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Introduction

Lead halide perovskite nanocrystals (LHPNCs) are semiconductors of ionic nature which
emerged during the last two decades as one of the most promising materials in physics,
chemistry and device engineering.[1] These structures were the first ones in the colloidal
nanocrystals (NCs) family to exhibit bright photoluminescence (PL) over the entire
visible spectral range without electronic surface passivation,[2] and they stand out in the
nanomaterials field due to their very bright photoluminescence, with tuneable quantum-
sized effects on excitonic emission, as well as their electronic properties’ exceptional

tolerance to the material’s defects and surfaces.[1, 3-5]

Their outstanding optical and electronic properties of these nanostructures led to an
exponential increase in the related published articles during the last two decades, with a
vast variety of applications from photovoltaics to photocatalysis and optoelectronics, in-
cluding light-emitting diodes (LEDs), colour conversion systems and quantum photonic

technologies.[1, 6-9]

These colloidal metal-halide perovskites can now be synthesized in solution through
rather easy and inexpensive syntheses, which allow to obtain shape-controlled nanocrys-
tals showing narrow luminescence, short radiative lifetimes (ns to sub-ns), tuneable emis-

sion wavelengths and photoluminescence quantum yields up to more than 90% .[10, 11]

All of these exciting features, combined with the presence of heavy metals in the chem-
ical composition, led perovskite materials to become a trending material also in the
scintillation field, where they make good candidates for realizing ionizing radiations
detectors.[12] This field is of great interest, since high energy radiation detection has
a crucial role in high-energy physics experiments, oil drilling explorations, diagnostic

imaging, nuclear and radiation prevention, and homeland security.[13—16]

Perovskite-based ionizing radiation detectors have been developed during the last two
decades in different forms:[17] a first branch involves perovskite 3D bulk structures,
which share with the traditional bulk scintillators the benefits of a high density and

large-scale production methods, but also the drawbacks of a moderate radioluminescence
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light yield, long time decays and high production costs.[18] On the other hand, their
corresponding lead halide perovskite nanocrystals lack in their overall density but show
higher, faster and tuneable luminescence, and thus a second research branch focuses
on perovskite nanostructures, primarily in the form of colloidal nanocrystals embedded
in plastic or resin matrices.[12, 19-26] The latter preserve the advantages of the bright
and fast emission feature of the quantum-sized nanoparticles, and give them a good
protection against humidity and oxygen; nevertheless, they inevitably lead to a low
density composite, the matrices being mostly organic compounds. Nevertheless, in the
case of applications requiring ultra fast emission, such as TOF-PET, heterostructures
featuring lead halide perovskite nanocrystals hosted in a matrix can be the best option,

giving the excellent emission rates of such nanostructures.[27-29]

Aim of this work

The here presented manuscript describes the strategies explored during this PhD project
in order to describe and improve the performances of lead halide perovskite nanocrys-

tals as scintillators, either in a liquid or solid form.

In order to understand the project behind the illustrated approaches it is important to
be aware of the parameters that make these nanostructures promising scintillators, as
their rather easily obtainable high luminescence and short emission decay time, as well

as their inexpensive and easy fabrication.

On the other hand, it is crucial to focus on the features that need to be improved: a key
parameter for a good scintillator is the overall material’s density, since it impacts the
stopping power towards the ionizing radiation, and thus the probability of interaction
and, consequently, of radioluminescence. This is particularly important in the case
of colloidal nanostructures, since they need to be dispersed in a matrix for protection
against the environmental moisture. A matrix, which is typically organic, highly dilutes
the overall material’s density: even nanostructures containing components with high
effective atomic number Z.g , like the lead halide perovskite nanocrystals treated in this

work, can thus result in low density composites.

Another parameter that needs to be optimized is the light yield. As a matter of facts,
these nanomaterials have an intrinsically short Stokes shift, which implies a high overlap
between the optical absorption and photoluminescence spectra. This results in a high
probability of re-absorption of the light just emitted by the nanocrystals in the system,
and thus decreases and slows down the overall light emission. Moreover, this probability

of re-absorption increases with the concentration, since the emitted photons can either

Matilde BARAVAGLIO 2
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end up trapped in the system, not being able to reach the detectors, or go through
several emission-absorption-emission steps before escaping the system: this makes it
hard to load a composite with a high amount of nanoparticles, even though it would
benefit the stopping power, since it would negatively impact the light emission yield.
Thus, without being able to rely on the increase of the quantity of matter, an optical
light yield is crucial, since the more the incident radiations are converted in a narrow
energy range of emitted photons, the more the latter are likely to reach the detectors:

therefore, optimizing the light yield has a crucial role in the detection efficiency.

Consequently, this project focuses on strategies aiming to overcome the conflicting pa-
rameters impacted by lead halide perovskite nanocrystals short Stokes shift: increasing
the nanocrystals concentration would be beneficial for the overall system’s stopping
power towards ionizing radiations, but on the other hand the light self-absorption limits
the concentration increase. Thus, this thesis manuscript describes some studies devel-
oped to enhance the scintillating performances of such nanostructures, in either liquid

or solid media, overcoming their limited possible loading in their host.

As a first approach, halide perovskite nanocrystals have recently arose high interest in
the liquid scintillation field, again owing to their bright and tuneable light emissions,
their fast decay time and high effective atomic number: nevertheless, their performances
have been evaluated mainly as a dye, collecting the light emitted from other constituent
of the liquid mixture and then emitting by fluorescence.[30-32] One example is found
in literature of a study on CsPbBrs acting as both the ionizing energy collector and
radioluminescence emitter, once successfully coupled with PPO,[33] which is tradition-
ally used itself as a dye in organic liquid scintillators. Otherwise, the energy deposition
mechanisms in such lead halide perovskite nanocrystals and the factors limiting their
performances has yet to be explored. Liquid scintillation results then as an interest-
ing topic and opportunity to study the interaction between perovskite nanocrystals and
their surrounding media: in particular, great attention is focused in this work on the
energy deposition mechanism and on the eventual interaction between the dispersed
nanocrystals and the surrounding solvent. as a matter of fact, if the mechanism does
involve energy transfers from the solvent to the colloids, similarly to what happens in
traditional organic liquid scintillators, this would overcome the overall density issue, as

the first energy collector would be the solvent.

A similarly conceived approach to artificially engineer lead halide perovskite nanocrys-
tals’ Stokes shift is coupling them with a surrounding partner material, like a bulk crystal
or similar perovskite nanostructures with slightly different bandgaps. The latter’s role
would be to collect the incoming ionizing radiation, modulate it and transfer it to the

chosen, lowest bandgap, final emitter: an optimal transfer would artificially enlarge the
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overall system’s Stokes shift, thus entailing a high light emission from the final perovskite
NCs without having to increase their concentration, thus without increasing the risk of

light re-absorption.

Thesis outline

The here presented manuscript describes the strategies explored during this PhD project
in order to describe and explore the performances of lead halide perovskite nanocrys-

tals as scintillators, and it is organized in 5 chapters as follows.

Chapter 1 will provide an introduction to the main topics discussed in this thesis: a
fundamental background will be given on traditional colloidal semiconducting nanoma-
terials and their characteristic features, followed by an overview on perovskite nanocrys-
tals. The latter section will explain into detail all the reasons that made lead halide
perovskite nanocrystals so popular in various physics and chemistry fields, with a fur-
ther focus on these structures’ morphology and surface chemistry, and especially the
surface interaction with the typical stabilizing organic ligands. Afterwards, some back-
ground will be given on ionizing radiations, followed by their traditional detectors in the
form of bulk scintillators and liquid scintillators, with insights on each one’s common
application fields, advantages and disadvantages. The introduction chapter will be con-
cluded by an explanation of why lead halide perovskite nanocrystals gained interest in

the scintillation field and by an overview on the features needing further optimization.

Chapter 2 is conceived as a pedagogical instructions set for the lead halide perovskite
nanocrystals synthesis and characterization: the basic principles of the optical and struc-
tural characterization techniques used in this work will be given, such as optical absorp-
tion and emission spectroscopy, photoluminescence excitation spectroscopy and photo-
luminescence quantum yield, X-ray radioluminescence, optical and X-ray luminescence
decay rate, X-ray diffraction and transmission electron microscopy. Afterwards, some
theoretical insights will be detailed about colloidal perovskite nanocrystals formation
mechanism, in terms of nucleation and growth; this will be followed by an illustration
of the hot injection and ligand-assisted reprecipitation methods, which are the most
commonly used synthetic approaches. The final part of the chapter deals with the de-
scription of typical synthesis performed throughout this work, in particular dealing with
the selective syntheses of either nanocubes or nanoplatelets populations, and finally with

the option of embedding the colloidal nanostructures in a polymeric matrix.

Chapter 3 contains the work on lead halide perovskite nanocrystals as the primary

emitter in liquid scintillators, and on the possible parameters to consider in order to
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limit the light self-absorption, induced by the small Stokes shift, in such systems. The
possible considered energy deposition mechanisms are illustrated, followed by an expla-
nation of which parameters need to be optimized in order to be able to get information
on the actual mechanism involved in the radioluminescence. This is followed by the op-
timisation of such parameters, namely the nanocrystals’ colloidal stability, optimal size
and photoluminescence quantum yield. Once the samples optimized, they were tested
via the Triple-to-Double Coincidence Ratio technique, and the obtained information is
presented and explained. The final section of the chapter involves the attempts to trans-
fer such lead halide perovskite nanocrystals into polar solvents such as water, by growing
a protective shell around the nanoparticles, with the aim of expanding the application

fields of these liquid scintillators.

Chapter 4 continues the work on the Stokes shift artificial engineering of lead halide per-
ovskite nanostructures, started in the previous chapter, but transposed to solid systems:
the hypothesized energy transfers are illustrated, followed by the practical approaches
that were explored. Different populations of lead halide perovskite nanoplatelets and
nanocubes were mixed together in order to observe if efficient energy transfers from
the first to the second species can occur; then, nanoplatelets of different thickness were
produced via a one-pot synthesis and then stacked together on glass supports, and en-
ergy transfers from the thinnest to the thickest ones were investigated. Afterwards, the
same approach was applied to the induction of sub-nanostructures formation inside 2D
perovskite crystals and thin films, again in order to induce internal energy transfers and

thus reduce the re-absorption phenomenon.

