a role in other inorganic lead

halide perovkite nanocrystals [22]. Efficient population of such phonon states will thus require

a higher temperature, which questions the dynamics of the underlying thermalization process as

the temperature varies.

In the model, the occupation numbers nLO1 and nLO2 remain small as long as T do not reaches

Tact such that kbTact ∼ ELO1 ,ELO2 . In agreement, γ↑ and γ↓, that govern the bright-dark balance

(see Eq. 4.14) should affect the bright and dark population relaxation dynamics only when nLO1

and nLO2 gain significant weight.

Fig. 4.13 shows how the dark and bright state population evolve in time - for different temper-

atures - in a fictious 3 levels system having no radiative / non radiative losses (ΓB = ΓD = 0) but
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keeping the γ0 value that led to the adjustment of the time resolved PL shown before (see Figure

4.12).

Figure 4.13: Evolution of the bright (red curves) and dark (blue curves) state populations over time
for different temperatures. The bright and dark states are considered to be equally populated at t=0
due to the non-resonant nature of the excitation. The radiative channels are suppressed in order to
estimate the time required to obtain stationnary populations in an equivalent ’radiatively uncoupled’
system and reach an estimation of the underlying thermalization dynamics.

The thermalization of the bright-dark system is obtained as soon as the bright and dark

populations become stationnary. The process is low at 7 K compared to the bright state effective

relaxation time for it takes ∼ 3-4 ns (∼ 100/ΓB, ΓB previously determined) but it is seen to be

already of the order of τ0 = 1/γ0 at 40 K and only lasts a fraction of τ0 (∼ 3 ps) at 110 K. It is

clear that, at T = Tlattice = 7 K, the bright state exciton cannot relax easily to the energetically

lower dark state and thus should be considered as a ’hot’ excitation.

Similar conditions have been reported recently in 2D perovskite materials [185]. In these

systems the bright-dark energy separation does not match any of the differences that can be

formed from the LO phonon energies. As a consequence, to scatter from the bright to the dark
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state (using a high energy LO phonon), hot excitons need to be formed with considerable excess

of energy (∼ 15 meV typically) to compensate for the bright-dark energy splitting. Therefore,

optically excited bright excitons first need to scatter up to higher momenta states by absorption of

acoustic phonons, a process that is unlikely at cryogenic temperature (phonon bottleneck effect).

In the studied CsPbCl3 NCs, the situation is different because the LO phonon modes allowing

to relax the energy are present but still need to be populated, which leads to a slow Bright

↔ Dark equilibrium dynamics (i.e slow thermalization) at low temperature. Below 10 K the

thermalization process takes a time that is much longer - one order of magnitude typically - than

the effective lifetime 1/ΓB, so that the bright states relax essentially through photon emission.

In the fictional (not coupled to light) model, 50 % of the initial bright state population has not

relaxed after a time equal to 10 times the lifetime of the actual bright states (see Fig. 4.13) when

considering our set of parameters for γ0, ELO1 and ELO2 . In other words, the thermalization time

estimated on the basis of the fictional 3-levels system equals 1/ΓB at ∼ 30 K. It is thus reasonable

to think that around 10 K all the components of the bright EFS sublevels - in particular the

higher energy component in triplets - should be clearly visible whatever their energy separations

with the lower energy EFS states.

4.3.5 CsPbCl3 NCs among the LHP family: some general considerations and

trends

The work presented in this Chapter and the previous one highlights the complexity of EFS studies

in lead halide perovskites and reveals a dependence on multiple factors, such as the absolute size

of the NCs, their level of shape anisotropy and the nature of their dielectric environment. As

stressed in a recent theoretical work [186], the amplitude of the EFS bright-dark splitting ∆BD

is especially sensitive to dielectric mismatch and essentially unaltered by the shape anisotropy

whereas the bright-bright splitting ∆BB shows schematically the opposite behavior. Drawing

comparisons between existing LHP compounds and their EFS measured experimentally or calcu-

lated numerically should thus be made with great caution. In that regard, a good starting point

for discussion consists of investigating a situation of reference with a reduced number of varying

parameters allowing comparisons to be made between the different materials. Such situation is

defined with the following characteristics:

• Crystal phase: the symmetry of the lattice is fixed to D4h (tetragonal crystal phase).

• Cubic shapes: i.e shape anisotropy is not considered and the NCs are modelled as perfect

cubes with edge lengths matching their average size.

• Absence of dielectric mismatch: the dielectric constant between the NC and its environment
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is considered to be the same inside and outside and therefore η = 0.

• Weak confinement limit of excitons: only large NCs with edge lengths, L, such that L ≫

aX are considered.

At this stage, the reader may recognize that this reference situation closely resembles a descrip-

tion of the bulk material making it difficult to distinguish between the two. The main difference

lies in the chosen regime of confinement: while the bulk material is not subject to quantum

confinement and necessitates the exchange interaction (EI) theory to account for k-dispersion

[pikus_exchange_nodate, 55], the theoretical treatment of the intermediate and weak con-

finement limit follows the one presented in this work. Considering the situation described above

and the model developed in this work for describing the exciton fine structure (EFS) through the

combined effects of electron-hole exchange interaction and crystal field (see Chap. 1), both ∆BD

and ∆BB splittings increase as the exciton Bohr radius (binding energy) decreases (increases).

Fig. 4.14 illustrates these trends for different halide perovskites, with energy splittings calculated

using Eq. 1.42 and data from Tab. 4.2.

The adjustments of the EFS splittings as a function of aX assuming power laws provide an

exponent κBD = −2.67 ± 0.09 for ∆BD, while a lower value is found for κBB with κBB =

−1.66 ± 0.33 (and with a larger dispersion in the experimental set). Both splittings are made

of two contributions associated with the long range (LR) and short range (SR) parts of the e-h

EI. In the expression of ∆BD (see Eq. 1.42), the SR contribution is proportional to the short-

range parameter, ∆SR, shown to scale with a quasi-universal a−3
X dependence regardless of the

considered semiconducting material [54]. In contrast, the LR component of ∆BD does not show

this a−3
X dependency. Moreover, the ratio of the SR term in the whole ∆BD splitting varies from 23

% to 51 % when the halogen is changed from iodide to chloride in inorganic compounds (a similar

evolution is observed for compounds containing organic cations). These two facts are responsible

for the deviation of ∆BD from the characteristic ∆SR behavior (κBD ̸= -3). In Tab. 4.2 the same

trend is noticed regarding the ratio of the SR contribution to the whole ∆BB.

The CsPbCl3 NCs exciton properties studied here are characteristic of the intermediate con-

finement regime. The experimental value for ∆BD deduced from the PL dynamics presented in

the last section is coherently found higher in these NCs with respect to the bulk (≈ 30 % in-

crease). For comparison, one order of magnitude enhancements have been observed in the iodide

and bromide compounds in which a larger confinement range could be explored (see Fig. 4.14).

Finally, for a given level of confinement (ratio 〈L〉/2aX) there is also a clear trend associated

with the increase of ∆BD in more tightly bound excitons. This is clearly seen when inspecting

the cesium–lead series with ∆BD passing from 2 meV in the iodide compound (〈L〉/2aX ≈ 0.7)

to 3.5 meV in the bromide compound (〈L〉/2aX ≈ 0.9) to reach 10.7 meV in the chloride sys-
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Figure 4.14: (a) Calculated bright-bright, ∆BB (filled circles), and bright-dark, ∆BD (filled squares),
energy splittings as a function of the exciton Bohr radius, aX , in hybrid and fully inorganic lead halide
perovskite materials. All materials are treated in the same limit used as a reference: weak confinement
of NCs (edge length, L≫ aX), η = 0, and cubic shape. Adjustments using power laws (dashed lines)
are also displayed: ∆BB = cBB(aX/a0)

κBB and ∆EBD = cBD(aX/a0)
κBD (cBB = 2.56±0.70 meV,

κBB = −1.66± 0.33, cBD = 35.0± 1.9 meV, κBD = −2.67± 0.09, and a0 = 1 nm). The values are
summarized in Tab. 4.2 as well as the physical parameters used for the calculations. For comparison,
experimental ∆EBD values for NCs are also reported (cross-tagged squares) as well as the associated
NC edge length and exciton transition energy (text labels) for CsPbI3, FAPbBr3, CsPbBr3, and CsPbCl3
(this work). (b) Plot of the dark state-bright state splitting, ∆EBD, as a function of the exciton
binding energy (weak confinement limit, η = 0, isotropic shape): the dashed line is an adjustment
proposal using a power law according to ∆BD = c1(Eb,bulk/E

0
b )

c2 with c1 = (1.2± 0.6)× 10−3 meV,
c2 = 2.1± 0.1, and E0

b = 1 meV.

tem (though 〈L〉/2aX ≈ 2.3 is comparatively - and adversely - much higher). The same trend

is observed with regard to the evolution of ∆BB even if its dependence on the shape anisotropy

parameter is more pronounced and makes comparisons less straightforward, further confirming

that the physics of the band edge exciton is mostly determined by the exchange interaction model
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in those semiconducting materials.

Material Eg ϵ1 ϵX aX Eb,bulk µ θ ∆SR EPS,z
EPS,ρ

∆BD ∆BB ∆SR
BD ∆LR

BB

(D4h) (eV) (nm) (meV) (deg) (meV) (eV) (eV) (meV) (meV) (%) (%)

FAPbI3 1.501 11.4 6.4 6.7 14 0.090 39.76 0.076 18.25 19.04 0.26 0.09 26 29

MAPbI3 1.653 10.9 6.6 5.5 16 0.104 40.06 0.134 15.36 16.45 0.35 0.12 34 40

CsPbI3 1.738 10 4.3 4.6 15 0.114 39.56 0.229 17.03 19.81 0.88 0.19 23 39

FAPbBr3 2.233 8.6 5.7 4.0 22 0.115 37.67 0.369 19.75 20.01 0.87 0.16 40 42

MAPbBr3 2.292 7.5 5.6 3.4 25 0.117 38.14 0.586 16.45 17.97 1.25 0.22 43 58

CsPbBr3 2.342 7.3 4.5 3.1 33 0.126 40.4 0.793 15.65 16.8 1.71 0.66 40 47

CsPbCl3 3.056 6.6 4.1 1.7 64 0.202 37.65 4.422 15.24 17.21 8.15 1.01 51 79

Table 4.2: Eg is the energy gap [149]; ϵ1 is the bulk dielectric constant; ϵX is the dielectric constant at the exciton resonance;
aX is the exciton Bohr radius; Eb,bulk is the exciton binding energy [149]; µ is the exciton reduced mass [149]; θ is the Bloch
function parameter (see [54, 175]); ∆SR is the bulk short-range (SR) splitting parameter (calculated using ∆SR = 2C

3πa3X
, with

C = 107.6 meV.nm3 [54]); EPS,ρ
and EPS,z

are Kane energies [54, 175]; ∆BD and ∆BB are bright-dark and bright-bright EFS
splittings, respectively, of excitons in the weak confinement limit in the absence of dielectric mismatch and for a cubic shape
(i.e., edge lengths, L ≫ aX), calculated with equation 1.39. Note that ϵ1, ϵX , and aX = ϵ1a0

µ (a0 = 0.529 Å), EPS,ρ
, EPS,z

,
and θ values are specific to the tetragonal crystal phase. ∆SR

BD (∆LR
BB) is the contribution of the short-range (long-range) term

to the ∆BD (∆BB respectively) EFS splitting.