Conclusions and perspectives chapter finally concludes the work and discusses future

outlooks.
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Chapter 1

Fundamental background

1.1 Colloidal semiconducting nanomaterials

Colloidal semiconducting nanomaterials, such as the famous chalcogenides CdS (cad-
mium sulfide), CdSe (cadmium selenide), ZnS (zinc sulfide), and perovskite nanocrys-
tals, are structures showing optical and electronic features of particular interest, owing
to the combination of their direct bandgap nature and their nanometric size range. This
particular information is key, since it results in their optical and electronic properties
being significantly different from their bulk counterparts, thus explaining the interest

that aroused around these materials.[34, 35]

Indeed, in bulk semiconducting materials electrons and holes have a continuous energy
spectrum, but, when decreasing the material’s size to the nanoscale, the energy levels
become discrete and the wavefunctions of electrons and holes change. This change
happens because their size is smaller than or comparable to the exciton Bohr radius
of the material, which represents the average distance between an electron promoted
to a higher energy state, after the absorption of a photon, and a positively charged
hole, representing the now-empty original energy state. The illustration in Figure 1.1
shows how this phenomenon affects the density of stated DOS in structures affected by
confinement in one, two or three dimensions: for the aim of this work, the focus will be
centered around 3D confined materials, also called quantum dots QDs, and 1D confined

materials, also called quantum wells. [36]

In summary, when electrons are confined, their energy is quantized, just like the energy
levels in an atom, and their wavefunctions change. In semiconducting nanostructures,
such as quantum dots, the confinement of electrons and holes increases the system’s en-
ergy: a first consequence is the absorption and photoluminescence features blue-shifting,

with the corresponding wavelengths decreasing with the nanomaterial’s size.[34, 37]

7
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FIGURE 1.1: Schematic illustration of broken symmetry and functional form of the
density of states in 1D, 2D and 3D confined materials. Reproduced from the work of
Edvinsson et al.[36]

It is important to understand how the nanoparticles’ size impacts their optical features,
therefore more details are here presented on one of the most influencing parameters, thus
the exciton Bohr radius. This factor is derived from the Bohr model, which was originally
developed to describe the hydrogen atom: this model suggests that the electron and hole
revolve around their common center of mass in circular orbits, similar to an electron in a
hydrogen atom. The exciton results in an electrically neutral, composite quasi-particle,
wherein the electron, promoted to a higher energy state after the absorption of a photon,
and the hole in its original energy state, are attracted to each other by the Coulomb

force.

The exciton Bohr radius represents the average distance between the electron and hole
within the exciton. For 3D semiconductors, it is calculated by using the exciton’s reduced
mass, calculated from the ones of the electron and hole p = (m *e mxp,)/(m *e +m*p,)

and the static relative permittivity €, of the material as follows:[38]

mocran ) (11)

where my is the free electron mass, n is a quantum number representing an energy
level and apy is the Bohr radius of the hydrogen atom. The exciton Bohr radius is an
important parameter in the study of excitonic properties, such as energy levels, binding
energy, and interaction strength, for various materials, including semiconductors and

organic molecules.[34, 39] It provides insights into the spatial extent and stability of
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excitons, which are crucial for understanding their behavior and applications, like in

optoelectronic devices and for studying light-matter interactions in materials.

In particular, the light absorption and photoluminescence features of nanocrystals, as
well as the effect of dopants, all depend strongly on the nanocrystals’ radius. In fact, if
r is the size of the confined dimension of the nanostructure, and rp is its exciton Bohr
radius, the ratio 5 = r/rp can be used to evaluate the confinement regime describing the
system. When 8 >>1, thus the size of the NC is bigger than the exciton Bohr radius,
the system experiences a weak confinement regime: in this case, the exciton’s binding
energy of is larger than the quantization energy of both the electrons and holes, and the
optical spectra of these nanocrystals are determined by the quantum confinement of the

exciton center of mass.[34] In this case, the exciton ground state energy is given by

h2m?
hw=FE;— FEy+ —— 1.2
g bt 2M7r?2 (1.2)
where L, is the exciton’s binding energy, £, is the semiconductor’s energy gap and

M=m.+my, is the exciton translation mass.[40]

However, the Coulomb force strongly affects the nanocrystal optical spectra as well,
as the electron and hole are both confined in the same volume: the Coulomb energy
of their interaction is on the order of e?/kr, where & is the dielectric constant of the
semiconductor. Since, as per the equation above, the quantization energy increases
with decreasing size as 1/r%, whereas the Coulomb energy only grows as 1/r, in large
nanocrystals the Coulomb interaction is more important than the quantization energies

of the electrons and holes.[34]

On the other hand, when 5 — 0 the system is in a strong confinement regime, for which
the optical spectra can be considered as spectra of transitions between electron and
hole quantum-size levels. In this case, the electron-hole Coulomb interaction becomes
only a small correction. The selection rules governing the interband transitions between
quantum-size levels of parabolic conduction and valence bands are very simple: transi-
tions are allowed only between levels with the same quantum numbers.[34] As a result,

absorption spectra are given by the following equation:[41]

2
hw, = By — E"(r) + ES(r) — 1.8 (1.3)

KT
Therefore, the nanocrystals absorption and luminescence spectra are determined by
quantum-size effects on the specie’s electronic structure. In particular, the different re-

sponses to quantum confinement are precisely the main difference between traditional
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Compound | rp (nm) Ref.
CdS 5.8 [42]
CdSe 5.3 [43]
CdTe 7.3 [44]
ZnSe 5.7 [45]

MAPbBrs | 4.0 (46, 47]

MAPbI; 4.4 (46, 48]
CsPbCl3 5 [10]
CsPbBr3 7 [10, 49, 50]
CsPbl; 12 [10]

TABLE 1.1: Exciton Bohr radii for some examples of semiconductors.

quantum dots and perovskite nanocrystals, in terms of their optical features. Table 1.1
shows some examples of exciton Bohr radii for famous semiconductors, such as CdS,
CdSe, CdTe and ZnSe, compared to the ones of some perovskite structures. The latter
have indeed a much smaller Bohr radius, making the corresponding perovskite nanocrys-
tals, whose size is typically in the order of 10-15 nm, experience weak confinement. This
is the reason behind the fact that, in order to change perovskite 3D nanocubes’ optical
absorption and emission, a size selection alone doesn’t allow to roam that much in the
visible range, for which it is much more effective to change the chemical composition. On
the other hand, in the case of perovskite 2D nanoplatelets, the quantum well’s thickness
is smaller than the exciton Bohr radius, and thus nanoplatelets’ optical features are much
more impacted by the quantum-size effects on the specie’s electronic structure. This will
be further shown in the following section, dedicated to perovskite nanostructures. On
the other hand, traditional chalcogenide QDs undergo strong confinement, allowing to
obtain very different optical features in all the visible range by only modifying the NCs

sizes, as depicted in the example in Figure 1.2.[35]

FIGURE 1.2: Fluorescence of CdSe/CdS core/shell nanoparticles with a diameter of 1.7
nm (blue) up to 6 nm (red), giving evidence of the scaling of the semiconductor band
gap with particle size. Reproduced from the work of Roduner et al.[35]

Matilde BARAVAGLIO 10
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The cited examples, i.e. CdS, CdSe, and ZnS quantum dots have been particularly
studied in the last forty years due to their unique properties.[51-55] CdSe nanocrystals,
for instance, exhibit a large range of photoluminescence emissions in the visible spectrum,
with a high quantum yield, easily obtainable just by controlling the NCs size; ZnS
nanocrystals are known for their excellent stability and resistance to oxidation, making
them ideal for applications that require long-term stability; CdS nanocrystals have shown
to exhibit a strong piezoelectric effect, making them suitable for mechanical energy
harvesting applications. These properties made these materials very popular during the
recent development of optoelectonic devices, either alone or most commonly combined

in core/shell structures allowing to benefit from their different advantages.[56—60]

Certainly, these quantized energy levels and adjustable energy gaps sparked significant
interest in the field of nanomaterial science during the last century, due to the resulting
unique properties and potential applications: for instance, the size-dependent energy
band gaps, that can be tuned to obtain the emission of specific wavelengths of light,
make nanostructures great candidates for optoelectronic devices such as light-emitting
diodes (LEDs) and solar cells.[1, 6-9, 61] Furthermore, colloidal semiconducting nano-
materials have very high surface area-to-volume ratios, which enables them to interact
with molecules and ions in their surroundings, making them excellent sensors for detect-
ing gases, chemicals, and biological molecules.[62-67] Commercially, one of their most
widely known uses is in forming the basis QLED television screens where dots of dif-
ferent sizes are excited by blue light and then emit pure red and green light to give
the three-colour output of the pixels in a TV screen. Moreover, they also have uses in
biotechnology, catalysis, sensors, solar cells and more. In particular, quantum dots have
just been the topic of the 2023 Chemistry Nobel Prize, as the committee highlighted the
use of quantum dots in medical devices that are used to map biological tissue: because
the dots’ fluorescence is brighter and longer-lived than that of other fluorescent tags,
such as molecular fluorophores, they can help to guide surgeons when removing tumours,
for example.[68] In 2021, global sales of quantum dots were worth around $4 billion, a
figure that is predicted to double by 2026.[69]

To conclude, colloidal semiconducting nanomaterials have garnered significant interest
due to their unique properties induced by quantum confinement, which make them
suitable for a wide range of applications including optoelectronics, biosensing and energy

harvesting.
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1.2 Perovskite nanocrystals

Halide perovskite nanocrystals stand out in the nanomaterials field as direct bandgap
semiconductors of ionic nature which were the first in the colloidal NCs family to exhibit
bright photoluminescence over the entire visible spectral range without electronic surface
passivation,[2] showing very bright and fast photoluminescence, allowed by their direct
bandgap (Figure 1.3), the quantum-sized effects on their excitonic PL emission, as well as

a high tolerance of the electronic properties to the material’s defects and surfaces.[1, 3-5]

Perovskite nanocrystals are named after their crystal structure, which matches the min-
eral perovskite, i.e. the calcium titanate CaTiOs, which was first discovered in the Ural
mountains of Russia and named after Russian mineralogist L. A. Perovski (1792-1856).
These nanomaterials thus appear in the ABXj3 structure, A and B being cations of largely
different size, and X being an anion: typically the B%* cation is in a 6-fold coordination
with X~ anions, thus forming [BXg]*~ octahedra which are ideally arranged in a cubic
structure, and where the bulky AT cation is in a 12-fold cuboctahedral coordination.

An illustration is presented in Figure 1.4.

The nature of the A cations that can fit into this cavity is limited by the resulting struc-
tural stability, which can be evaluated by some tolerance factors, namely the octahedral
factor u, the Goldschmidt tolerance factor ¢, and the modified Goldschmidt tolerance

factor 7.

(a) ) ©
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FIGURE 1.3: Band structure (a), TDOS (b), and PDOS of orthorhombic CsPbBrj
obtained using the nmBJ-GGA+SOC potential (¢, d). Reproduced from the work of
Ghaithan et al.[70]
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FIGURE 1.4: Illustration of a general ABX3 perovskite colloidal cubic nanocrystal
surrounded on the surface by its stabilizing organic ligands. The species dimensions
are not in scale.

The simplest stability prediction factor is the octahedral factor, which is determined as

the ratio of the ionic radii of the B cation rg over the halide rx:[71]

== 14
= (1.4)
According to this this parameter, if  ranges between 0.41 and 0.89, the [BXg]*~ octa-

hedra, and by extension the perovskite structure, are considered stable.

Next, the Goldschmidt tolerance factor ¢ can predict the stability of the perovskite
structure based only on the chemical formula, ABX3, and the ionic radii, r;, of each ion
(A,B,X), and it is expressed as follows:[72]

TA+TX

N V2(rg +rx) (15)

This method has been used for the past 90 years to predict whether a material could
be stable in a perovskite structure (¢ > 0.71), and whether in a orthorhombic or rhom-
bohedral structure (0.71 <t < 0.9) or in a cubic structure, where the A and B cations
have the ideal size (0.9 <t < 1). If t > 1, the A cation is too big or the B one is too

small, and again the material will not be stable in a perovskite structure.

However, since recent studies have reported how this t factor lacks in accuracy, in par-

ticular showing different reliability for different halide compositions,[73] a new tolerance
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factor, claimed to exhibit an overall accuracy of 92% and nearly uniform performance

across oxides and halides, was proposed as it follows:[74]

rX rA/TB
_ X (n,— —TA"B 1.6
T n (n 0 ) (1.6)

(ra/rs)

In this formula, where n, is the oxidation state of the cation A, r; is the ionic radius of

ion i, r4 > rp by definition, and t < 4.18 indicates perovskite structure.

According to these factors, a vast range of compositions results in stable ABX3 perovskite
structures, either fully inorganic or hybrid organic-inorganic: in the first case, A is a large
monovalent cation, typically Cst or RbT, B is a bivalent cation, like Pb>t, Sn?*, Ge?*+
and X is an anion, typically oxide O?~ or an halide like C1~, Br~ or I~. Otherwise, in the
case of hybrid organic-inorganic perovskite, the A component is represented by a small
organic cations as methylammonium CH3NH; (abbreviated MAT) or formamidinium
CH(NHz)5 (abbreviated FA*). Halide perovskites structure usually deviate from the
ideal cubic phase and present several polyforms depending on the temperature and
composition, with their composition-dependent phase transitions described in recent

litterature.[75, 76]

This vast range of composition possibilities allows the development of diverse engineered
materials for different applications, as just by tuning the chemical composition and the
nanocrystals size it is possible to obtain tunable and narrow photoluminescence spectra
in all the visible range and high color purity, with high photoluminescence quantum
yields and fast photoluminescence decay times. Typically, by switching from chloride,
to bromide, to iodide-based composition, it is possible to tune the photoluminescence
maximum from blue to red color, with all the intermediate gradients obtained from

mixed compositions, as illustrated in Figure 1.5.]1, 10]

These nanomaterials have quickly become a real trending topic, showing around 25000
papers containing the word “perovskite” in their title just in the past five years. The
high interest towards them is justified by their great potential for a broad range of
applications, from photovoltaics to optoelectronics and photocatalysis. Last years re-
searches have investigated various aspects of both these materials photophysics, for
stimulated emission and lasing,[10, 78-81] light-emitting devices,[82-87] and single-
dot spectroscopy,[88-93]) as well as their chemistry, for surface reactions,[94-98] post-
synthetic anion exchanges,[99-102] X-ray lithography,[103] shape-engineering,[104-107]
self-assemblies,[108-111] and up-scaling and further variations of the synthesis.[112, 113]
One of these nanocrystals most celebrated features is their bright PL, which does not

require electronic passivation with epitaxial layers of wider-gap semiconductor[114-116];
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FIGURE 1.5: Colloidal perovskite CsPbX3 NCs (X = Cl, Br, I) exhibit size- and

composition-tunable bandgap energies covering the entire visible spectral region with

narrow and bright emission: (a) colloidal solutions in toluene under UV lamp (Aexc =

365 nm); (b) representative PL spectra (Aexe = 400 nm for all but 350 nm for CsPbCl;

samples); (c) typical optical absorption and PL spectra; (d) time-resolved PL decays

for all samples shown in (c) except CsPbCl;. Reproduced from the work of Protesescu
et al.[10, 77]

moreover, other phenomenal characteristics include outstanding photovoltaic perfor-
mances characterized by power conversion efficiencies exceeding 26%,[117-120] very low
density of carriers (109 — 10!t em™3)[121, 122] and traps (10° — 100 cm™3),[122] as well
as high carrier mobilities (25 — 100 cm?V~1s71).[121, 123]

The optoelectronic features are not the only property for which these materials have been
chosen for this work, since the presence of heavy B?* cations in the chemical structure,
in particular lead, give these nanomaterials a high Zeg number, as well as the choice
of caesium as the AT cation. Finally, in terms of the anion, the choice fell on bromide
because of the superior brightness of Br~-based perovskite nanocrystals compared to
the chloride alternatives, and because of the better stability compared to the iodide
counterparts.[10] The interest of these particular CsPbBrs nanostructure thus relies on
their suitability for efficient interactions with ionizing radiations, as better investigated
later in this chapter. In fact, these nanocrystals show bright radioluminescence, with
fast effective scintillation decay time 7Teg in the order of 10 ns.[18, 21, 22, 24, 25, 124~
126] This fast time response can be crucial for applications relying on time coincidence
detection, as it is the case for time of flight-positron emission tomography (TOF-PET)
scans for cancer detection, for example. This features are the reason why these materials
were judged as promising candidates for the optimization of a new generation of fast,

bright and easy-to-make scintillators.

All of these outstanding electronic and optical characteristics are quite surprising in light
of the high structural disorder present in such materials, observable in the high density

of vacancies (up to 1% of Schottky defects),[127] unusual ionic rotations,[128-130] and
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FIGURE 1.6: (a) Energy scheme of two limiting cases of the band structure in semicon-
ductors: conventional defect-intolerant (left) and ideal defect-tolerant (right). Bonding
and antibonding orbitals are identified as o and o*, respectively.[130] (b) Simplified
depiction of the bonding in MAPbI;.[3] Reproduced from the work of Dirin et al.[136]

high ionic mobilities.[131-133] Normally, structural defects in semiconductors lead to
a high density of corresponding defect energy states within the bandgap, resulting in
trapping states: the rare feature where intrinsic defects do not lead to this detrimental
consequence is the so-called defect-tolerance. The latter is one of the features which
really makes these perovskite nanostructures stand out, as contrary to other traditional
semiconducting nanocrystals, they are able to retain the electronic structure regardless

of a high concentration of defects in the material.[3, 11, 123, 134, 135]

The defect-tolerance of the electronic structure of methylammonium lead iodide MAPbI3
has been rationalized by Brandt et al.,[3] and it is illustrated in Fig. 1.6. Their work
propose that the valence band’s maximum is formed by antibonding orbitals, arising
from hybridization between the Pb(6s) and I(5p) orbitals. On the other side, the con-
duction band undergoes strong spin-orbit effect that result in its broadening: this results
in the shifting of the bottom of the conduction band to below the Pb(6p) atomic or-
bital, which increases the likelihood that halide vacancies will form intraconduction band
states. Consequently, compositional vacancies or interstitial atoms more likely result in

resonances inside the bands, and not in detrimental intragap states.[130, 136]

In addition to that, it is not insignificant that these versatile lead halide perovskite
nanocrystals are also obtained from easy and quite inexpensive synthetic processes,
typically solution-based methods such as hot injection or ligand-assisted reprecipitation
(LARP): with these methods, the particle size and emission wavelength can be tuned
just by choosing the right precursors and reaction conditions. A description of these

synthetic processes is given later in Chapter 2.

A final remark concerns a phenomenon that can have a detrimental impact on the op-
toelectronic properties of these perovskite nanostructures when they are highly concen-

trated, thus the significant potential self-absorption of the emitted light. Nevertheless,
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FIGURE 1.7: Ensemble absorption (solid blue lines) and PL (dashed red lines) spectra
for a representative size series of (a) CsPbl3, (b) CsPbBr3 and (¢) CsPbClI3 NCs in
toluene. PL spectra were acquired by exciting dilute NC ensembles at their respective
band edges. Asterisks above each PL spectrum in (a-c) represent approximate PL
excitation energies. TEM-derived l-values provided adjacent to corresponding spectra.
Gaps in PL spectra indicate where Xenon arc lamp excitation has been cropped out.
Spectra offset for clarity. (d) Associated Stokes shift versus 1 for CsPbI3 (solid red
line/diamonds), CsPbBr3 (dashed-dotted green line/circles) and CsPbCl3 (dashed blue
line/triangles). Reproduced from the work of Brennan et al.[139]

high concentrations would be beneficial for the scintillation performances of the material,
as they would increase its stopping power. This issue is due to their small Stokes shift,
describing the phenomenon for which a fluorescent material’s emitted light is shifted to
longer wavelengths than the original absorbed light: this red-shift is due to the amount
of energy lost during the process, due to non-radiative relaxation pathways like heat
dissipation. When the Stokes shift is small, as in the case of lead halide perovskite
nanocrystals , there is a high probability of light re-absorption, since the emission spec-
trum overlaps the absorption one: due to this overlap, the emitted light has a high
chance of being re-absorbed by the surrounding nanocrystals and not being to escape
from the medium and reach the PMT, causing a decrease in the photoluminescence

quantum yield.[137, 138]

Brennan’s studies on lead halide perovskite nanocrystals’ Stokes shift concluded that
these species’ absorbing and emitting states are intrinsically different, and show size-
and halide composition-dependent energies, as summarized in Figure 1.7.[139] The short
Stokes shift results from intrinsic features due to band edge exciton fine structure,
whereas reabsorption and polaron formation were excluded.[139-141] This interpretation
was recently confirmed by temperature-dependent absorption and photoluminescence
spectroscopy on CsPbBrs three-layers nanoplatelets, where a temperature-dependent

Stokes shift was observed and attributed to the exciton fine structure.[142]
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Nevertheless, this information still leaves room for some solutions. First, nanocrys-
tals can be coupled with a fluorophore acting as a wavelength shifter, thus absorbing
the light emitted by the NCs and emitting at a longer wavelength, not overlapping
with the nanocrystals absorption spectrum anymore;[25] otherwise, non-radiative en-

ergy transfers can be similarly used to red-shift the final light emission.[143-149]

1.2.1 Morphology and surface chemistry

Perovskite QDs are generally cubic-shaped nanocrystals reflecting the intrinsic near-
cubic symmetry of the crystal lattice: in fact, they are typically observed in three 3D
polymorphs, namely cubic, tetragonal and orthorhombic, with the cubic phase existing
at high temperature.[150] In the case of colloidal CsPbBrs nanoparticles, they have been
confirmed via synchrotron X-ray diffraction and total scattering techniques to have the

orthorhombic (Pnma) structure,[151] illustrated in Figure 1.8.

Nevertheless, the 3D cubic morphology is not the only possible one: depending on the
precursors ratio and on the ligand type, it is possible to obtain either cubes, rods,

platelets or wires,[104-106, 161-164] the two latter illustrated in Figure 1.9.