Conclusion

In this Chapter, the exciton-phonon interactions in CsPbCl3 NCs were explored in great de-

tail. The characterization of CsPbCl3 NCs by micro-Raman experiments revealed optical phonon

modes with energies closely matching previous results on bulk CsPbCl3. Further confirmation of

these optical phonon energies came from micro-PL spectroscopy measurements, which displayed

Stokes-shifted phonon replicas indicative of exciton-phonon couplings. Individual peaks from sin-

gle NCs’ exciton fine structure (EFS) doublets were isolated, and their linewidths were analyzed as

a function of increasing temperature. The linewidth broadenings were found to follow the model

established by Segall and coauthors. This analysis provided the acoustic and optical constants of

exciton-phonon couplings in CsPbCl3, which aligned well with other measurements made on lead

halide perovskites. Extrapolating the single NC linewidth measurements to room temperature

suggested a linewidth of approximately 20 meV, comparable to that of similar Br-based materials.

This value imposes a characteristic limit on the spectral width for short-wavelength light-emitting

diodes using CsPbCl3 at ambient temperature. However, further investigations are necessary to

understand the residual broadening attributed to spectral diffusion caused by the electrostatic

environment of the NCs.

Regarding the exciton fine structure, the general agreement between the theoretical model pre-

sented in Chapter 1 and 3 and the experimental output were confirmed through the determination

of ∆BD via complementary time-resolved experiments performed on NC ensembles with low size
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dispersion. Although the thermal mixing model used in this work has an empirical character

it has proved to furnish a powerful description of population transfers between bright and dark

excitons in LHP NCs. The theoretical description, which attributes a major role to the dielec-

tric confinement-enhanced electron-hole interaction (incorporating both the short and long-range

terms), allows for advanced predictions regarding the EFS state organization and polarization for

the chloride compound. Additionally, this work is supported by a general approach suitable for

a refined description of any lead-chloride counterpart incorporating all physically relevant ingre-

dients. The chloride compound is noted as emblematic of a system supporting the most tightly

bound excitons in the lead-based perovskite family. The results obtained (largest amplitude of

∆BB and ∆BD) enhance the general understanding of the relationship between exciton binding

and EFS structure in this class of semiconductors, perfectly conforming to the predictions of the

electron-hole interaction model when examining the extensive range of available results in the

field.
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CHAPTER

FAPbBr3 NANOCRYSTALS IN

MESOPOROUS MATRICES 5
Throughout this manuscript, the outstanding optical properties of lead halide perovskite (LHP)

nanocrystals (NCs) were praised on multiple occasions. However, films made from deposited per-

ovskite NCs are highly sensitive to environmental factors and can degrade rapidly under exposure

to moisture, oxygen, light or heat [17, 18]. This instability poses challenges for the long-term

reliability of optoelectronic devices based on these materials. Regarding the fabrication of films

of isolated NCs for fundamental studies or advanced quantum applications, the situation can be

even worse. Upon dilution of the colloidal solutions of NCs, the interactions between the NCs and

the ligands are reduced, which eventually leads to the desorption of ligands from the NC surface

and to the aggregation of the NCs or the formation of bulk material thus loosing the benefits of

quantum confinement.

To address these challenges, new fabrication strategies have been developed or adapted. One

promising technique is encapsulation, where NCs are embedded within a protective matrix com-

posed of materials such as polymers (PMMA or polystyrene), silica, or alumina, which shields the

NCs from environmental degradation and enhances their stability. Among these encapsulation

approaches, mesoporous silica matrices have emerged as a promising solution. Indeed, some re-

search groups have demonstrated that NCs can be synthesized directly within their pores without

the need of capping ligands, thereby protecting the NCs from the environment [225].

This final Chapter is dedicated to the study of these systems using another type of per-

ovskite NC, the hybrid organic-inorganic FAPbBr3. The first section characterizes this new sys-

131
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tem through optical spectroscopy, focusing on low FAPbBr3 NC content samples to determine if

the NCs can be effectively isolated within the hosting matrix. Moreover, mesoporous matrices

enable the trapping of various sizes and quantities of NCs within their pores. The absence of lig-

ands and the close proximity of NCs within the pores open the door to collective behaviors, from

amplified spontaneous emission to energy transfers, which are also briefly explored in this chapter.

Although the work presented here is less accomplished than the previous chapters, it introduces

an intriguing new system with high potential for application to various types of LHP NCs, offer-

ing new opportunities for the development of stable optoelectronic devices with adjustable NC

densities.

5.1 Mesoporous matrices for isolated emitters

A mesoporous matrix is a type of material structure that contains a complex assemblage of voids of

sizes in the nanometer to the tens of nanometer range that can be thought of as having a "sponge-

like" structure at the nanoscale. These systems are usually made from metal oxide materials such

as silica SiO2 or titanium dioxide TiO2. Depending on the fabrication process and the final use

of these materials, the pores can be inter-connected or not. Mesoporous matrices have been

employed to grow NCs directly into their pores using either gas or solution-phase impregnation

methods and without the need of organic capping ligands [225, 226, 227, 228, 229]. This growth

strategy presents the advantage of a fine control over the final size of the NCs, the size of the

pores setting a limit to the NCs growth [225]. Additionally, the matrix can act as a protective

barrier against threats of the environment such as water or other polar molecules, that have been

shown to degrade the NCs chemical stability and their opto-electronic properties [96]. Further

protection can also be realised by dip coating the impregnated matrices into PMMA to seal off the

pores [230], which can be advantageous specially on the shallow surfaces of the material. Finally,

the absence of ligands enhances the proximity of the NCs in the matrix which is desirable for the

investigation of charge transfers, non linear effects or simply for the fundamental study of "bare

NCs" [228, 225].

The II-VI semiconductors such as CdSe were the first kind of NCs to be implemented into

mesoporous matrices [231, 232, 233] but the presence of trap states deep into their band gaps

associated to the difficulty to grow an inorganic capping layer to passivate their surfaces inside

the matrix pores made these semiconductors poor candidates for such uses. On the contrary,

perovskite NCs have the advantage of a defect tolerant structure: although still present, the trap

states are located inside or at close proximity to the conduction and valence band [234]. Thus,

trap states in perovskite NCs generally not alter the optical properties and passivating inorganic

layers are unnecessary. LHP NCs grown that way have demonstrated great PL properties, such



5.1. MESOPOROUS MATRICES FOR ISOLATED EMITTERS 133

as a broad tunability of their emission, narrow linewidths and high PL-quantum yields that is

photo-stable over long periods of time [230, 226].

The systems under focus in this chapter are mesoporous matrices made out of silica beads and

filled with NCs. Fig. 5.1 shows an illustration of such system.

Figure 5.1: Illustration of the mesoporous matrix filled with FAPbBr3 NCs studied in this chapter.
The gray spheres of diameter ∼ 30 nm represent the silica beads while the NCs are depicted as the
smaller green cubes of average edge legnth L = 9 nm.

In this structure, the spaces left in between the silica beads create a network of voids in which

the perovskite NCs are grown. The fabrication procedure can be described into two main steps:

• First, the silica bead matrix is made. These 30 nm diameter beads are bought directly

from a chemicals supplier under the form of a suspension solution in methanol and water.

Their size is specifically chosen to be well below the wavelength of visible light to avoid light

scattering effects and keep the film transparent. A glass substrate is then dip coated into

this solution which triggers the coalescence of a layer of beads onto the surface. The process

is repeated ∼ 7 times in order to obtain a ∼ 200 nm thickness layer, and the substrate is

then thermally treated at 450°C to eliminate any solvent left.

• Once the mesoporous matrix is ready, a solution containing DMSO and the formamidinium

bromide (FABr) and lead bromide (PbBr2) precursors at the desired concentration in a

1:1 molar ratio is spin coated for 60s on the substrate to prevent the formation of a bulk

perovskite overlayer. The precursors infiltrate the porous matrix and the sample is thermally

treated at 100°C for an hour to fully eliminate the DMSO which triggers the cristalization

of the precusors into NCs, directly inside the pores of the matrix.

The samples studied in this chapter were prepared by the team of Pr. Hernan Miguez at the

Institute of Materials Science of Sevilla as part of a new collaboration with our research group.



134 FAPbBr3 NANOCRYSTALS IN MESOPOROUS MATRICES

In this work, several samples were investigated with different concentration of precursors. For

clarity, these samples will be referred in the following as "X % sample" meaning that the sample

was prepared with a solution containing a X % concentration of precursors by total weight.

5.1.1 Presentation of the system under study: Ensemble optical properties

Following the procedure of the previous chapters, let us first discuss the ensemble optical properties

of this new system. Fig. 5.2 presents the absorption and PL spectra of a 30 % sample (panel c.)

alongside the simulated exciton binding energy (panel a.) following the description of strong and

weak confinement provided by Sercel et al. in [55].
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Figure 5.2: a. Simulated exciton shift EX − Egap (Egap = 2.23 eV being the bulk band gap)
for strong (blue curve) weak (red curve) confinement regime in LHPs (adapted from P. Sercel et
al. [55]). The green shaded area is centered around EX − Egap = Emax,PL − Egap (its width
corresponding to the one measured on the PL spectrum of panel c.) and the red shaded area around
EX −Egap = Emax,PL−Egap+∆SS (with ∆SS = 40 meV). The grey square, that falls in the center
of the red area is the absorption transition energy measured by P. Tamarat et al. on FAPbBr3 NCs of
⟨L⟩ = 9.2 nm [22]. b. Stokes shifts vs NC edge length, measured on the different all inorganic LHPs
by Brennnan et al. [177]. c. Low temperature PL (red line) and absorption (blue line) spectra of a
sample of FAPbBr3 NCs embedded in the mesoporous silica matrix. The solution used to make this
sample contained a 30 wt% concentration of precursors, resulting in a high density of NCs within the
pores of the hosting matrix.
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The absorption spectrum (blue solid line of panel c.) captured at 12 K reveals a poorly

resolved single resonance around 2.27 eV. The PL spectrum presents on the other hand two well

defined peaks at 2.19 and 2.22 eV. From the results of Ibrahim Dar et al. [235] obtained on bulk

FAPbBr3, the low energy peak observed on this spectrum is most likely due to the emission of

bulk like NCs. Moreover, following the work of Tamarat and coauthors on films of deposited

solutions of colloidal FAPbBr3 NCs [22], the high-energy PL peak is attributed to the optical

response of confined NCs of sizes laying around 9 nm. Given the low amplitude of the energy

difference between the bulk and NCs PL peaks (34 meV) and the fact that the exciton Bohr radius

was measured at aX = 4 nm in this material (i.e. L/aX = 2.25) a weak to intermediate quantum

confinement regime should be considered here to describe the NCs (see panel a. of Fig. 5.2). The

main PL resonance experiences a red shift estimated at ∼ 40 meV although this value might be

slightly over estimated due to the poor definition of the absorption resonance. As a matter of

comparison, Brennan et al. measured a Stokes shift of ∼ 30 - 35 meV on individual inorganic

CsPbBr3 NCs of 9 nm edge length (see panel c.).