The morphology of the nanostructure has a crucial impact on the resulting optical
properties and applications: first, as already discussed, the more the structure’s size is
reduced, the more the excitons are affected by quantum confinement. The dimensional-
ity has a key role in this, since a nanocube, a nanoplatelet (NPL) or a wire respectively
undergo 3D, 2D or 1D confinement, resulting in different functional forms of the cor-

responding density of states, as previously illustrated in Figure 1.1. As discussed in

FIGURE 1.8: Illustration of the CsPbBrs Pnma orthorhombic structure. Reference
XRD patterns were searched on Crystallography Open Database COD[152-159] and
imaged with VESTA software[160].
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FIGURE 1.9: Illustration of ABX3 perovskite nanowire (a) and nanoplatelets of increas-

ing thickness (b), with their stabilizing organic ligands on the surface. Nanoplatelets’

thicknesses are expressed in terms of the number of [PbBrg]*~ octahedra stacked planes
n, and the illustration legend corresponds to that of Figure 1.4.

the previous section, whereas perovskite 3D nanocubes are not majorly affected by the
quantum size effects on their excitons, in the case of nanoplatelets the thickness can
be smaller than the material’s Bohr radius: as shown in Figure 1.10, tuning the NPLs
thickness allows their photoluminescence to roam in the visible range.[165] In addition
to this effect, both the ligand bond strength and the nanoplatelets thickness play an
important role in determining their optical properties,[166] as the stacking of [PbBrg|*~
octahedra planes leads to the formation of minibands, further shifting the bandgap en-

ergies; moreover, when the thickness n < 2, a new large exciton binding is found at an
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FIGURE 1.10: PL emission of MAPI NPls of individual thickness. a) Images of cuvettes
containing MAPI NPI suspensions illuminated with UV-light. From left to right, the
thickness increases from a single monolayer (n= 1) stepwise initially to a bulk-like value
(n=00). b) PL-spectra of the aforementioned dispersions showing the blueshift with
decreasing NP1 thickness. Reproduced from the work of Hintermayr et al.[165]
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energy up to several hundreds of meV, that partially counteracts the blue-shift induced

by quantum confinement.[161]

Interestingly, the morphologies can be engineered in order to tune the resulting optical
features. A first example is the exploitation of specific nanostructures aggregation, that
in the case of 3D nanocubes can give rise to collective emission phenomena, showing
shifted optical features.[109, 111] Then, in case of 2D nanoplatelets, literature provides
examples of non radiative energy transfers occurring between stacks of nanoplatelets of
different thickness, which has the effect of modifying the system’s Stokes shift.[146, 147,
167] Nanowires, on their side, are promising candidates for optoelectronic devices,[105,

162] as lasing cavities.[79]

1.2.1.1 Ligand binding and surface reactions

The fact that lead halide perovskite nanocrystals do not need surface electronic passi-
vation in order to maintain their optical features has already been discussed; however,
since this work mainly discusses of colloidal systems, surface ligands are a crucial com-
ponent of the studied samples. as a matter of fact, their role in these cases is to make
the nanocrystals colloidally stable by means of steric repulsion, i.e. to stabilize the

dispersion and prevent the NCs aggregation and precipitation.

Many studies have been published in recent years unraveling the synthetic and post-
synthetic chemistry of lead halide perovskite nanocrystals:[166, 171-174] the basis of
these studies is the understanding of the nature of the bond between the nanoparticles

and their surface stabilizing ligands.

A relevant and commonly-used approximation is the covalent bond classification (CBC),
which considers every nanocrystal-ligand interaction as a covalent two-center-two-electron

bond.[168] Based on the number of electrons donated by the ligand (in their neutral

(a) (b)

L ®
o o O~ G-+
O M = metal
0@, s X E = nonmetal O o A O@_ A@
s

FiGurge 1.11: Illustration of the coordination of different types of ligands to metal-

chalcogenide nanocrystals in Green’s CBC classification[168] (a) and in the ionic

model[169] (b). Figure (a) and (b) are reproduced respectively from the works of
De Roo [170] and [171].
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state) to the nanocrystal-ligand bond, the binding modes are classified as L, X, or Z
type, respectively when 2, 1, or 0 electrons are donated by the ligand, as illustrated in
Figure 1.11(a).[170]

Nevertheless, considering every bond a covalent interaction is not an accurate approxi-
mation in case of ionic interactions or hydrogen bonds: a second model that can be used
to better describe these latter situations is the ionic model. This one classifies ligands as
Lewis acids or Lewis bases, either neutral, respectively A or B, or charged, respectively
AT or B™ in Figure 1.11(b).[169] It is good to underline that the CBC model classifies

the binding modes, whereas the ionic one classifies the ligands.

Once this conceptual frameworks described, it is possible to move on to the nanocrystals
binding motifs, i.e. the particular combinations of nanocrystal stoichiometry and ligand
type.[170] Since these colloidal perovskite nanocrystals ionic nature imposes their syn-
thesis and storage in nonpolar solvents, the condition of total charge neutrality applies.

Written in the ionic model, five different types of binding motifs can be listed:[169, 171]

- NC[(M™")(B™)y] : a cation rich core with anionic ligands
- NC[(E™)(A™),] : an anion rich core with cationic ligands
- NCJA] : a stoichiometric core with neutral Lewis acid ligands
- NCJh] : a stoichiometric core with neutral Lewis base ligands

- NC[(AT)(B7)] : a stoichiometric core with a stoichiometric mixture of cationic

and anionic ligands

The binding motif rationalises the affinities of the NCs surface components with different
ligands. In CsPbBr3 nanocrystals the typical species found on the surface are Cs®t and
Br’~ anions, as it was confirmed by solid-state NMR spectroscopy,[175] with the charge
densities depending on the species nature and on eventual vacancies. Good options of
stabilizing ligands are then organic long-chain ammonium species, thus electron accep-
tors, and organic long-chain carboxylates, thus electron donors: typical examples are
oleylammonium or quaternary alkylammonium cations, or oleate anions. As mentioned,
the nature of the bonds depends on the species that are exposed on the surface, which
depends of course on the nanocrystals chemical composition, and on their dimensions,

the latter’s dependency as illustrated in Figure 1.12(a).[176]

Lead halide perovskite nanocrystals developed in literature are traditionally stabilized

by long and bulky amphiphilic ligands, e.g. oleylammonium and oleate,[95, 177] where
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the alkylammonium cations occupy Cs surface positions and oleate anions bind to Pb
sites.[175, 176]

Moreover, zwitterionic species are becoming increasingly popular as colloidally stabiliz-
ing ligand:[98] this class of molecules has an equal number of both positive and negative
charges in their structure, being then neutral as a whole. Having both positively and
negatively charged functions, they are able to interact strongly with the surfaces of
colloidal nanocrystals, which also present both partial positive and negative charges.
Additionally, when zwitterions are also amphiphilic, with the two charged functions
placed near one end and a long apolar chain on the other end, they can provide a
good bulky and apolar barrier: this feature has already been described as effective in
providing colloidal stability by preventing by steric hindrance the nanocrystals aggre-
gation and growth.[176, 178] Examples of these species are sulfobetaines,[98, 179, 180]
amminoacids,[181-183] polymers[184, 185] and natural compounds like soy lecithin, with

which colloidal nanocrystals concentration as high as 400 mg/ml were obtained.[186]
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FIGURE 1.12: (a) Size-dependent halide/lead ratio (X/Pb) of cubic CsPbXj3 NCs,
where Cs, Pb, and X atoms are depicted by green,orange, and gray spheres, respec-
tively. Unlike in the bulk, in a NC the halide/lead ratio deviates from three, with
the upper bound (green circles) and lower bound (orange circles) given by CsX and
PbX5 termination, respectively. The inset shows commonly found experimental sizes,
for which the halide/lead ratio should vary only between about 2.8 and 3.2, indicated
by the yellow shaded area. (b) To aid the discussion of aging, the NC is arbitrarily
divided into core, inner, and outer shell. For a realistic NC requiring colloidal stability,
the outermost layer is commonly replaced either by ligand pairs {AX’}, where A =
cationic ligand (e.g., oleylammonium) and X’ = anionic ligand (e.g., bromide, oleate),
respectively, or more recently also with zwitterionic ligands {AX’}, e.g., sulfobetaines.
In either case, the anion/lead ratio (now [X + X’|/Pb) still falls within the yellow
shaded area depicted in (a), and green circles correspond to full capping by the {AX’}
ligand shell. Reproduced from the work of Bodnarchuck et al.[176]
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It is finally important to remark the amount of surface reactions possible for these
CsPbBrs nanocrystals (Figure 1.13[187]):[171] first, the nature of the bonds with the
ligands makes an adsorption/desorption equilibrium and continuous.[188-190] Second,
simple ligand exchanges are possible, where a ligand is replaced by another of the same
nature, like a Lewis bases and another Lewis bases, etc;[190, 191] also, Lewis acids can
be displaced from the surface by Lewis bases and vice versa.[192, 193] Then, bound
Lewis bases can be protonated and form salts of which the anion and the cation can
both interact with the nanocrystal to balance the charge.[194] Moreover, mixed binding
motifs can get formed depending on the surrounding chemical environment, for example
the exchange of a halide for a carboxylate is facilitated by the presence of amine on the
surface.[195]

Finally, the bound ligand can be converted in another chemical species that is no longer
able to bind the nanocrystal surface, and thus leave it: examples include amidification,
esterification, alkylation, etc.[196, 197] Ultimately, depending on the chemical environ-
ment, the whole CsPbBrs nanocrystals structure can be damaged, partially or fully
converting to, for instance, CsX, CsPbeX5, PbXg, or CsyPbXg phases,[198-206] or even

fully disintegrate upon action of various polar agents or complexing agents.[176]

The described nanocrystals chemical dynamism has been extensively exploited during re-
cent years[174] to finely tune the nanoparticles optical properties,[207-209] morphology,[105,
162, 210, 211] size[212, 213] and surface stability.

Nevertheless, this reactivity can be a drawback: the weakly-bond ligands and their
adsorption/desorption equilibria make perovskite nanocrystals known to be chemically

unstable.[176] In particular, they can fully disintegrate upon action of various polar

X-type L-type

BX', BX, @ A=Cs,Rb, MA, FA, ...
R ZHX /L' @B =Pb, Sn, Ge, ...
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X=0,dl,Br,|, ..
%~ BX,
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(L-promoted)

F1cURrE 1.13: Examples of several ligand exchange reactions are shown. Adapted from
the work of Owen et al.[187]
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agents, namely water, or complexing agents. Strategies for mitigating the instability
issues include addition of new ligands or inorganic salts to the synthesis,[98, 204, 214
217] post-synthetic treatments,[218-226] and their embedding into a solid matrix.[97,
184, 227-236]

In conclusion, the versatility of lead halide perovskite nanocrystals surface chemistry
can be a great tool allowing to play both with the NCs dispersions size, colloidal and
chemicaly stability, optical features and morphology, depending on the ligands’ binding
motifs and chemical structure, in terms of chain length and ramification. Therefore, this
gives a vast variety of possibility for both the NCs synthesis optimal protocol choice and

the development of post-synthetic treatments.

1.3 Ionizing radiations and scintillating phenomena

Tonizing radiation is a term including any type of radiation having enough energy to
remove tightly bound core electrons from atoms. These radiations are composed of
highly energetic particles or electromagnetic waves, and they can penetrate and interact

with matter on an atomic level.

There are several sources of ionizing radiations, starting with natural sources such as
cosmic rays coming from space and radioactive elements naturally present on Earth.
Natural radiation comes from over 60 radioactive materials found in soil, water, and
air: for example, Radon gas, which originates from rocks and soil, is a primary natural
radiation source that is inhaled and ingested by individuals. Moreover, people receive

natural radiation exposure from cosmic rays, particularly at high altitudes.