5.1.2 Toward single object spectroscopy

The primary objectives of studying a system of NCs encapsulated in a mesoporous matrix was to

determine whether this approach could effectively lead to an easy isolation of the NCs, ensure their

long-term stability within the matrix, and eventually create a medium containing single photon

emitters that could facilitate a deterministic integration within photonic components designed to

collect the emission. To achieve this, samples were specifically designed from solutions containing

a lower concentration of precursors (3%, 1%, and 0.5%). The procedure followed otherwise the

description provided at the beginning of this section. Fig. 5.3 presents the typical PL spectra

observed on the 3% sample.

The reduction of the precursors concentration appears to have had the desired effect. Indeed,

the PL signals exhibit a multitude of dispersed peaks with a larger representation of NCs subject to

low confinement, emitting at approximately 2.20 to 2.24 eV. At these energies, the PL signal likely

originates from the sum of multiple single object responses. Several high intensity peaks, however,

show linewidths that are already comparable to fine structure emission lines of individual objects,

i.e. around the meV range. The sample is likely to have a lower concentration of "strongly"

confined objects, which, associated with the lowering of the precursors concentration, allows for

the observation of emitters that are almost isolated.

Since the lowering of the precursors concentration appears to have a positive impact, it was

decided to carry out experiments on the 0.5 % sample. Unfortunately, on this sample, the distri-

bution of the NCs was found to be extremely heterogeneous, with small areas responding with the
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Figure 5.3: Typical emission spectra of encapsulated FAPbBr3 NCs captured at T = 7 K across
different regions of the 3% sample.

PL emission of large NC ensembles and the vast majority of the sample showing no emission at all.

This effect is not yet understood but was observed repeatedly. It seems that there is a threshold

in the precursors concentration below which the NC synthesis does not occur homogeneously.

Finally, the best compromise was found with the 1 % sample. Although most areas were still

densely packed with NCs, a few regions were identified where the observation of single NCs was

possible. Some spectra captured in such regions are presented in Fig. 5.4. The PL signal should

now appear very familiar to the reader, as it is characteristic of the observation of single LHP NCs

with EFS doublets and triplets of linewidths below the meV. The splittings between these fine

structure peaks also match with previous work performed on isolated FAPbBr3 NCs [22]. As a first

impression and in a very qualitative manner, the emission appears to be more stable as compared

to drop-casted films of NCs surrounded by ligands. Indeed even though the samples were brought

from room to cryogenic temperatures and excited at moderate power for several days, the repeated

observation of the EFS signature was still possible. This is likely due to a protective role played by

the silica beads matrix against environmental threats such as moisture. Recently, Hernan Miguez

et al. demonstrated that this stability of the emission could be further enhanced by dip-coating
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the samples into a polymer solution such as PMMA [230]. Let us emphasize that the single NC

responses are only observed at an energy significantly higher than the energy associated to the

PL maximum (see Fig. 5.2), where the largest population is expected. As with films, the dilution

mechanism also "operates" in the energy domain thanks to the dilution in energy in the wings of

the distribution. Hence, the method does not seem to open better perspectives in separating the

NCs composing the major population having the largest homogeneity.
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Figure 5.4: PL spectra of individual emitters acquired on the 1% sample at T = 7 K. The colored
solid lines are Lorentzian fits. The linewidths and energy splitting values are reported in the figure
panels.

In summary, these preliminary results indicate that using solutions of low precursor concen-

tration to grow isolated LHP NCs within mesoporous matrices has mixed outcomes. While this

approach successfully isolated a few single NCs and allowed for the observation of exciton fine

structure responses, it did not prove to be more effective for this purpose than the films made

from drop-casted solutions of colloidal NCs that were investigated in the previous chapters. How-

ever, the work presented here is of a very preliminary nature, and further research focused on

developing a method to achieve greater homogeneity in single NC distribution within the hosting

matrix could be highly beneficial. Additionally, studying the impact of the hosting matrix with or

without the use of a polymer protective film, such as PMMA, on the long-term stability of single

NCs would be valuable. Finally, the newly prepared NCs are generated uncapped and thus could

provide an interesting platform to comparatively tackle issues related to Auger recombination
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processes like photo assisted ionization or photon coincidence emission. These aspects, that fall

within the advanced investigation of the material, remained behind the scope of the preliminary

study carried out here.

5.1.3 Non linear effects in the emission

This manuscript was so far essentially focused on the emission properties of isolated emitters.

However, most light-emitting applications of LHP NCs, such as LEDs and lasers, require high

densities of NCs positioned in close proximity. As a result, interactions alongside collective emis-

sion behaviors between these NCs are anticipated. In this context, the silica bead matrices filled

with densely packed NCs, as presented in this chapter, seem to be an appropriate medium for

facilitating such processes.

The results presented in the forthcoming paragraphs remain sparse. They are mainly associ-

ated to an opportunity the group had (on a short lapse of time) of experiencing a newly developed

set up that provides amplified light pulses, thus allowing to access to densities of excitation orders

of magnitude larger and required to address non-linearities. Reporting on these effects is, however,

interesting for the perspectives it straightforwardly opens in the field, validating the mesoporous

matrix approach to undertake the study of collective processes with perovskite NCs.

The search for nonlinear effects requires a high NC density. Thus, the samples that were

considered were made with the solutions containing a 30% concentration of precursors. In the

experiments our excitation beam (SHG of an amplified Ti-Sapphire laser operating at 80 MHz,

∆t = 2 ps; fluence ≤ 1 mJ/cm2/pulse) was replaced by the output of an optical amplifier supply-

ing much shorter pulses (∆t ∼ 50 fs) with a lower repetition rate (f = 1 kHz). The microscopy

configuration (described in Chap. 2) is also changed to a more "classical" scheme using an achro-

matic lens to focus light on the sample. In this new configuration, the available excitation fluence

range now extended to ∼ 200 mJ/cm2/pulse.

Fig. 5.5 presents the emission spectra of encapsulated FAPbBr3 NCs obtained in this high

energy pulse excitation configuration at room temperature and for different values of the excitation

fluence (adjusted thanks to a set of neutral density filters).

On these spectra, the room temperature emission response of the FAPbBr3 NCs is retrieved

at low excitation fluence, with a Gaussian line-shaped PL centered at 2.27 eV of ∼ 120 meV

linewidth. When the excitation fluence is increased, a narrow emission band appears on the low

energy flank at ∼ 2.25 eV from 5 mJ/cm2 typically (see the inset spectra) with an amplitude that

rapidly gains weight with the excitation fluence suggesting a non linear evolution. Fig. 5.6 shows

the evolution of the amplitude of both spectral features as a function of the incident fluence on a

log-log scale. One can see that the amplitude of the PL intensity of the main spectral band has a
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Figure 5.5: Room temperature PL spectra captured on the 30 % sample, at λexc = 420 nm, for
different magnitudes of the excitation fluence (from 2 to 140 mJ/cm2). The inset shows the lowest
intensity spectra on a different scale. An f = 45 mm achromatic lens was used in the optical path.

slightly sub-linear behavior over the entire excitation fluence range (power low kxn with n = 0.9

and k = 5.3). On the other hand, the low energy peak starts with a clear super-linear behavior up

until 20 mJ/cm2 typically and progressively reaches a plateau at high excitation fluence without

ever exceeding the amplitude of the main PL band.

The behavior of the emerging spectral feature is typical of a phenomenon called amplified

spontaneous emission (ASE). In a gain medium that has reached population inversion (by being

optically pumped with a high power excitation) photons emitted by spontaneous emission can

trigger stimulated emission while propagating through the medium. The initial spontaneous

emission becomes amplified, explaining the name of the process. Even though ASE intensity can

reach levels of laser emission, it has a very low temporal coherence. On the other hand, whereas

luminescence is typically emitted in all spatial directions, ASE can be strongly directional and

show a high level of spatial coherence. For laser applications, ASE is generally detrimental since it

lowers the spectral purity of the emission. However, for the characterization of an optoelectronic

material or optical gain media it can be useful since it is the signature of optical amplification

taking place in a given medium, which is a prerequisite for the development of a laser.

In perovskite NCs, ASE has been investigated multiple times in dense films [236, 237, 238,

101, 239, 240]. Experimentally, the usual sign of ASE is the apparition of a narrow emission peak
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Figure 5.6: ASE intensity as a function of the excitation fluence. The filled blue squares represent
the "classical PL" contribution in the two peak fits of the spectra presented on Fig. 5.5 while the filled
red circles represent the ASE contribution. The blue line is the linear adjustment of the PL resorting
to a power law of the type Iint = k × (P/P0)

n where the reference P0 is P0 = 1 mJ/cm2, with n =
0.9 and k = 5.3 (arb. u. -same type as Iint).

in a PL spectrum above a certain excitation fluence threshold followed by a super-linear intensity

increase with the fluence. The observations of Fig. 5.5 and 5.6 thus strongly suggest that ASE is

taking place in the system under study.

Comparing the rise in ASE intensity obtained in this work to experiments performed by other

groups on perovskite NCs, the amplification seem to be much weaker here [236, 237, 101]. For

example, working on films of drop casted FAPbBr3 NCs, Liu and coauthors [237] also observed

ASE at 2.25 eV but with a much larger total intensity increase and a threshold of 300 µJ/cm2,

about 10 times lower than in the present system. In dense films of NCs, ASE and the optical

gain that the process generates, are usually observed using a hemi-cylinder lens that creates an

excitation stripe on the material. Spontaneous emission occurs along the stripe in all directions,

which can then trigger stimulated emission exclusively along the stripe axis. The resulting emission

is collected in a direction perpendicular to the excitation beam and along the stripe axis and

depends super-linearly on the stripe length. Please let us note that such optimized experimental

conditions were not the ones characterizing the first "test" presented here. As the optical gain
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will ultimately depend on the number of emitting entities within it, ASE in this system cannot

reach the levels observed in dense NC films, as reported in [237] and [236], which likely explains

the plateau observed in Fig. 5.6.

Although the amplified stimulated effect uncovered in this section is relatively weak, the presented

results show that optical amplification is possible in such environment. The results are preliminary

and further studies on optimized samples (increased NC density and higher organization of the

silica spheres and NC clusters) could show a stronger effect in the future. In particular, a packing

of the silica spheres in a more ordered geometry could also boost the ASE in preferential directions

by increasing the waveguide effect that was not studied in the available sample.

5.2 Energy transfers between FAPbBr3 NCs : A FRET mediated

approach

The last section uncovered a non linear effect in the emission of FAPbBr3 NCs embedded in

mesoporous silica matrices. Another phenomenon expected to play an important role in densely

packed films (possibly interesting in NCs based devices), is the diffusion of excitons. Exciton

diffusion in NCs is primarily attributed to two mechanisms: Photon recycling (i.e. re-absorption

followed by re-emission) [241, 242, 243] and energy transfers, a non radiative type of interaction

that can be described, in NCs, by FRET (Förster energy transfer) [244, 245] or DET (Dexter

Energy transfer) [246, 247]. Although photon recycling has been shown to play an important role

in exciton diffusion properties, some authors have recently demonstrated that their contribution

are still weaker than the energy transfers in dense films of LHP NCs [243]. Since the system

under study in this chapter is expected to have a smaller inter-particle distance than that of NC

films (due to the absence of ligands) this section will primarily focus on energy transfers (ET).

In particular, the use of a simple model shows how the time evolution of the PL band provides

information on ET, allowing the extraction of a FRET rate for NCs in close contact.

5.2.1 Energy transfers in NCs

The two largest contributing mechanisms to energy transfers in NCs are the Förster Resonant

Energy Transfer (FRET) and the Dexter Energy Transfer (DET). FRET is a process where the

electronic excitation energy of an atom, molecule or nanocrystal called the donor is transferred

to a similar atomic edifice in its vicinity and initially in its ground state, called the acceptor.

This interaction can either happen between similar or different objects (e.g two NCs or molecules

or a molecule and a NC) and is then called homo-FRET for the former or hetero-FRET for the

later. This short-range interaction, sketched in Fig. 5.7 finds its origins in the inter-molecular



142 FAPbBr3 NANOCRYSTALS IN MESOPOROUS MATRICES

dipole-dipole coupling between the transition moments associated with the electronic transitions

of the donor and the acceptor. Thus, the process is non radiative and a transition rate Γt is used

to describe this energy transfer. Although FRET requires the acceptor and donor to be in close

proximity (1-10 nm typically) no actual physical contact is needed between the two objects. DET

on the other hand results from an electron exchange between the donor and the acceptor. Thus,

the overlap of the donor and acceptor wavefunctions is required which gives it a maximum range

that is too small for the system of NCs investigated here [248]. For this reason, only FRET will

be considered in the following.

In a series of publications from the late 1940s Förster demonstrated that this type of energy

transfer (i.e FRET) between two separated systems essentially occurs when three conditions are

met [249, 250]: (i) the fluorescence and absorption transition energy of the donor and acceptor,

respectively, are resonant i.e. their spectrum overlap on a certain energy range (ii) the Donor-

Acceptor distance RDA (or hopping distance) is short enough, (Förster demonstrated a R−6
DA

scaling law, see Eq. 5.1) (iii) the transition dipoles of the donor and the acceptor have the correct

orientation with respect to each other. These conditions were summarized by Förster in the

following set of equations:

Γt =
1

τD

(
R0

RDA

)6

(5.1)

R6
0 =

9ln(10)ΦDκ
2

128π5Nn4
J(λ) with: J(λ) =

∫ +∞

−∞
FD(λ)ϵA(λ)λ

4 dλ (5.2)

The first equation gives the transfer rate Γt of the process and depends on the exciton lifetime

1/τD = ΓR + ΓNR where ΓR and ΓNR are the radiative and non-radiative rates of the exciton

transition. RDA is the distance between the donor and the acceptor and R0 is the distance at which

the transfer has a 50% chance of happening. The second equation gives the detailed expression

of the parameter R0. ΦD is the PL-quantum yield of the donor, N the Avogadro number, n

the refractive index of the surrounding medium, κ2 is the dipole-dipole orientation factor that is

comprised between 0 and 4. A common assumption is to consider that transition dipoles moments

in ensemble of chromophores are isotropically oriented yielding ⟨κ2⟩ = 2/3 although in systems

with higher order, such as dense films of NCs or superlattices, a higher value could be obtained.

Finally, J(λ) is an overlap integral between the normalized fluorescence spectrum of the donor FD

and the absorption of the acceptor ϵA weighted by a function of the optical frequency (λ4 term).

Resonant energy transfers have found a wide range of applications in biology and chemistry

where molecular fluorophores can be used as sensors to detect the presence of chemicals or proteins,
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Figure 5.7: Principle of FRET: A carrier is excited in the donor system D and can either relax
radiatively with rate ΓR,D or transfer its energy to a neighboring acceptor system A with associated
rate Γt. The acceptor then either recombines radiatively ΓR,A or transfers the excitation further to a
surrounding system of lower transition energy, therefore acting as a new donor.

evaluate their concentrations and study the kinetics of chemical or biological reactions. Following

the first synthesis of colloidal NCs in the 1990s, FRET was predicted to play an important role in

the inter-nanocrystal interactions of dense films. Indeed, contrary to molecular systems, NCs have

much broader absorption spectra, allowing efficient off-resonance excitation. Their PL emission

has a narrow lineshape, a large quantum yield and its energy is easily tuned by changing the NCs

size. Finally, due to their high surface to volume ratio, they are interesting for the fixation of

biological markers. All of these properties make them very good FRET donors for hetero-FRET

(FRET between two different types of nano-structures).

Regarding optoelectronics, FRET can be desirable or detrimental depending on the applica-

tion. For example, in photovoltaics, long diffusion lengths can facilitate the transport of excitons

towards the charge separation interfaces of the device, which can improve the performances of a

solar cell [251, 252, 253]. At present time, the highest values of FRET-mediated diffusion length

and diffusivity (l = 200 nm, D = 0.1 cm2/s) are, by the way, reported in higher ordered mono-

layers of "isoenergetic" NCs made of CsPbBr3 [244]. In contrast, for light-emitting devices, a

large diffusion of excitons is undesired, as it prevents a radiative recombination of the exciton

from the NC where it was created, thus increasing the risk of non-radiative trapping in adja-

cent layers [254]. Either way, the understanding of exciton diffusion by FRET processes in new

opto-electronic systems such as LHP NCs is of great importance.

Several groups have investigated energy transfers between II-VI semiconductor NCs [255, 256,

257, 245, 258] but much less studies have been published on perovskite NCs so far, even though

their defect-tolerant properties are expected to limit the impact of trap states on the exciton

diffusion properties. Among these studies De Weerd and coauthors [259] were the first to report

FRET between CsPbBr3 NCs. In 2D CsPbBr3 NC films, Penzo et al. measured an exciton
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diffusion length of about 200 nm [244], while Giovanni et al. [243] demonstrated that energy

transfer via FRET is the dominant exciton transport process in the short range in MAPbBr3 NC

films and measured an exciton diffusion length of 1 µm, a value unexpectedly higher than what was

measured in bulk. Their result shows that the ET between NCs counters the usual limitation of the

exciton transport properties attributed to the surrounding ligands and the quantum confinement.

Regarding FAPbBr3 NCs nothing has yet been measured and more generally in systems of NCs

freed from capping ligands. This will be the scope of the following paragraphs.

5.2.2 Experimental results

After this brief introduction of FRET, let us now analyze a few experimental results obtained on a

sample of FAPbBr3 NCs embedded in the silica matrix described in the last sections. The sample

under study was made with a high concentration of precursors (∼30% sample), thus favoring

interactions between the NCs. Fig. 5.8 shows the PL intensity emitted by this sample in the

energy-time domain alongside the reconstructed PL spectrum (top graph) made by summing the

intensity of PL over its temporal axis. It was captured at 7 K and the system was excited using

the pulsed Ti:Saphire laser tuned at 397 nm (non resonant conditions) at a low excitation power of

∼ 1 µW. This energy-time map representation of the PL allows to quickly develop an idea of the

dynamical mechanisms at play in the system. Indeed, here, the PL evolution in time has a striking

asymmetry and is composed of a high energy tail of fast emission, followed at lower energy by a

strong PL emission of a much longer decay time centered around 2.22 eV. This emission behavior

is the sign of a residual distribution of NCs, likely with smaller sizes, which leads to an emission

at higher energy than the rest.

From this raw PL map one can also build the time evolution of the PL intensity at specific

energies that are displayed on the right side of Fig. 5.8 where the high energy side of the PL

emission is decomposed over six evenly spaced decays. To improve the signal to noise ratio, the

decays were constructed by summing up the intensity signal over energy slices of 2 meV thickness.

There are two important things to notice here while the emission energy varies. First, the intensity

decays are slowing down when the emission energy increases. Indeed at 2.26 eV the emission has

a half-life time of about 55 ps with a multiexponential line shape while the emission at 2.22 eV

shows a half-life of about 165 ps. Secondly, one can notice that the objects located at higher

energy reach their emission maximum faster than the lower energy ones, with a time difference

measured here around 30 ps between the 2.26 and 2.22 eV curves. It is worth noting that the

intensity decays presented here have a more complicated behavior than the ones presented so

far in this manuscript making their adjustment with mono or bi-exponential functions irrelevant

(they are indeed the superposition of several exponential decays as seen thereafter), which is why
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Figure 5.8: Energy-time domain PL intensity map measured on a sample of FAPbBr3 NCs embedded
in the mesoporous SiO2 matrix and made with a ’high’ concentration of precursors. The PL spectrum
displayed on top (blue solid line) is a summation over the first ∼ 50 ps following the excitation. The
dashed black line represents the best Gaussian adjustment to this spectrum. The six intensity decays
presented on the right side (semi-log scale) result from the summation of the PL emission over 2 meV
energy ’slices’ centered around the energy provided in the legend for each curve.

a simple half-life was preferred here for their description.

The observations described above (also found in the emission of dense films) are generally

the sign of an energy transfer taking place between the high energy NCs and the lower energy

ones located in their vicinity [257, 243, 258]. Indeed, when higher energy objects are excited

they can either recombine radiatively, non-radiatively or transfer their excitation to surrounding

NCs provided that the later, i.e. the acceptors, have an exciton transition of lower energy (which

translates into a larger size of the NC). Schematically, higher energy NCs will have a higher prob-

ability to transfer explaining their relatively shorter lifetime. In order to verify this hypothesis,

numerical simulations constructed from a FRET model are performed in this work and adjusted to

the experimental data i.e the spectro-temporal PL signal. For this purpose, the signal presented

on Fig. 5.8, that was most frequently observed in the homogeneous regions of the sample (where

very few variations are observed) will be considered as a typical response i.e a reference signal to
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be reproduced in the simulations.

5.2.3 Theoretical model and numerical simulations

To model ETs in this system, the first hypothesis is that FRET is the only mechanism of exciton

diffusion in this system, other mechanisms like DET or photon recycling are thereby discarded

here. As seen in the first section of this chapter, the hosting matrix consists in a packing of

silica spheres of ∼ 30 nm average diameter that has no particular order or symmetry, meaning

that the pores between the silica spheres most likely follow a certain size distribution of which the

measurement is beyond the scope of this work. Thus, to simplify the problem in the following, the

clusters of NCs contained in the pores are modelled as 2D arrays of adjustable sizes. A model of

pores filled with 3D arrays of NCs was also developed for this work. However, since it represents a

simple generalization of the 2D model to higher dimension, it will not be described in this section,

although the corresponding simulation results will be compared to the 2D model. Finally, it is

worth noting that the matrix pores are assumed to be completely filled with NCs in the following.