Additionally, there are human-made sources, including nuclear power plants, X-ray
tubes, synchrotron accelerators, high-energy physics experiments involving high par-
ticle collisions, as well as industrial processes that produce radioactive materials. The
majority of artificial radiation exposure comes from medical uses: diagnostic radiology
examinations, nuclear medicine procedures, and radiotherapy treatments are the most

common medical applications.

There are several types of ionizing radiations, each of them resulting from different emis-
sion phenomena and showing different features and interaction abilities: energetically

unstable elements which disintegrate and emit ionizing radiation are called radionuclides.

Each radionuclide is identified by the type and energy of radiation it emits, as well as its
half-life. The latter is the time required for the activity of a radionuclide to decrease by

decay to half of its initial value, and this can range from fractions of a second to millions
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of years, depending on the material and on the type of process. One disintegration per
second is also used as a unity of measurement of the activity of a radionuclide, expressed
in becquerels (Bq), which stands for the activity of a quantity of radioactive material in

which one nucleus decays per second.

These ionizing radiations can have different natures, as they can manifest in the form

of particles (alpha, beta) or electromagnetic waves (gamma or X-rays).

First, alpha particles consist in Helium nuclei, thus composed of two protons and two
neutrons, relatively large and heavy: they are positively charged and show low pene-

trating power, as they can already be stopped by a sheet of paper.

Beta particles are high-speed electrons or positrons emitted during the decay of certain
radioactive materials: their size is smaller compared to alpha particles, and they have
greater penetrating power than the latter, for instance they can be stopped by a few

millimeters of aluminium foil.

Further, gamma rays are electromagnetic waves of high frequency (3 - 10* Hz) and
energy (in the order of 100 keV): typically emitted by excited nuclei, they have no
charge or mass, making them ultra-highly penetrating and capable of passing through
thick layers of material. They require dense materials, such as lead or concrete, to

effectively attenuate them.

Descending to less energetic waves, X-rays are also electromagnetic radiations, typically
emitted by excited atoms, showing strong penetrability and a vast range of energies
that classify them as either "soft”, with energies below 10 keV, or “hard”, with energies
ranging from 10 to 200 keV.[237] With the discovery of X-rays by Wilhelm Rontgen
in 1896,[238] and the invention of the photomultiplier tube, the research on X rays
applications has made great progress: they are now widely used in various important
fields such as medical imaging, nuclear medicine, nuclear prevention, high energy physics,

homeland security and industrial non-destructive testing[27, 125, 239].

The working principle of X-ray imaging is to map the attenuation of X-ray radiation
after it passes through different kinds of target. In the case of living matter, thus mainly
for healthcare applications, X-rays can be used to obtain high-resolution radiographies
of internal organs; on the other hand, objects of various composition can be tested for
nuclear and homeland security and for industrial applications, with a daily-life example

being the scanning of packages and suitcases operated by the transportation facilities.

From the healthcare point of view, many diagnostic imaging techniques, as well as
therapies against cancer rely on these radiations, but on the other hand, exposure to

these kinds of radiations can have severe biological effects, as the ionization process
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can disrupt atoms and molecules in living cells. The consequent side-effects can range
from mild, such as skin reddening, hair loss, burns, to severe, such as mutations or the
development of cancerous cells.[240, 241] Also, lower radiation doses delivered over long
periods (low dose rate) pose substantially less risk, because the body has a higher chance
of repairing the damage; however, there is still a risk of long-term effects like cancer or
cataracts that may appear years or decades later, and children and adolescents are more
susceptible to radiation than adults.[242, 243] Therefore, for healthcare applications it
is crucial to exploit the possible benefits of these radiations but at the same time to
diminish the exposition time and intensity for the patient, meaning that the detection
needs to be as efficient as possible. These needs match well with the proper safety
measures and radiation protection protocols that must be set up in environments where

ionizing radiation is present.

As X-rays exhibit the benefits of deep tissue penetration and a minimal background
fluorescence in biological samples, the use of X-ray luminescence as an optical tool
has been growing in its potential for addressing challenges in imaging, biosensing, and
therapeutics. Recently, the introduction of nanocrystal scintillators has expanded the
range of applications for X-ray luminescence, enabling high-resolution X-ray imaging,
fluorescence-free detection of biomarkers, and noninvasive phototherapy in deep tissues.
Additionally, X-ray luminescence shows promising results in overcoming the limitations
of treating deep-seated lesions and achieving a combined approach of radiotherapy and

phototherapy.[244]

On the nuclear security side, the fields that need optimal performances in ionizing radia-
tion detection are numerous and varied in scope: the direct search, detection and identi-
fication of nuclear materials, the contamination zone mapping, the materials control and
accounting, the weapons control and treaty verification, the countering of the threat of
nuclear materials smuggling and so on. These applications have different requirements,

depending of the detection type, and also a wide range of production demands.[125]

There are two main categories of modern X-ray detection techniques: direct conversion to
electrical signals, and indirect conversion through scintillating materials. In the first case,
the X ray is converted to an electrical signal by a semiconductor, whereas for indirect
conversion the interaction between the X ray with a scintillating material produces a high
amount of low energy, visible photons, that can be easily detected by low-cost sensing
arrays like photomultiplier tube (PMT), avalanche photodiode (APD), amorphous-Si
photodiode matrix, and charge-coupled devices.[14, 245]

As a matter of fact, there is currently hardly any direct converting material being pos-
sibly competitive for commercial use in X-ray medical imaging, with selenium (Se) de-

tectors being the exception for mammography.[246] Even the most competitive direct
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converters with high resolution, CdTe and CdZnTe (CZT), still suffer from low response
rate and temporal effects such as long afterglow caused by electron trapping.[18, 246-248]

Moreover, large-size semiconducting wafers with low noise current and high mobility-
lifetime-product are difficult to manufacture, making it challenging to achieve the desired
price-to-performance ratio for commercial applications.[247] Therefore, emerging indi-
rect conversion scintillating materials have attracted more research interests for ionizing

radiations detection.[249]

Accordingly, as previously introduced, in order to detect and analyze ionizing radiations
without their high energy damaging the instrument, the detection methods that have
been conceived often involve scintillators, which act as indirect detectors: consistently
with Figure 1.14, these materials convert the ionizing radiation into a large number of
visible photons, which are in turn collected by a classic photomultiplier tube and then
converted into an electrical signal, which is then amplified and recorded. The data
collected via this type of setup provide information about the energy and intensity of

the original ionizing radiation.

This detection principle would be impossible to understand without giving insights about
the scintillation phenomenon, thus how one ionizing radiation in the order of MeV or

GeV is down-converted to a large amount of low energy, visible photons of a few eV.

In most inorganic scintillators, the production of light is due to the excitation of electrons
in the material’s components (in general, luminescent centers acting as activators), which
are promoted from their ground state to a highly excited energy level and then return
to their ground state by releasing energy in the form of photons. Based on current
consensus, three main stages are involved in the whole scintillation process, from the
initial interaction between the high energy radiation and the scintillating matter to the
final visible-light emission, and the schematic scintillation mechanism is presented in
Figure 1.15.[250, 251]

PMT

lonizing radiation AN = <
A\r
AR = {l

Scintillating crystal Digital signal

FI1GURE 1.14: Schematic illustration of the functioning principle of a scintillation de-
tector.
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F1GURE 1.15: Schematic scintillation mechanism in inorganic bulk scintillation crys-

tals, following the relaxation of the "hot” electron in its highly excited state. E¢ refers

to the top energy of core band, and AFE¢ represents the corresponding bandwidth;

Evypu refers to the top energy of the valence band VB (Ey gy = 0), and AEy rep-

resents its bandwidth; Ecgas refers to the bottom of the conduction band CB, and

E, represents the bandgap; V stands for self-trapped holes, and C™ represents ionic
centers. Reproduced from the work of Vasil’ev et al.[250, 251]

In the first stage, the ionizing photon interacts with the scintillating material by pro-
ducing a photoelectric effect: the radiation possesses an energy high enough to interact
with the core electrons, leading to the latter’s excitation to highly excited energy states.
This excitation leads thus to the formation of what are called a deep hole (h™), rep-
resenting the former energy state of the now excited electron, and the latter, which is
in turn called hot electron (e~), respectively situated in the inner core band and in
the conduction band CB. At this point, the hot electron rapidly undergoes a process
called multiplication, where it interacts with the surrounding matter by inelastic e—e
scattering, thus transferring its energy along its pathway and bringing other electrons in
excited states; a parallel multiplicative process involves the deep hole as well, through
Auger effect. As a consequence, h™ between core and valence band and (e¢~) in CB are

rapidly formed by secondary electron excitation.

Once the multiplication step is over, i.e. when their energy is lower than the forbidden
band, the relaxation continues through the creation of phonons from the thermalization
of the electrons’ excitation: this results in the generation of low kinetic energy e~ and
h* energetically located in the conduction band’s minimum and in the valence band’s

maximum, respectively. These relaxed electron-hole pairs, coupled as excitons, then
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migrate towards native defects, external dopants or impurities present in the material’s

lattice, which can also eventually lead to trapped states.

The last stage involves the electron-hole recombinations of these excitons, that can follow
radiative or non-radiative pathways: in the first case, scintillation occurs as the visible

photons emission from the luminescent center.

The interaction between excitons may cause a reduction in the emitted photons quan-
tity, and this issue is considered as a decisive factor on material density-effect, non-

exponential decay, as well as nonproportional energy response.[251]

1.3.1 Traditional bulk scintillators

Once given the insights on the scintillation process and on how scintillation detectors
work, it should be easier to understand what are the most important parameters that

are used to evaluate the scintillators performances and their optimal applications.

First, the overall density and effective atomic number Z.g are part of the key parameters
for a good scintillation-based X and gamma ray detector, since they directly impact the
stopping power of the material towards the ionizing radiation. as a matter of fact, the
stopping power determines how efficiently a material will absorb the ionizing radiation:
a high stopping power means that a large fraction of the incident radiation can be
deposited in the material through the photoelectric interaction. Therefore, scintillators

with high density and high Z.g are preferable.

A second important point is the light yield, which corresponds to the ratio between the
number of photons emitted per unit of deposited energy in the material. This parameter

is expressed in photons/MeV and is given by the relation 1.7:[21]

~1055Q

LY
BE,

(1.7)
In this formula, £, is the bandgap, S represents the efficiency of electron-hole transport
to the emissive center, Q is the luminescence quantum efficiency of the emissive center
and [ is a constant representing the losses, its value being generally considered as 2-3.
A high light yield increases the signal to noise ratio, which is beneficial to the data

collection and the image resolution, depending on the targeted application.

Moving forward, a parameter which is crucial for applications where the time resolution

is a key factor is the decay time, which defines the time of emission of a photon after
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the interaction with the radiation. As an example, a short decay time is very impor-
tant for applications relying on time-of-flight (TOF) techniques, as well as the counting

techniques using a coincidence time window.

Then, the radioluminescence spectrum’s position and shape have to match well with
the optimal efficiency of the used photodetector, in order to maximize the detection

efficiency.

Moreover, a scintillator’s energy resolution is its ability to discriminate different radiation
energies, and thus it is very important for qualitative spectral measurements in some

applications such as gamma ray spectroscopy.