The objective of the simulations is to determine if the emission dynamics of this system can be

roughly reproduced with a simple FRET model that has proved to be effective for the modelization

of energy transfers in other dense systems of II-VI NCs in the past [255, 260]. The approximations

that were made above (100% filling of the pores and use of a 2D grid - that mainly determines

the number of closest neighbors) will of course be discussed in the last part of this chapter that

presents the simulation results. Fig. 5.9 presents an illustration of the 2D NC arrays. Only the

nearest diagonal and non diagonal neighbor couplings are considered, thereby neglecting other

long range processes.

The system under study consists of a network of pores that are separated by the silica beads.

When the excitation laser is focused on the sample (∼ 1 µm radius), several pores are excited at

the same time. To reproduce this, the simulations are performed while including several clusters

excited independently as illustrated on Fig.5.9. In these simulations, intra-cluster energy transfers

are allowed but not the inter-cluster ones. Following the work of Miyazaki and Kinoshita [255,

261] the exciton population dynamics of cell n can be described by the following set of first order

differential equations:

dρn
dt

=
∑
m̸=n

Γt,nmρm − (Γt,nn + ΓR,n + ΓN ,n) ρn (5.3)

In this expression ρ is a vectorized version of the matrix of sites (the vectorization making the

problem solvable numerically by Runge Kutta methods). This means that the nth element of ρ is

related to the matrix site (i, j) by the relation n = (i−1)N+j where N is the total number of sites.
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Γt

Γt

Figure 5.9: Illustration of the modelled NCs array. Initially, all the array sites are given an absorption
energy (provided by the distribution function presented in Fig. 5.10) and excited with an off resonance
and higher energy laser pump. The energy transfers are driven by FRET and an exciton on a specific
site can only transfer (with an associated rate Γt) to a neighboring site if its emission spectrum overlaps
with the absorption spectrum of the exciton on the neighboring site (see Eq. 5.4). On this illustration,
only 4 excited sites and their associated neighbors are represented for clarity. The array shaded in gray
represents barriers preventing transfers between two different clusters. The situation presented on the
lower right array illustrates the periodic boundary conditions that are applied in this model.

In the following, the vector element n will be referred, loosely speaking, as "site n" even though

it originally corresponds to site (i, j) in the matrix of sites. ρn is thus the occupation probability

of site n, and ΓR,n, ΓN ,n denote respectively the radiative and non-radiative decay rates for the

exciton on site n. The magnitude of these rates is extracted from the TRPL measurements.

The energy transfer is described through the Γt,kl rates: Γt,nm is the transfer rate from site

m to n, (m and n being nearest neighbors on the original grid, i.e if n corresponds to site (i, j)

then m is any site of the form (i ± 1, j) ; (i, j ± 1) ; (i ± 1, j ± 1) ; (i ∓ 1, j ± 1)). Finally, Γt,nn

encompasses all the population transfers from site n to its nearest neighbours. The transfer rates

Γt,nm between coupled NCs on the array are given by the Förster expression following Fleming

[262]:

Γt,nm =
|Cnm|2

2πℏ2

∫ +∞

−∞
Fm(ω)An(ω) dω (5.4)

where the parameter Cnm represents a Coulomb dipole-dipole coupling constant between NC

n and m and An(ω), Fm(ω) are the spectral line shapes of the acceptor (absorption) and the

donor (fluorescence) respectively. In this model, both spectra are considered to have a Gaussian

profile, i.e.:

An =
ℏ√
2πσh

exp

[
−(ℏω − ϵn)

2

2σ2h

]
(5.5)
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Fm =
ℏ√
2πσh

exp

[
−(ℏω − ϵm +∆SS)

2

2σ2h

]
(5.6)

where σh is the homogeneous broadening extracted from linewidth measurements on single

or quasi-single NCs presented on Fig. 5.4. In Eq. 5.6 ∆SS represents the Stokes shift between

the transition energy and its actual emission which was estimated from comparisons between

absorption and luminescence in NC ensembles in the previous section. Finally, ϵm (respectively

ϵn) is the exciton transition energy for the NC located on site m (n). As a first approach, the

same coupling strength Cnm is assumed for adjacent NC pairs ; the total rate Γt,nm will thus be

uniquely determined by the level of overlap of the A and F lineshapes.

By changing the integration variable and using a proper normalization, the integral of Eq. 5.4

can be expressed as:

Γt,nm = Γt,0

∫ +∞

−∞
F

′
m(E)A

′
n(E) dE (5.7)

where Γt,0 is now the transfer rate between two NCs that would have a perfect overlap between

their "effective" A′ and F ′ linewidth. Thus, for two NCs fulfilling this condition one has Γt,nm =

1 and ϵm = ϵn + ∆SS . In the following, Γt,0 will be one of the adjustable parameters in the

simulation.

5.2.4 Simulation results and comparison to experimental work

In order to evaluate the efficiency of the model, the experimental results displayed in Fig. 5.8 are

compared with the numerical simulations. In these simulations, each NC in the simulated array is

assigned a specific transition energy for absorption. The line shape of the ensemble PL spectrum

from Fig.5.8 (considered only at early time, i.e in the first ∼ 50 ps) serves as the starting point and

is used to model the Stokes shifted absorption spectrum of the optical transitions for the entire

NC ensemble. To replicate the special line shape of the PL spectrum and its extension towards

higher energies, a skew normal distribution is employed. This distribution is a generalized form

of the normal (Gaussian) distribution that incorporates skewness, i.e asymmetry.

The top plot of Fig. 5.10 displays the original, at early time, ensemble PL (solid blue line), an

attempt to adjust it with a classical Gaussian law (black dashed line) and its adjustment with

the skew normal distribution (red dashed line). Following the results presented on Fig. 5.2 and

the work of Brennan and coauthors [177], an adjustable Stokes shift of 30 to 45 meV towards the

higher energies is then applied to the red dashed curve to simulate the distribution of absorption

transition energies. The final curve is plotted on the bottom part of Fig. 5.10 for ∆SS = 32 meV.

This distribution is used to generate an histogram of the transition energies of each NC over the

simulated array composed of N objects (n × n grid). Note that this histogram was normalized

such that the area under the histogram equals 1. The y-axis thus represents a probability density
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rather than the number of occurrences for each energy class.

Δ!! = 32 meV

Figure 5.10: Top: The experimental PL spectrum of an ensemble of FAPbBr3 NCs captured at T =
7 K (blue solid line). The best Gaussian (black dashed line) and asymmetrically stretched Gaussian
(dashed red line) adjustments are also provided on the same graph. Bottom: The skew normal
distribution (given by the red curve of the graph on the top) is translated of ∆SS = 32 meV, (Stokes-
shift) and is used to generate an histogram of the absorption transition energies of the simulated NCs
on the grid.

Now that the exciton energy distribution is set across the grid, the coupled differential equa-

tions defined by Eq.5.3 can be solved. To do this, every transfer processes between an excited site

n and its first neighbors m are computed and weighted by the overlap integral of Eq.5.7. The flu-

orescence and absorption spectra of each individual site that intervene in this equation are defined

by the Gaussian laws of Eq. 5.5 and 5.6 respectively. Again, the Stokes shift will be adjustable

from 30 to 45 meV between simulations, since the value measured on Fig. 5.2 suffers from a rather

large uncertainty. The energies ϵn and ϵm are given by the exciton energy distribution across the

grid. The homogeneous broadening of each individual NC is fixed at σh = 4 meV to encompass

all transitions of the exciton fine structure (keeping in mind that the actual broadening is hard

to assess in environments of higher NCs density corresponding to the ones that are investigating
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in TRPL). Finally, for a given simulation, the parameter Cnm of Eq. 5.4 or Γt,0 in Eq. 5.7, is held

constant.

After integration, the time evolution of the exciton population for each site on the grid is ob-

tained. Regrouping the simulated evolution of each site by energy classes of a ∼ 2 meV width, the

decays of the exciton population at specific energies (from which the PL intensity is proportional)

are reconstructed and displayed on Fig. 5.11.

In Fig. 5.11 the simulated decays are plotted alongside their experimental counterpart and

regrouped into the high (top graph) and low (bottom graph) side of the PL signal. For both sets

of curves, the NC clusters were made of 5×5 elements with a number of clusters set at 600 in order

to obtain a satisfying averaging. The adjustment of the parameters was performed as followed:

• ΓR is defined from the long range behavior of the decays that correspond to the contribution

of unperturbed NCs. It is besides quasi-independent of the emission energy (in agreement

with the model) and according to this, ΓR = 4.8 ns-1 is considered here. This value is

found in good coherence with decays that may be directly measured in diluted phases of

non-interacting NCs, as seen on Fig. 5.12.

• Two leading parameters remain to be adjusted: ∆SS and Γt,0. No optimisation procedure is

used as far as those parameters are concerned. It is found that ∆SS pilots the manner the

"fast" short-time decays evolve on the high energy side of the PL (the decays slowing down

as the energy decreases). ∆SS = 32 ± 3 meV provides good results (the fact that ∆SS has

no energy dependence is discussed below). Finally, Γt,0 is adjusted to obtain a good fit in

the whole energy range and Γt,0 = 55 ± 10 ns-1 is found as an acceptable value.

In the graph located on the bottom of Fig. 5.11, the three highest energy decays are well re-

produced within the first ∼ 300 ps, initially showing a rapid multi-exponential decay followed by

a mono-exponential behavior governed by the radiative rate, ΓR. For longer time values, due to

the small proportion of high-energy NCs, the experimental signal becomes too weak and is mixed

with the background noise of the Streak camera. The two decays corresponding to NCs emit-

ting at 2.23 and 2.22 eV are also reasonably well reproduced, although the simulation appears to

slightly underestimate the amount of transfer at these energies, particularly for the 2.23 eV curve.

Regarding the graph located on top of Fig. 5.11 (where the low energy side decays are presented),

all four decays are well reproduced. The effect of energy transfer is weak in the emission dynamics

but there is a clear signature that is mostly visible on the lowest energy curves under the form of a

flattening of the decay at early times, to be associated to the feeding of the lower energy sites. The

increase in the population of such NCs roughly operates with a dynamic similar to the one that

depletes the NCs having higher energy transitions i.e. located at an energy distance equal to ∆SS .
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Figure 5.11: Comparison of the simulated decays with the 2D grid model to the experimental data
acquired by TRPL in semi-log scale. The top graph regroups five decays taken on the low energy side
of the emission spectrum at specific energy values provided in the legend. The decays on the bottom
graph are also taken at different energy values on the high energy flank of the PL emission spectrum.
To solve the set of differential equations, "solve ivp" from the module "integrate" of the Scipy library
in Python was used with the standard Runge-Kutta method "RK45".