Finally, it would be ideal to work with inexpensive materials of easy fabrication, stable
towards chemical and radiation damage, not showing re-absorption and that is possible

to produce on a large scale.

A perfect scintillator which excels in each of these properties has yet to be found, there-
fore the selection of the scintillator has to be made depending on the specific requirements

of each application purpose.

Several scintillators are commonly used and commercially available in various applica-
tions, traditionally in the form of bulk single crystals. Nevertheless, the limitations
imposed by the production process involved have led to the development and optimiza-
tion of new materials, such as transparent ceramics, especially for applications that
require very large volume or areas, and composite materials in attempt to couple the

specific functions of the different phases.[125]

The first inorganic scintillating crystal Nal:T1* (sodium iodide doped with thallium)
was discovered in in the late 1940s[252] and still remains a popular choice for many

applications requiring a cheap, large and efficient scintillator.

Over time, a range of scintillators have been documented for various applications, like
CsI:T1 (thallium-doped cesium iodide),[253] which is widely used as it is not hygroscopic
and exhibits high light output, but has the drawback of not well matching spectrally
with PMTs and having an exceptionally long decay time.

Besides, BigGesO12 (bismuth germanate), or BGO,[254] shows great stopping power,
making it an extremely effective ionizing radiations absorber, widely utilized in high-
energy physics applications and positron emission tomography (PET), even though on

the other hand its light output is much lower than the ones of Nal:T1 and CsI:T1.

Moreover, it is possible to tune some optoelectronic features by doping the crystals

structures with dopants, typically heavy transition metals. as a matter of fact, their
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P Light Yield Energy Resolution A T
Scintillator (g/cm®) Zott (photons/MeV) (%, at 662 keV) (nm) (ns)
Nal : Tit 3.7 50.8 43,000 6.7 415 230
CsI: Tit 45 54.0 66,000 6.6 560 1,000
Csl : Na™t 45 54.0 43,000 7.4 425 -
CsF 4.6 53.2 1900 19 390 2-4
BaFq 4.9 52.7 1430 10 175 0.8
CaWOy, 6.1 75.6 15,800 6.3 425 6,800
PbWO4 8.3 75.6 140 - 475 10
CdWO, 7.9 64.2 19,700 6.5 495 104
BigGe3O12 7.1 75.2 8,200 27 505 300
CdS : Te?t 4.8 48.0 17,000 14 640 270-3000
ZnS : Agt 4.1 27.4 73,000 - 450 105
LaBrs : Ce3t 5.1 46.9 67,000 2.8 358 15
LaBrs : Pr3+ 5.1 46.9 75,000 3.2 450-900 11,000
YAly O3 : Ce3F 5.4 25.6 17,000 5.7 370 26
LuySiOs : Ce3t 7.4 50.2 30,000 10 420 40
LuySiOs : Pr3t 7.4 50.2 2,200 - 247 26
Lug.25Y0.75A15019 : Pr3+ 6.2 44.1 33,000 4.4 - -
Anthracene 1.25 5.24 16,000 - 447 30
Stilbene 1.16 5.14 8,000 - 410 4.5
Naphtalene 0.96 5.18 2,000 - 348 80
2,5-Diphenyloxazole 1.06 5.52 8,800 - 405 7
p-Terphenyl - - 9,200 - 440 5

TABLE 1.2: Overview of some traditional inorganic and organic scintillators for X-ray

and ~-ray detections. The abbreviations in the heading denote the density (p), the

effective atomic number (Zegr), the emission wavelength (\) and the main scintillation
decay time (7). Reproduced from the work of Maddalena et al.[21]

introduction can enhance the luminescence efficiency, by choosing a dopant specie with
a lower energy level than the bandgap of the host material: this results in the intro-
duction of a new energy transition that enhances the probability of electron-hole recom-
bination, and thus facilitates the radiative recombination process. Moreover, dopants
can change the material’s emission wavelength, which makes it possible to tailor the
material for a specific application, and also improve the stability of the light-emitting
structure, by trapping any highly reactive species that may cause a degradation of the
material. Popular examples are Ce3* and Pr?* dopings, which can make the decay
time faster (typically tens of ns) and increase the quantum efficiency. It is the case for
the commercial lutetium orthosilicate LSO doped with cerium, LusSiO5:Ce, as well as
lutetium-yttrium oxyorthosilicate LYSO Lugy(;_;)Y2,5105:Ce.[255-260] These materials
exhibit a high stopping power for gamma rays and thus are the scintillator materials
most widely used today in PET detectors, due to their fast decay time (about 40ns

against the 300ns of BGO) and excellent energy resolution, both convenient physical
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properties for the detection of 511 keV annihilation photons.[245, 259, 261-263]

A summarizing table listing radioluminescence features of these traditionally used bulk

single crystals is shown in Table 1.2.[21, 264]

All these widely used oxide bulk single crystals are typically produced via the well known
Czochralski[265, 266] and Bridgman-Stockbarger[267, 268] methods,[269] that are the
most chosen ones for large scale production, as the techniques can be fully automated,
the growth of the crystal is controlled in real time, and the production yield is high. On
the other hand, the manufacturing requirements as the high temperature above 1700°C,
as well as the difficulties in finely tuning the materials’ structure in terms of defects
and dopants, result in these bulk crystals sharing typical drawbacks, like long decay
times, afterglow phenomena caused by electron trapping in structural defects, and high

hygroscopicity.[18]

Therefore, in general, commercial scintillators for the majority of large-scale applica-
tions rely on bulk solid-state single crystals; nevertheless, as mentioned while listing
the scintillators ideal features, there is no perfect universal material, and single crystals
share the drawbacks of moderate radioluminescence light yields, long decay times and

high production costs.

1.3.2 Nanostructured scintillators: perovskite nanocrystals

In recent years, the increasing demand for radiation detection materials for many ap-
plications has led to extensive research on scintillators. In this context, the emerging
knowledge about semiconducting nanocrystals made them receive increasing attention,
due to their outstanding optical properties:[125] unlike the traditional bulk scintillators,
nanocrystals show a narrow and bright emission, with the wavelength maximum that can
be tuned all along the visible range. This is a very interesting solution to make the light
output match the maximum light detection efficiency of the photomultiplier tube, and
thus improve the overall detection efficiency. Furthermore, the solution-processability
and practical scalability of nanostructured systems can also reduce the manufacturing
cost and difficulty, compared to the traditional bulk single crystals, making nanostruc-

tures a promising material for radiation detection.

In the past two decades, the response of a large number of nanocrystals under high-
energy electrons, alpha particles, X-rays and gamma rays has been widely studied. One
of the first example is the characterization of the scintillating properties of CdSe/ZnS
core/shell nanocrystals when interacting with alpha particles and gamma-rays radia-

tions: these nanocrystals showed a scintillation efficiency two times better than that of
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FIGURE 1.16: Radioluminescence measurements for a CsPbBrs -based scintillator as a
function of dose rate. The left inset shows radioluminescence profiles measured at low
dose rates (a); measured radioluminescence decay of the CsPbBrs -based scintillator
under excitation with a 137Cs source (photon energy, 661 keV) (b); photostability of
the CsPbBrj -based scintillator against continuous X-ray irradiation (Aexe = 530 nm,
50 kV; top) and repeated cycles of X-ray excitation at 30 kV with a time interval of 30
S (Aexc = 530 nm; bottom) (c); schematic of the experimental setup used for real-time
X-ray diagnostic imaging of biological samples, where a beetle is placed between the
X-ray source and a scintillation platform covered with perovskite QDs (d); bright-field
(e) and the X-ray (f) images of the sample, recorded with a digital camera. Reproduced
from the work of Chen et al;[12]

the conventional Nal:T1 bulk scintillator.[270, 271] This evidence paved the way for the

following researches on nanostructured scintillators.

In recent years, following the wave of the novel knowledge about the optoelectronic
features of lead halide perovskite nanocrystals, the latter has emerged also as a promis-
ing scintillation material. In particular, Chen et al. first reported all-inorganic lead
halide perovskite nanocrystals as a new class of scintillators,[12] describing the X-ray
photodetector reproduced in Figure 1.16 (a) and (d), consisting of a CsPbBrs nanocrys-
tals thin film (about 120 pm thickness), a polydimethylsiloxane (PDMS) layer and a
photomultiplier tube.

These nanostructures scintillating features reflect the optical ones, with bright radio-
luminescence spectra whose maxima are easily tuneable across the visible spectrum,
just by tailoring the anionic component of the chemical structure or the nanocrystals
dimensions. Moreover, unlike the traditional Csl:T1 scintillator, which has the issue of
afterglow luminescence (scintillation decay time of 1,000 ns), these perovskite nanocrys-
tals stand out for their ultrafast radioluminescence, which is typically in the order of 10

ns,[274, 275] allowing to obtain coincidence time resolutions of 100 ps or below at 511
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FI1GURE 1.17: Large-area film of CsPbBr3@CssPbBrg made by low-cost blade-coating
technique (a), and the corresponding linear relationship between the film’s inte-
grated PL intensity and the X-ray dose (b). Reproduced from the work of Cao et
al.[248] Schematic illustration of the single-crystalline perovskite nanowire arrays of
CsPbBr3 NWs in anodized aluminum oxide membranes (c), and the obtained X-ray
image of a JIMA test pattern with a line spacing of 2 pm (d).Reproduced from the
work of Zhang et al.[272] Schematic illustration of both the in-vivo utilization principle
(e) and structure of the and CsPbBr3 -SiO2@SiOq-antibody core/shell nanoparticle (f).
Reproduced from the work of Ryu et al.[273]

Matilde BARAVAGLIO

34



1. Fundamental background

keV excitation:[276] this is a feature of high interest for the fast-timing applications, as
the ones based on time coincidence and real-time imaging. As previously discussed, such
fast luminescence decay is not common in traditional bulk crystals, whereas values of
this order of magnitude can be accessed by organic scintillators. Nevertheless, the latter
major drawback is their low Z.g , limiting their efficiency of interaction with the ionizing
radiations: this is not a problem instead for lead halide perovskite nanocrystals instead,
which benefit from the high stopping power given by the presence of lead. Finally, their
scintillation properties also benefit from the already discussed defect tolerance and high
quantum yield.[277, 278] In fact, since the light yield of a scintillator is inversely propor-
tional to the bandgap, perovskite materials, which often have a smaller bandgap than
other scintillators, are expected to potentially reach extremely high—light yields, up to
250,000 photons/MeV.[21] In particular, CsPbBrs nanocrystals have been demonstrate
to have a light yield of 33,000 photons/MeV[277] (54% of light yield of CsI:T1[21]), which
is much higher than that of bulk CsPbBrs single crystals, which show less than 1000
photons/MeV.[279] It is also important to underline that this possibly very bright lumi-
nescence can produce a high signal-to-noise ratio, and it is consequently promising for
detection applications: for diagnostic exams, inferior detection limits mean being able to
decrease the amount of radiation received by the patients, thus limiting the damage to
their tissues. Finally, these systems can be processed from solution, not requiring high
temperature or vacuum deposition technologies, thus making them easier and cheaper

to process than bulk single crystals, and suitable for the mass scale production.

Recent literature presents countless examples of perovskite nanocrystals studied for scin-
tillation, with advances involving different approaches aiming to face different issues.
Typically, the need of surface stabilization and of obtaining a solid sample has led most
research groups to embed the nanocrystals in polymeric matrices,[25], glass,[280] or
bulk crystals.[248, 281] This need is a typical point needing optimization, since diluting
the nanocrystals in a matrix has the drawback of decreasing the overall density of the
system, thus lowering the detection efficiency and consequently the final light output.
An example of remarkable matrix with high density density was presented by Cao et
al.,[248] who developed films of CsPbBrs hosted inside CsyPbBrg matrix. With this
approach, the group obtained stable and sensitive scintillating films, like the remarkable
large-area one (360 mm x 240 mm) in Figure 1.17 (a), showing a sensitive response to
X-ray irradiation, with the superior linearity between the integrated PL intensity of the
CsPbBr3@CssPbBrg film and the X-ray dose, as depicted in Figure 1.17 (b).

Another interesting strategy developed in order to exploit the performances of lead
halide perovskite nanocrystals as scintillators involves the engineering of their support,
as it is the case for the work of Zhang et al. reproduced in Figure 1.17 (¢).[272] In order

to obtain a scintillator suitable for high-resolution imaging, which is typically limited
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by the scintillator thickness, without stumbling upon debilitating self-absorption effects,
their group used an anodized aluminum oxide membrane template, inducing the growth
of arrays of 15-um long single-crystalline CsPbBrs nanowires. This approach led to
composites displaying high radiation resistance, giving X-ray images able to distinguish
line pairs with a spacing of 2 um Figure 1.17 (d): the combination of high spatial res-
olution, radiation stability, and easy fabrication makes these functionalized scintillators

a promising candidate for high-resolution X-ray imaging applications.

Additionally, a remarkable result involving chemical stability in polar media is presented
in the work of Ryu et al.,[273] who developed CsPbBrs -SiO2@SiOz-antibody core/shell
nanoparticles: these systems were found to be so chemically stable towards polar envi-
ronment and biocompatible that they could be used for in-vivo imaging of cancer in a

mouse, without leading to toxicity damages (Figure 1.17 (e) and (f)).

Despite the rapid development of the research on this topic in recent years, still the
energy deposition and relaxation mechanisms in semiconductor nanocrystals are not
fully rationalized. Similarly to bulk scintillators, the incidence of a high-energy radiation
produces a highly excited hot electron and then a cascade of energetic electrons; on the
other hand, Bulin et al. showed that, during this energy relaxation cascade, the spatial
energy distribution between the nano-scintillators and the surrounding media leads to a
significant loss in the light emission efficiency.[282] Also, the same study highlighted that
a significant fraction of energy is deposited within the nanoparticles even if the initial
interaction takes place in the surrounding media. Finally, the absence of transport
process in direct gap nanocrystals semiconductor makes the hot electrons and holes
directly thermalize towards the conduction and valence band edges. Due to quantum
confinement, nanocrystals show discrete energy levels, which makes the understanding

of the following steps not straightforward.

To date, the comparison between the temporally and spectrally resolved radiative re-
combination, produced by photoexcitation with 20 keV electrons ionizing radiation, has
made it possible to identify and quantify the types of excitation states produced in NCs
under high energy excitation.[283] This analysis directly reveals a dominant population
of charged and multiexcitonic states, consistent with large contributions from carrier
multiplication, multiple types of scattering and ionization processes during relaxation.
Also, Auger effect appears to be a key factor restricting the study of excited states under
ionizing radiation. The investigation of cathodoluminescence can provide guidance for

the exploration of X-rays-induced exciton recombination.[284]

In conclusion, this research field still includes many aspects that are waiting for op-
timization, including structural optimization of the nanocrystals, their chemical and

radiation stability enhancement, and their scalability.
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1.3.3 Liquid scintillators

Scintillators are also used in the liquid state, as the so called liquid scintillation cocktails
(LSC): traditionally, these are organic solutions that emit light when exposed to ionizing

radiation such as alpha, beta, gamma and X rays.

These LSC are a way less active research topic in the scintillation field, as their per-
formances have been optimized for a long time: techniques utilizing liquid scintillation
counters are used to determine the activity of alpha-, beta- and gamma-emitters,[285]
and they show excellent damage resistance, fast decay time, low cost and exceptional
scalability.[286-291] In particular, these liquid scintillators offer the advantages of easy
preparation of the sample, which is simply dissolved or dispersed directly in the LSC;
moreover, the configuration of the setups typically involves an effective spherical-like 47
detection geometry, and there is also no physical barrier between the radionuclide and
the scintillating agent. These factors give to LSC a very high sensitivity, which forms
the basis of recognised international standards for detecting *H in drinking water,[292]

1

with a minimal detectable activity of the order 1-10~* Bq g~! and a detection efficiency

of 60% achievable by most off the shelf counters.[293]

In virtue of these properties, they find large application for daily life analytical tests, as
radioactivity level measurements for environmental, medical and security purposes,[294—
299] in the study of biochemical reactions mechanisms by radioisotopic labelling,[300,
301] and in metrology;[288, 302, 303] also, they are used in huge international exper-
iments for S-emissions and neutrino detection, such as XENONI1T, KamLAND, Daya
Bay, and RENO.[291, 304-306] For example, the Nobel-winning discovery of oscillation
of atmospheric neutrinos was obtained by the SuperKamiokande group by using a huge

water-based liquid scintillator detector, depicted in Figure 1.18.[307]

Nevertheless, their organic composition give them a low overall density: it has already
been discussed, though, that the latter is a key parameter for some scintillation applica-
tions, since it impacts the stopping power of the material towards the ionizing radiation,
and thus the probability of interaction. Therefore, an expansion of the commercial uti-
lization of these kinds of systems is hindered by their relatively low effective atomic

number Z.g and consequent moderate interaction efficiency.

A possible improvement of these systems’ overall performances is to substitute the or-
ganic fluorescent dyes with inorganic semiconductors such as lead halide perovskite col-
loidal nanocrystals, owing to their high effective atomic number, and again to their

bright, tuneable emissions and fast decay time.[31, 33, 309-311]
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FiGure 1.18: Picture of the huge SuperKamiokande neutrino detector built by
the SuperKamiokande group. Reproduced from the dissemination article from
Castelvecchi.[308]

In order to give the background needed for the following chapters, a description of the lig-
uid scintillating systems is here given. Traditionally used liquid scintillators are organic
solutions, usually involving multiple components: first, the solvent, which was tradi-
tionally an aromatic compound such as toluene, xylene and pseudocumene, that nowa-
days have been substituted with safer, non-volatile options like diisopropylnaphthalenes
(DIPN), linear alkyl benzene (LAB) or PXE (phenylxylylethane), as in Figure 1.19 (a).
Then, the light-emitting compound of the mixture is an organic dye, typically a rigid
conjugated aromatic structure: commonly used ones are 2,5-diphenyloxazole (PPO), 2-
phenyl-5-biphenyl-1,3,4,-oxadiazole (PBD), 2-(4-tert-butylphenyl)-5(4-biphenylyl)-1,3,4-
oxadiazole (butyl-PBD) and 2,5-bis-2-(tert-butylbenzoxazolyl)-thiophene (BBOT), as in
Figure 1.19 (b).

Furthermore, the system contains a second dye, known as a wavelength shifter, which
helps to maximize the overlap between the scintillator’s emitted light and the maximum
of light detection efficiency of the photodetectors, as well to ensure that the final emitted
light does not overlap the other components’ absorption spectra (Figure 1.19(c)). Finally
some surfactant are needed ad stabilizing agents.[312] The sample whose radioactivity
has to be measured is directly dispersed in this medium, and their interaction produces

a signal as now discussed.

The cited multiple components are needed since liquid scintillators work on the basis of
energy transfers, illustrated in Figure 1.20. When a radioactive samples is added, the
emitted ionizing radiations interact with the surrounding molecules: the most abundant

specie in the system is by definition the solvent, which has then the highest probability
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FIGURE 1.19: Typical solvents in commercial liquid scintillation cocktails (a); prop-

erties of primary scintillators, in terms of their A = fluorescence maximum, t = decay

time, ® = quantum yield (b); typical secondary scintillators with their fluorescence
maximum A (c¢). Reproduced from Perkin Elmer resources.[312]

of interaction with the incoming radiation. Therefore, the solvent molecules get excited

to a high energy state.

At this point, the excited or ionized solvent molecules transfer this energy to nearby
molecules, typically trough non-radiative processes, leading to a chain reaction. In fact,
this energy is transmitted to the dissolved molecules, typically the fluorescent dye, which
is called the primary scintillator: in turn, the dye undergoes de-excitation processes,

typically by relaxing back to its ground-level state through a radiative emission.

The system is usually engineered in such a way that a second fluorescent molecule, called
the wavelength shifter, is present in the LSC with two roles, the first being to absorb the
dye’s photoluminescence and then re-emit light at a wavelength which better matches

the maximum detection efficiency of the photodetectors; moreover, this wavelength shift

il A Q/CLQ V> W Ny a O\ PMTs

Wavelength

Solvent Dye shifter

FIGURE 1.20: Schematic representation of the energy transfer processes involved in

traditional organic liquid scintillation. As an example, here are shown DIPN (diiso-

propylnaphtalene) as the solvent, PPO (2,5-diphenyloxazole) as the dye and bis-MSB
[p-bis-(o-methylstyryl)-benzene| as the wavelength shifter.
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ensures that the final light emission does not get absorbed by any of the LSC compo-
nents. This final light emission is finally detected by the PMT, which converts it into
an electrical signal that can be analyzed and used to identify the type and energy of the

original ionizing radiation.

In summary, liquid scintillators use chain energy transfers, from the radioactive sample
dissolved in the solution to fluorescent dyes, in order to produce a visible radiation that

can be detected and analyzed to identify the radiation type and energy.

The amount of steps involved in these processes and their overall rate, together with their

already mentioned low density, leave room for possible improvement of these systems.

Conclusions

This chapter has given the background needed to understand the present work’s context.
First, traditional colloidal semiconducting nanomaterials have been presented, together
with their outstanding opto-electronic features that put them at the center of last forty
years of research in physics, chemistry and materials science, finally leading to quantum
dots being the subject of the 2023 Nobel prize for chemistry. In particular, the depen-
dency of their opto-electronic features on the NCs’ dimension was explained in terms of

the quantum-size effects on the specie’s electronic structure.

Perovskite nanocrystals were then introduced as direct bandgap semiconductors which
arose major interest in the community, as they were the first in the colloidal NCs fam-
ily to exhibit bright photoluminescence over the entire visible spectral range without
electronic surface passivation; also, they show very bright and fast photoluminescence,
high tolerance of the electronic properties to the material’s defects and surfaces, as well
as an extremely versatile surface chemistry, which was described in detail. All of these
features show these nanostructures’ great potential for a broad range of applications,

from photovoltaics to optoelectronics and photocatalysis.