Overall, these simulations are successful as they already reproduce quite well the experimental

observations with a rather simple model. At high energy, the fast initial decays are explained by

the decline of the exciton population that transfers itself towards lower energy (or larger size)

acceptors in its vicinity and on a shorter timescale than that of the radiative lifetime. On the
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Figure 5.12: Typical emission dynamics pattern of non-interacting NCs (low concentration sample)
measured across the spectral range corresponding to the inhomogeneous PL of higher concentration
samples. (a) Time integrated PL spectrum (b) Time resolved PL (energy-time domain) (c) Decay
constant extracted from the mono-exponential fit of the PL signal as a function of the emission energy.
τ is found rather constant in the explored energy range (τ ≈ 215 ± 45 ps). Illustrations of the decays
are overlapped on panel (b), the black arrows indicating the structures that have been considered for
the plots.

low energy side, the decays are initially slowed down by the constant "feeding" of the exciton

population by higher energy donors before retrieving a mono-exponential behavior after all the
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exciton transfers have happened. Interestingly, the NCs emitting at energies located in the center

of the PL spectrum keep a well defined mono-exponential behavior at all time. This phenomenon

is explained by the much larger population of these objects as compared to the higher or lower

energy ones and by the fact that these objects serve here as an intermediate between the two

energy sides: the extra exciton population that they receive from donor objects of higher con-

finement is transferred directly to the acceptors which results in an exciton population that stays

quasi-unaffected by this process over time.

Although the results presented above are satisfactory, the model still has notable weaknesses

that need to be discussed. The first one is related to an intrinsic property of NCs to have their

Stokes-shift dependent on their exciton transition energy (or size), in other words, ∆SS = ∆SS(E).

In the basic analysis performed in Sec. 5.1, a realistic size range was extracted (∆L ∼ 7 nm at

most around ⟨L⟩ ≃ 9 nm). Using the reference curve measured by Brennan et al. on an analogous

bromide LHP compound (see Fig. 5.2), would lead to a variation of ∼ 30 % in the ∆SS value over

the whole L size range for the NCs involved in the emission process. This means that ∆SS should

decrease as the NC transition energy decreases, thus opening new possibilities of transfer towards

NCs with the lower energy transitions. The effect is not taken into account here and very likely

explains why decays located below the PL peak (around 2.22 eV typically, see Fig. 5.11) are not

enough impacted by ET in the simulations. There is also a large uncertainty regarding what the

microscopic organisation might actually be:

• When considering an FCC packing of the silica beads (most compact scaffold) the volume of

the octahedral pores is estimated at V ≃ 173 nm3 and could typically host ∼ 8 NCs having

an ⟨L⟩ ∼ 8 nm (considering a filling factor equal to 100%). For comparison, V raises to 263

nm3 for a SC packing, allowing to host a number of NCs approximately three times larger.

In the "ordered compact" situation, ≃ 8 NCs might be gathered at maximum making the

choice of the 2D grid a reasonable one for 1 NC has in this situation 8 closest neighbors.

More importantly, the Stokes-shift ∆SS has a high value (∼ 30 meV on average) that is of

the same order of magnitude as the PL FWHM. This means that, on average, transfers of

only one step can be achieved throughout the NCs population whatever the considered NC,

and two steps energy cascades will very rarely occur. Under these conditions, a very poor

influence of a cluster size extension is expected (this was indeed verified).

• The principal parameter here could be the average number of first neighbors that is signif-

icantly increased in the scenario of ET in 3D clusters. Let us note that (i) as far as the

spatial diffusion process of excitons (associated to the ET) is not investigated, the actual

"topology" of the NCs organisation is of no matter here. (ii) The 3D model with clusters
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of 23 NCs (presented on Fig. 5.13) was shown to adjust the experimental PL in a slightly

more satisfying manner but for quasi-unchanged values of the parameters (Γt,0 ∼ 50 ns-1

and ∆SS = 32 meV). In particular, the increase in the number of first neighbours seems to

help adjusting the "mid-energy" decays. (iii) More generally, given the previous considera-

tions, the actual organisation of the silica beads should have a limited effect as far as ET is

concerned. This is a point that deserves further investigations, being able to connect well

characterized matrix structures and PL patterns. Taking into account a distribution of pore

sizes could be an easy extension of the present work and help to approach the real system

(for it seems that the hosting matrix does not respect any particular order). However, let

us emphasize again that the ET effects should essentially arise from the very local average

environment of a given NC rather than the long range structure.

With the previous considerations in mind, let us formulate some short last comments before

ending this chapter:

• The filling factor associated to the NC integration in the matrices is not a well defined

quantity. The simulations were performed considering a complete occupancy of the available

space (although this could also be easily modulated through numerical simulations).

• Given the NC average size, only first neighbors interactions have been considered as really

contributing to the population changes. A second "shell" could also be considered by adding

ETs associated to another Cnm (or Γt,0) coefficient (see Eq. 5.4 and 5.7) of strongly reduced

value, so as to match the 1/r6 dependence that characterizes FRET processes. This is a

point that would justify taking into account slightly expanded clusters. As an illustration,

is was shown that three "active" shells around a Donor/Acceptor NC operate in ensembles

of CdSe dots (in Langmuir-Blodgett films) having a diameter close to 4 nm [263].

• To the best of our knowledge, and despite the huge activity around perovskite based mate-

rials of reduced dimensionality, there is only one significant study that addresses the issue

of ET by clearly exhibiting transfer rates. Proppe and collaborators indeed show that exci-

ton funneling occurs within ∼ 100s of femtoseconds between narrow quantum wells towards

wells made of a larger number of layers. They explain the transfers within the framework

of FRET and determine transfer rates in the ps-1 range. This strong value is assigned to

two facilitating factors: the good overlap between the optical responses (donor well emission

vs acceptor absorption) but also an optimal orientation parameter for the dipoles in each

structure [264]. Regarding our NCs, transfer rates Γt,0 in the tens of ns-1 range are retrieved

(for perfect tuning between the absorption and emission). This is comparatively two order
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Figure 5.13: Comparison of the simulated decays obtained with the 3D and 23 NCs cluster model to
the experimental data acquired by TRPL in semi-log scale. The top graph regroups four decays taken
on the low energy side of the emission spectrum at specific energy values provided in the legend. The
decays on the bottom graph are also taken at different energy values on the high energy flank of the
PL emission spectrum. The simulation was performed with Γt,0 = 50 ns-1 and ∆SS = 32 meV.

of magnitude lower but close to the values reported for II-VI based NCs in which resonance

conditions - for ET - have been finely tuned [263, 265] or are quasi-naturally achieved [266].

Conclusion

This final chapter was centered on the investigation of FAPbBr3 perovskite NCs encapsulated

within a mesoporous silica bead matrix. The NCs were synthesized directly within the matrix

pores, eliminating the need for capping ligands. This encapsulation method provides enhanced

protection against external threats such as ambient moisture. An initial optical spectroscopy

characterization was followed by low-temperature studies of samples with low NC densities. Single
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emitter optical responses were occasionally detected although the aggregation of the NCs prevailed

in most samples upon reducing their concentration. Further studies on a larger number of samples

of different NC content are required to draw conclusions, but these results suggest that, so far

and without efforts to control the inner pores reactivity, matrix encapsulation may not surpass

the conventional drop-casted diluted colloidal solution method in terms of efficiency for observing

the emission response of single objects. The following of the chapter contrasted with the rest

of this manuscript in the sense that collective interactions between large numbers of NCs were

investigated on high density samples. Using a PL spectroscopy set up comprising a high power

femtosecond laser source, an effect of amplified spontaneous emission was uncovered in the system.

Finally, in the last section, the study of this system through time resolved PL measurements

suggested the existence of inter-NC energy transfer. The results were compared to numerical

simulations based on a Förster resonant energy transfer model between nearest neighbors. 2D

grids were favored as a starting point in the model but further analysis showed that the values

of the main parameters should be poorly dependent on the actual geometry (results were quasi-

unchanged when considering 3D clusters keeping the hypothesis of first neighbors coupling). This

work provides a rough estimation of the transfer rate (Γt,0 = 50 ns-1) that would characterize

"ideally" coupled NCs (i.e with perfect overlap of their absorption and emission line-widths in

the Förster scheme). The value is in good agreement with previous findings in II-VI based NC

assemblies and with that respect seems to indicate similar FRET properties shared between

perovskite materials and more classical semiconductors.



CONCLUSION

This work offers a detailed exploration of the optical properties of lead halide perovskite nanocrys-

tals (NCs), with a particular focus on their exciton fine structure, both at the single-object level

and within NC assemblies. Two key materials were studied: the inorganic caesium lead chloride

(CsPbCl3) and the hybrid formamidinium lead bromide (FAPbBr3) compound. Through a com-

bination of advanced experimental techniques and theoretical modeling, significant insights have

been gained into the excitonic properties in these materials.

The presentation of the experimental work began in Chapter 3 with a detailed study of

CsPbCl3 NCs employing TEM imaging, high-resolution micro-spectroscopy, and numerical simu-

lations. At cryogenic temperature, the exciton fine structure emission of individual NCs revealed

a majority of sub-meV linewidth two-peak spectral patterns, with the occasional occurence of

three-peak spectral responses. These findings were successfully explained by considering a crystal

lattice of tetragonal symmetry and deviations in NC shape from the ideal cubic geometry. Within

the theoretical framework of the EFS described in Chapter 1, the observation of three peak spectra

and the large dispersion in the bright-bright splitting values, ∆BB, were both attributed to the

NCs shape anisotropy and corroborated by the NCs size measurements performed on the TEM

images. Additionally, although more challenging to detect due to weaker emission intensities, the

observation of the spectral responses of the trion and biexciton was also reported in this chapter.

In parallel, an in-depth investigation of the exciton-phonon interactions in CsPbCl3 NCs was

presented in Chapter 4. The micro-Raman experiments revealed optical phonon modes that had

already been reported in the bulk material. These observations were reinforced by micro-PL

spectroscopy measurements that revealed Stokes shifted optical phonon replicas in the emission

at energies matching the micro-Raman measurements and confirmed the exciton-phonon coupling

scenario. The linewidth broadening of individual peaks from the single NCs’ EFS doublets was

analyzed as a function of temperature, allowing for the extraction of acoustic and optical coupling

constants for the exciton-phonon interaction. Additionally, time-resolved PL experiments were

conducted across varying temperatures on ensembles of NCs. By applying a thermal mixing

model that involved the absorption and emission of optical phonons to describe the population

157
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of bright and dark EFS states, the energy position of the dark state was determined. This

dark state was found to lie below the bright exciton states, with an energy separation, ∆BD,

of approximately 10 meV. These results further confirmed the validity of the theoretical model

presented in Chapter 1 and more specifically the role of dielectric confinement-enhanced electron-

hole exchange interaction in the EFS state organization.

The final chapter focused on the investigation of FAPbBr3 NCs synthesized directly within a

mesoporous silica matrix. In samples with a low NC density, low-temperature optical spectroscopy

occasionally detected single-emitter responses, although NC aggregation was predominant in most

cases. Preliminary studies on samples of high NC density uncovered an effect of amplified sponta-

neous emission under high excitation fluence. Furthermore, the study of the emission dynamics by

TRPL spectroscopy means suggested the existence of inter-NC energy transfers in these samples.

These results were compared to numerical simulations based on a Förster resonant energy transfer

model between nearest neighbors, and led to a rough estimation of the transfer rate that would

characterize "ideally" coupled NCs, in agreement with previous studies on II-VI semiconductor

based NCs.

Overall, this work presents the combination of experimental observations and theoretical mod-

eling and offer a robust framework for understanding and possibly optimizing the performance of

perovskite materials in optoelectronic applications. It also opens several perspectives for further

research on both studied materials. Starting with CsPbCl3, multiple groups have demonstrated

that surface passivation or doping with Cd2+, Zn2+, or Nd3+ ions significantly improves the emis-

sion properties and colloidal stability of the NCs [267, 162, 268], thus opening the possibility for

prolonged studies of single objects with enhanced photostability. Such developments would give

the opportunity to place the NCs under magnetic or electric fields for extended periods of time.

Regarding the EFS, two types of studies under magnetic fields would be particularly interesting.

Under "low" intensity magnetic fields (e.g, ∼ 5 T), it may be possible to split the degenerate

EFS levels via the Zeeman effect. This was attempted during the thesis, given that our group has

access to such fields; however, experimental challenges, primarily related to sample instability,

prevented a deeper exploration. In contrast, at high intensity magnetic fields, (i.e., as mentioned

in Chapter 4, around 80 T), magneto-optical coupling between the bright and dark states [181]

could enable the detection of dark-state emission, further confirming its energy position in the

EFS. Such experiments require to be performed in a laboratory offering high fields facilities in

demanding conditions with regard to the ability to control the NCs dilution and preservation.

This adds to the general challenge. Finally, placing the NCs between conducting interdigitated

electrodes could allow the application of a high-intensity electric field to a single NC, potentially

shifting the EFS levels through the Stark effect. If successful, this approach could lead to a precise
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control of the energy states within the fine structure, as it has been demonstrated by other groups

in different systems [78].

An extension of this work could also consist in addressing NCs having a changed dimen-

sionnality. In 2D colloidal MHP materials (i.e. nanoplatelets, NPLs), the ultra-high quantum

confinement that can be achieved along the transverse dimension, is combined to the promotion

of quantum dielectric effects. This association leads to a ‘renewed’ schematic organisation of

the EFS sub-levels easily tunable by adjusting the NPL thickness (decoupling in energy between

groups of dipoles depending on their orientation, large bright-dark splitting). The 2D geometry

thus offers valuable insights and strategies for controlling the exciton relaxation/emission : adjust-

ment of the emission anisotropy or engineering of the phonon bottleneck effect that was shown to

govern the exciton thermalization and emission dynamics in bromide-based NPLs. All the issues

have important implications for optimized optoelectronic devices using NPLs as components but

they also own a fundamental character that deserves in depth investigations. CsPbCl3 NPLs of

high quality have already been synthesized in the laboratory (INSP). They thus could come as a

prototypical system to be investigated (in a comparative approach regarding the results already

existing in CsPbBr3 NPLs and using the spectroscopic tools operated throughout this work),

exploiting wisely our ‘relatively good’ knowledge of their NCs counterparts. The studies remain

a real challenge for all the excitonic transitions are strongly shifted towards higher energy and

positioned in the 340 nm – 400 nm range - in agreement with the increased level of confinement-

that requires appropriate but attainable modifications of the setup.

Regarding now the FAPbBr3 NCs embedded in the Silica matrix, the non linear effect reported

in Chapter 5 at high excitation fluence would benefit from a deeper exploration. The excitation

of the system using a semi-cylindrical lens associated to a collection of the emitted light in a

direction orthogonal to the excited stripe axis, would place the system in the typical configuration

for such studies. This approach would enable direct comparison with other perovskite NC systems

like thin films (through the estimation of the gain and losses coefficients in particular) and help

to determine if the observed effect deserves deeper investigation in this particular environment.

Finally, regarding the use of the mesoporous matrix for the isolation of NCs, further developments

are needed for the synthesis of samples containing a low density of NCs. Currently, NCs tend to

aggregate at different points in the system. Achieving a uniform, low-concentration distribution

would be highly beneficial for single-object studies, due to the apparent protective role of the

mesoporous matrix regarding the chemical and photo-stability of the system.
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APPENDIX

LONG RANGE EXCHANGE

INTERACTION A

As stated in Chap. 1 the long-range component of the electron-hole exchange interaction is given

by the general expression [69]:

HLR
c′v′
cv

 r′e r′h

re rh

 =
∑
i,j

Qij
c′Iv
Iv′c

∂2

∂rie∂r
j
h

W(re, r
′
h) δ (re − rh) δ

(
r′e − r′h

)
(A.1)

In this expression, W is obtained from (−Ve−h) by replacing ϵ1 by ϵX , the dielectric constant at

the exciton resonance, in the denominator of Eq. 1.29. The Bloch states in the conduction band

(the hole in the valence band) are denoted by the symbols c, c′ (v , v′), while the coordinates of

the electrons and holes are denoted by the symbols (re, r
′
e) and (rh, r

′
h), respectively. The time-

reversal operator, I, alters the linear momentum p and the angular momentum by their opposite

while leaving r unchanged. The Q matrix implicates the products of the momentum operators

[pikus_exchange_nodate, 70], their matrix elements are provided by:

Qij
c′Iv
Iv′ c

=
ℏ2

m2
0

⟨c′| pi |Iv′⟩ ⟨Iv| pj |c⟩
(E0

c − E0
v)
(
E0

c′ − E0
v′
) (A.2)

where m0 is the free electron mass and pi (pj) is the i (j) component of the p momentum; E0
ν

(ν = c, c′, v, v′) is the νth band energy.

The expression of the LR Hamiltonian is obtained by calculating ∂2W/∂rie∂r
j
h. To do that, the
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Fourier transform is used to rewrite the W interaction as:
W(re, r

′
h) =

1
(2π)3

e2

ϵ0ϵX

∫
dq
q2

+∞∑
m=−∞

+∞∑
n=−∞

+∞∑
p=−∞

η|m|+|n|+|p| exp iqx(xe − x′
hm

) exp iqy(ye − y′
hn
)

× exp iqz(ze − z′
hp
)

(A.3)

One deduces
∂2W

∂rie∂r
j
h

(re, r
′
h) = − 1

(2π)3
e2

ϵ0ϵX

∫
dq

qiqj
q2

+∞∑
m=−∞

+∞∑
n=−∞

+∞∑
p=−∞

(−1)ℓjη|m|+|n|+|p| exp iqx(xe − x′
hm

)

× exp iqy(ye − y′
hn
) exp iqz(ze − z′

hp
)

(A.4)

with ℓj = m, n or p, for j = x, y or z, respectively. Using the envelope function of the electron

and the hole in the exciton state (Eq. 1.25), the matrix elements of HLR can be written:
− 1

(2π)3
e2

ϵ0ϵX

∫
dq
q2

∑
i,j

Qij
c′Iv
Iv′ c

qiqj

+∞∑
m=−∞

+∞∑
n=−∞

+∞∑
p=−∞

(−1)ℓjη|m|+|n|+|p| exp(−iqxLx) exp(−iqyLy)

exp(−iqzLz)×
∫
drΨ(r, r) exp (iq.r)

∫
drΨ(r, r) exp (iq.ξm,n,p)

(A.5)

with

ξm,n,p = ((−1)m x, (−1)n y, (−1)p z) (A.6)

Based on the parity of the Ψ(r, r) envelope function, the two integrals in the expression (Eq.A.5)

are equivalent and can be separated into three discrete summations. Summing apart on the

integers m, n and p, one gets:

− 1

(2π)3
e2

ϵ0ϵX

∫
dq

q2

∑
i,j

Qij
c′Iv
Iv′ c

qiqj
∏

κ=x,y,z

Dκ(qκ,Lκ)

∣∣∣∣∫ drΨ(r, r) exp (iq.r)

∣∣∣∣2 (A.7)

in which

Dκ(qκ,Lκ) =

 D+(qκ,Lκ) =
(1−η2)

1+η2+2η cos(qκLκ)
for κ = j

D−(qκ,Lκ) =
(1−η2)

1+η2−2η cos(qκLκ)
for κ ̸= j

(A.8)
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With the e-h pair basis {|+1⟩ , |−1⟩ , |0B⟩ , |0D⟩}, one finds that the matrix Q c′Iv
Iv′ c

(q) =
∑
i,j

Qij
c′Iv
Iv′ c

qiqj

has the following representation:

1

E2
g



 α2P 2
S,xq

2
x

+β2P 2
S,yq

2
y

 −

 αPS,xqx

−iβPS,yqy

2

√
2γPS,zqz

 αPS,xqx

−iβPS,yqy

 0

c.c.

 α2P 2
S,xq

2
x

+β2P 2
S,yq

2
y

 −
√
2γPS,zqz

 αPS,xqx

+iβPS,yqy

 0

c.c. c.c. 2γ2P 2
S,zq

2
z 0

0 0 0 0


(A.9)

where c.c. refers to the conjugate complex. (PS,x,PS,y,PS,z) are the Kane interband matrix

elements under the D2h point group symmetry [23]. In the limit of cubic crystal symmetry - Oh

symmetry - the Kane parameters have the same values PS,x = PS,y = PS,z = Ps whereas in the

tetragonal crystal phase - D4h symmetry - PS,x = PS,y = PS,ρ.

Taking into account the elements of the Q matrix (see Eq. A.9) in the expression Eq. A.7, the LR

exchange matrix takes the following form:

HLR =


Σd Σod 0 0

Σod Σd 0 0

0 0 Σz 0

0 0 0 0

 (A.10)

In the expression Eq. A.10, Σd, Σod and Σz are given by:
Σd =

[
α2EPS,x

Ix + β2EPS,y
Iy
]
Λπ9

(
πa3X
L3
x

)(
3|N (a)|2

rs

)
Σod =

[
−α2EPS,x

Ix + β2EPS,y
Iy
]
Λπ9

(
πa3X
L3
x

)(
3|N (a)|2

rs

)
Σz = 2γ2EPS,z

IzΛπ
9
(
πa3X
L3
x

)(
3|N (a)|2

rs

) (A.11)

In these expressions, the Kane parameters are substituted by the Kane energy, defined by, EPS,j
=(

2m0/ℏ2
)
P 2
S,j (j = x, y, z); Λ can be expressed in terms of basic parameters as follow:

Λ =
1

3E2
g

ℏ2

2m0

e2

ϵ0ϵX

1

πa3X
(A.12)

As noted above, the r and s parameters describe the shape elongation/contraction of the rect-

angular cuboid: r = Ly/Lx and s = Lz/Lx. The exchange integrals, Il (l = x, y, z), can be
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expressed in the following form:
Ix =

∫
du r2s2u2

x
r2s2u2

x+s2u2
y+r2u2

z

sin2 ux

u2
x(u

2
x−π2)2

sin2 uy

u2
y(u2

y−π2)
2

sin2 uz

u2
z(u

2
z−π2)2

d+(ux)d−(uy)d−(uz)

Iy =

∫
du

s2u2
y

r2s2u2
x+s2u2

y+r2u2
z

sin2 ux

u2
x(u

2
x−π2)2

sin2 uy

u2
y(u2

y−π2)
2

sin2 uz

u2
z(u

2
z−π2)2

d−(ux)d+(uy)d−(uz)

Iz =

∫
du r2u2

z
r2s2u2

x+s2u2
y+r2u2

z

sin2 ux

u2
x(u

2
x−π2)2

sin2 uy

u2
y(u2

y−π2)
2

sin2 uz

u2
z(u

2
z−π2)2

d−(ux)d−(uy)d+(uz)

(A.13)

where d±(u) =
(
1− η2

)
/
(
1 + η2 ± 2η cos(2u)

)
. The functions d± reflect the correction caused

by dielectric effects in the EI. Note that all the image charges, in the 3D space, are taken into

account in the derivation of these integrals. The impact of the interaction between the NC and its

microscopic environment, mainly the influence of the dielectric discontinuity on the NC surface,

is controlled by d±; when there is no dielectric contrast, η = 0 and we have d±(u) = 1.



APPENDIX

MODELING EMISSION

COLLECTION FROM

ORTHOGONAL DIPOLES B

The objective of this appendix is to derive the model used to simulated the collected intensity

of the three orthogonal linear dipoles composing the EFS by an objective of a given numerical

aperture. Here we directly use the work of Clotilde Lethiec and coauthors [183].

Fig. B.1 illustrates the situation of interest. A linear dipole in a medium of indice n is rep-

resented by the unitary vector u⃗d. The direction of observation is represented by the vector u⃗k.

Thus, all the possible directions of observation (defined by the numerical aperture, NA, of the

microscope objective) form a circular cone around the optical axis z, of angle θk:

In the far field limit, the electric field emitted by a dipole in a homogeneous medium is given

by [183]:

E(r, θk,φk) =
D

r
(u⃗k ∧ u⃗d ∧ u⃗k)ei(kr−ωt) (B.1)

Where D = 1/4πc2ϵ0ϵ and ϵ0, ϵ are the dielectric permittivity of the vacuum and the medium

respectively. In Eq. B.1 the phase term ei(kr−ωt) will be discarded in the following since only the

intensity emitted by the dipole is of interest here. In spherical coordinates u⃗d and u⃗k take the

following expression:

u⃗i =


sin θi cosφi

sin θi sinφi

cos θi

 with: i = d, k (B.2)
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y

z

x

u⃗d

u⃗k

θd

θk

ϕd
ϕk

Figure B.1: Representation of the emitting dipole of axis defined by the vector u⃗d(θd,ϕd) and the
observation direction defined by the vector u⃗k(θk,ϕk).

z

u⃗p

u⃗s

v⃗p
v⃗su⃗k

ρ

θk

Lens

x

y

α

z

f

Figure B.2: Left: the spherical radiated wave is transformed into a plane wave after collection by the
objective (represented here by a simple lens). Right: the rotating polarizer axis in the xy plane.

The electric field can be separated into two orthogonal components along unit vector u⃗s and

u⃗p in the plane perpendicular to the direction of observation defined by vector u⃗k (see Fig. B.2

before the lens):

E⃗(θk,ϕk) =
D

r
[Es(θk,ϕk)u⃗s + Ep(θk,ϕk)u⃗p] (B.3)

Where the amplitudes of the electric field components, Es and Ep, are given by:Es(θk,ϕk) = sin θd sin(ϕk − ϕd)

Ep(θk,ϕk) = − cos θd sin θk + sin θd cos θk cos(ϕd − ϕk)
(B.4)
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And the vectors u⃗s, u⃗p by:

u⃗s =


sinϕk

cosϕk

0

 u⃗p =


cos θk cosϕk

cos θk sinϕk

−sinθk

 (B.5)

When the electric field arrives at the microscope objective (represented by the lens on Fig.B.2) it is

still a spherical wave. Since the emitting dipole is located at the focal point f of the objective, the

electric field is transformed into a plane wave (collimated beam) after the microscope objective

(situation sketched on Fig. B.2). Thus, using the conservation of energy before and after the

objective leads to the following expression for the electric field :

∣∣∣E⃗′(ρ,ϕk, z)
∣∣∣2 = ∣∣∣E⃗(f ,ϕk, z)

∣∣∣2 (B.6)

Using Eq. B.3, E⃗′(ρ,ϕk, z) can be expressed in cylindrical coordinates as:

E⃗′(ρ,ϕk, z) =
D

f
[Es(θk,ϕk)v⃗s + Ep(θk,ϕk)v⃗p] (B.7)

With the unit vectors v⃗s = u⃗s and v⃗p = (cosϕk, sinϕk, 0) and f the focal length of the objective.

The electric field then passes through the polarizer system. If the polarizer axis makes an

angle α with the x axis (parallel to the wave planes, see Fig. B.2) the normalized emitted power

detected after the polarizer writes:

P (α) =

∫ ρmax

ρ=0

∫ 2π

ϕ=0

∣∣∣E⃗′(ρ,ϕk, z) · u⃗α
∣∣∣2ρdρdϕk (B.8)

In this work, and considering here exciton bright states that are non-degenerate (NC of orthorhom-

bic crystal phase or tetragonal with an anisotropic shape), three linear and orthogonal emitting

dipoles are considered (EFS states |X⟩, |Y ⟩, |Z⟩). Thus, if a first dipole has an orientation defined

by (θd, ϕd), the second dipole will be defined by (θd + π/2, ϕd) and the third by (π/2, ϕd + π/2).

With these considerations in mind, one can simulate the collected power for each dipole by the

integration of Eq. B.8 and for each position of the polarizer angle α. The "initial" orientation of

the dipoles can also be changed simply by adjusting the values of θd and ϕd (this translates into

a change of the NC orientation). Fig. B.3 (see next page) presents the results obtained for the

system described above.

Regarding now a system where two dipoles are degenerate (tetragonal crystal phase of MHPs)

one has two circular polarization |Ψ+⟩ = [|X⟩ + i |Y ⟩]/
√
2 and |Ψ−⟩ = [|X⟩ − i |Y ⟩]/

√
2 (where
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|X⟩, |Y ⟩ are the degenerate dipoles) and a linear polarization |Z⟩. The simulations can be simply

adapted to these new expressions and the results were presented on Fig. 3.12 in the main text.

Figure B.3: Simulated polar diagrams of three orthogonal emitting dipoles, corresponding to the
emitting states of LHP NCs of orthorhombic crystal phase. The angles Θ and φ give the orientation
of the dipole |Z⟩, while the dipoles |X⟩ and |Y ⟩ are orthogonal to |Z⟩ at all times. Note that here,
the explored configurations keep a dipole (the red one) in the plane orthogonal to the optical axis z.



APPENDIX

THERMAL MIXING MODELS C

Both thermal mixing models presented in Chap. 4 and illustrated on Fig. C.1 can be described by

the same general set of equations with specificities that will be detailed in the following.

|B⟩

|D⟩

|G⟩

γ↓
γ↑

ΓB

ΓD

∆BD

|E⟩

|B⟩
|D⟩

|G⟩

γ↓γ↑

ΓB ΓD

∆BD

Figure C.1: Energy level diagrams of both thermal mixing models presented in this work. The bright
and dark state population is assured by the absorption or emission of optical phonons with energy
matching the bright-dark splitting.

For both models, considering all the processes that fill or empty the bright and dark states,

their populations ρB and ρD are governed by the following set of differential equations:

 ˙ρB = −(ΓB + γ↓)ρB + γ↑ρD

˙ρD = −(ΓD + γ↑)ρD + γ↓ρB

(C.1)

This system can also be written under the form of a matrix equation ρ̇ = Mρ: ˙ρB

˙ρD

 =

a b

c d

ρB
ρD

 (C.2)
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Where a = −(ΓB + γ↓), b = γ↑, c = γ↓ and d = −(ΓD + γ↑).

The general solution of Eq. C.2 is written as a sum of exponential decay functions such as:

ρ(t) = A1 exp
−ΓLt uL +A2 exp

−ΓSt uS (C.3)

Where A1,2 are the amplitudes of each component and uS,L are the eigenvectors of matrix M.

The eigenvalues ΓS,L are given by:

ΓS,L =
1

2

[
a+ d+±

√
(a+ d)2 + 4(ad− bc)

]
(C.4)

Thus the following vectors are eigenvectors of M:

uS =

(
1,

ΓS − a

b

)
uL =

(
1,

ΓL − a

b

)
(C.5)

At t = 0 considering that the bright state has a population ρ0 the dark state has population

1 − ρ0 and thus ρ(t = 0) = ASuS + ALuL = (ρ0 , 1 − ρ0). Solving this equation gives the

amplitude for A1 and A2:

A1 =
−b(1− ρ0) + ρ0(ΓS − a)

ΓL − ΓS
(C.6)

A2 =
b(1− ρ0)− ρ0(ΓL − a)

ΓL − ΓS
(C.7)

The total PL intensity can be written as:

I(t) = ΓBηBρB(t) + ΓDηDρD(t) (C.8)

= ΓBηB
[
A1e

−ΓSt +A2e
−ΓLt

]
+ ΓBηB

[
A1

(
ΓS − a

b

)
e−ΓSt +A2

(
ΓL − a

b

)
e−ΓLt

]
(C.9)

Thus, solving for t = 0 :

I(t = 0) = A1

[
ΓBηB + ΓDηD

(
ΓS − a

b

)]
+A2

[
ΓBηB + ΓDηD

(
ΓL − a

b

)]
(C.10)

The first term on the right side of Eq. C.10 gives the amplitude of the short decay AS while

the second term gives AL, the long decay amplitude i.e:
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AS = A1

[
ΓBηB + ΓDηD

(
ΓS − a

b

)]
(C.11)

AL = A2

[
ΓBηB + ΓDηD

(
ΓL − a

b

)]
(C.12)

with a = −(ΓB + γ↓) and b = γ↑ and A1, A2 given by Eq. C.6 and Eq. C.7.

Finally, the biexponential decay is given by:

I(t) = AL exp−ΓLt+AS exp−ΓSt (C.13)

Depending on the thermal mixing model that is considered, the rates γ↑ and γ↓ take different

expressions given in Eq. 4.7 for the one phonon model and Eq. 4.14 for the two phonon model. To

simplify the calculation of the short and long decay rates ΓS and ΓL given by Eq.4.10 in the main

text, the following sets of equations, combining both γ↑ and γ↓ for each model can be used:

One phonon thermal mixing model:

γ↑ + γ↓ = γ0(1 + 2n) = γ0 coth

(
ELO

2kBT

)
(C.14)

γ↑γ↓ = γ20n(1 + n) =
1

4
γ20 sinh

−2

(
ELO

2kBT

)
(C.15)

Two phonon thermal mixing model:

γ↑ + γ↓ =
γ0
2

[
coth

(
ELO1

2kBT

)
coth

(
ELO2

2kBT

)
− 1

]
(C.16)

γ↑ − γ↓ =
γ0
2

[
coth

(
ELO1

2kBT

)
− coth

(
ELO2

2kBT

)]
(C.17)

γ↑γ↓ =

[
γ0
4

sinh−1

(
ELO1

2kBT

)
sinh−1

(
ELO2

2kBT

)]2
(C.18)
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