A background on ionizing radiations and their detection, and thus on scintillators, was
then illustrated. In particular, the parameters that define an ideal scintillator were
listed: namely, typical selection criteria can be the material density, scintillation yield,
time response, its radioluminescence spectrum’s position and shape, its energy resolution
and cost of production. An overview of the traditional bulk scintillators and the com-
parison with the nanostructured ones highlighted that, despite the bulk crystals being

at the base of the majority of large-scale applications, nanocrystals can provide better
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results in terms of scintillation light yield and fast time response: namely, CsPbBrs -
based nanoscintillators have been shown as very promising candidates for fast-timing

applications, due to their decay times in the order of 10 ns.

The present work will focus on the experimental exploration of lead halide perovskite
nanocrystals performances as scintillating materials, either as liquid colloidal disper-
sions or as nanoparticles dispersed in solid matrices. In particular, CsPbBrs colloidal
nanocrystals were the system of choice, owing to their superior radiation stability and ra-
dioluminescence intensity and time response compared to analogous perovskite NCs sys-
tems of different compositions. The main possible issue associated with these CsPbBrj
nanostructures was highlighted, thus their short Stokes shift, which can lead to a high
probability of self-absorption in the system: this work will focus on strategies developed
to face this issue, both in solid and liquid systems, in order to further exploit the greatly

promising radioluminescence features of these nanostructures.

Matilde BARAVAGLIO 41






1. Fundamental background

> Key points

@ Colloidal semiconducting nanomaterials are powerful tools for many
applications in optoelectronics, owing to their excellent features in terms of

tuneable photoluminescence, high quantum yield, versatility and cost.

& Perovskite nanocrystals outstand in the colloidal semiconducting nano-
materials family, showing very bright and tuneable light emission, excep-

tional defects tolerance and being easy to synthesize and work with.

& The stabilizing ligands have a crucial role in the nanocrystals surface
chemistry and in the colloidal dispersions’ stability towards precipitation,

chemical damaging and surface quality.

@ Scintillation is a light emitting process from which one incident ionizing
radiation (keV, MeV) is down-converted in the emission of multiple visible

photons (eV).

@ Scintillator-based detectors are widely used in many fields: many types ex-
ist, either as bulk materials, or in the form of nanoparticles dispersed
in a matrix, or as liquid organic solutions. An ideal, universal scintil-
lator does not exist, thus the material has to be selected depending on the

specific needs.

(@ Colloidal lead halide perovskite nanocrystals are very promising ma-
terials for scintillation, since the bright and fast light emission allowed by
their electronic structure is combined with the presence of lead, a heavy

element which thus gives the material a high stopping power.

@ The main challenges involving lead halide perovskite nanocrystals are their

composites’ overall low density and their intrinsic short Stokes shift.

@ This work will focus on the study of lead halide perovskite nanocrys-
tals as scintillating materials, either as liquid colloidal dispersions or
embedded in solid matrices; a great focus will be directed on overcoming

the above-mentioned challenges.
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Chapter 2

Lead halide perovskite
nanocrystals synthesis and

characterization

The literature about lead halide perovskite nanocrystals has exploded in the last 20
years, and thus the reported variations of the possible nanocrystals synthesis approaches
are countless: this work will focus on a few synthetic protocols and their modifications,

depending on the outcome needed for the different applications.

This chapter illustrates the characterization techniques and synthetic protocols used in
this work, with examples of the relative outcomes in terms of optical and structural

characterization.[11, 313]

2.1 Optical and structural characterization

This section describes the optical and structural characterization techniques adopted
throughout this work, namely optical absorption and emission spectroscopy, photolumi-
nescence excitation spectroscopy and photoluminescence quantum yield, X-ray radiolu-
minescence, optical and X-ray luminescence decay rate, X-ray diffraction and transmis-
sion electron microscopy; the section finally ends with a description of the instrumental

setups employed.
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2.1.1 X ray diffraction

X-ray diffraction (XRD) is a powerful technique used to investigate the structure and
composition of crystalline materials at the atomic level, finding applications across var-

ious fields, such as materials science, chemistry, geology, pharmaceuticals, and more.

When a monochromatic beam of X-rays interacts with the electrons within a crys-
talline material, the X-rays get scattered in different directions, a phenomenon known
as diffraction: this is due to the particular wavelengths of these X-rays, which have the
same order of magnitude (1-100 angstroms) as the spacing between planes in the crys-
tal. The scattered X-rays interfere constructively or destructively, forming a pattern of

intensity known as a diffraction patter, determined by Bragg’s law:

nA = 2dsin6 (2.1)

where d is the spacing between the diffracting planes, 6 is the radiation’s incident angle,

n is any integer, and A is the wavelength of the beam.

The diffraction pattern can be captured using a detector, which records the intensity of
X-rays at different angles. This intensity, as a function of the angle (26) is then analyzed

to extract information about the structural arrangement within the crystal.
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FIGURE 2.1: An example of CsPbBrs nanocrystals XRD diffraction pattern, with

the matching Pnma orthorhombic CsPbBrs reference. Reference XRD patterns were

searched on Crystallography Open Database COD.[152-159] and imaged with VESTA
software[160].
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X-ray diffraction provides several key types of information about the nature of the
sample, such as the crystal structure, thus the relative positions of the atoms or molecules
within the crystal lattice, the unit cell parameters, which define the size and shape of
the crystal lattice; moreover, it can give information on the preferred alignment of
crystal grains in a polycrystalline sample and on the preferred orientation of crystalline
materials, it can identify the different phases present in a sample, thus distinguishing

between different compounds or polymorphs within a sample.

Figure 2.1 shows a typical X ray diffractogram of CsPbBrs nanocrystals: their crys-
tal system and their chemical composition can be easily identified by comparing the

experimental data with references from literature.

In this work, X-ray diffraction was used to obtain information about the lead halide
perovskite nanocrystals crystal structure, phase purity and eventual unwanted formed

compounds. [314]

Instrumental setup

X-ray diffractograms were acquired on a MalvernPanalytical Aeris diffractometer equipped
with a copper Ka anode; samples were prepared by drying the colloidal dispersions on

a low-background silicon substrate.

2.1.2 Optical absorption

Absorption spectroscopy is a versatile technique used in various fields such as chemistry,
biology, physics and environmental science for qualitative and quantitative analyses.
It provides valuable information about the composition, concentration, structure, and

behavior of molecules present in the sample being analyzed.

This technique is used to analyze the nature of a sample by measuring the amount of
light which gets transmitted through the sample, as a function of its wavelength: since
different chemical functions or semiconductors’ band gaps absorb specific wavelengths,
depending on their electronic structure, it is possible to obtain both qualitative and

quantitative information on the sample.

In the used setup, a light source emits a broad spectrum of light, usually in the form
of visible or ultraviolet light: as the light passes through the sample, some specific
wavelengths are absorbed by the different components of the sample. The transmitted
light is then detected by a photodiode, which measures the intensity of this light. The

obtained spectra can be plotted as the value of transmittance T, or absorbance A, as a
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function of the wavelength or frequency of the initial incident light. The mathematical
expression of transmittance, in Equation 2.2, sees I; as the transmitted light intensity
and Iy as the incident light intensity, whereas the one for the absorbance, sees T as the

transmittance, and I; and Iy as just defined.

Tt
Iy

(2.2)
A= —logT = —log£ (2.3)
Iy

From the absorption spectrum, it is then possible to get information on the sample’s com-
ponents, as each compound has a unique absorption spectrum, which can be compared
to reference spectra; it is then possible to quantify those components’ concentration, as
the amount of light absorbed is directly proportional to the concentration of the absorb-
ing species in a sample. This is described by the Beer-Lambert law (2.4), where A is the
absorbance, n the molar attenuation coefficient or absorptivity of the light-absorbing

species, | the optical path length and ¢ the concentration of the light-absorbing species.

A =nlc (2.4)

Therefore, absorbance spectroscopy can provide quantitative information about the con-

centration of a particular substance in a sample.

Figure 2.2 shows examples of typical spectra obtained for CsPbBr3 nanocubes, which
show a swift increase of the absorption at around 500-510 nm, varying in function of
the nanocrystals size, and which corresponds to the first exciton transition; on the other

hand, a spectrum for CsPbBr3 nanoplatelets is shown, which presents absorption peaks
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FIGURE 2.2: Examples of typical absorption spectra of CsPbBrs nanocubes (a) or
n=1,2,3 nanoplatelets (b).
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whose energy is related to the NPL thickness, in terms of their number of octahedra
layers n. In fact, the thinner the nanoplatelet is, the more confined its excitons will be,
increasing the system’s energy: n=1 nanoplatelets show an absorption peak at 398 nm,
n=2 at 429, n=3 at 438 nm, n=4 at 449 nm, n=5 at 459 nm.[106, 315] These two exam-
ples show how useful this technique is for a first and quick structural characterization

of CsPbBr3 nanocrystals.

Therefore, in this work, absorbance spectroscopy was used as the first characterisation
tool for every colloidal nanocrystals sample, in order to obtain information about the
structure, composition, concentration and transparency of the samples, as well as the
reactions yields. Moreover, it was used to follow the reactions events during the pre-
liminary tests, by tracking the changes in the absorbance of specific spectral areas over

time.

2.1.3 Photoluminescence

Photoluminescence spectroscopy (PL) is a technique based on the ability of some mate-

rials of emitting light after being excited by photons, typically in the UV-Vis range.[316]

As previously described, when a material is exposed to a light beam, depending on this
material’s electronic structure it will absorb specific wavelengths: the incident photons’
energy is absorbed by the electrons in the specie, promoting the energy of the system
into an excited state. Once the system is in the excited state, it can relax back to its
ground state through various processes, one of which is the fluorescence: in this case,

the light is emitted with a delay statistic representing the PL decay time.

Photoluminescence spectroscopy involves exciting the material with a light source of a
specific wavelength and measuring the consequent emitted radiation in terms of intensity
and wavelength: the energy of the emitted light depends on the energy difference between
the electronic excited and ground state, which differs from a specie to another, and thus
this type of spectroscopy provides information about the nature of the sample, including

its electronic and optical properties.

By analyzing the emission spectrum, several important parameters involving semicon-
ducting materials can be determined: one of the key pieces of information, similarly to
the absorption spectra, is their energy band gap, which provides insights into their elec-
tronic structure. Moreover, the intensity of the emission can also provide information

about the presence of certain defects or impurities in the material.

Additionally, this technique can be used to study the exciton dynamics (the interaction

between excited electrons and holes) and the recombination processes within the sample;
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FIGURE 2.3: Same examples as the last Figure 2.2, with the addition of the typical
photoluminescence spectra of CsPbBrs nanocubes (a) or n=1,2,3 nanoplatelets (b).
Excitation wavelength Mgy = 350 nm.

it is also sensitive to changes in temperature, pressure, and external factors, allowing for

the investigation of their effects on the material.

Figure 2.3 shows the same two examples shown in the Absorption section in Figure 2.2,
for CsPbBr3 nanocubes and nanoplatelets, with the addition of their photoluminescence
spectra. These spectra show that nanocubes generate a sharp and bright PL peak,

whereas each population of nanoplatelets show a corresponding PL peak.

It has to be noticed that in both cases the Stokes shift, i.e. the distance between the
absorption and photoluminescence maxima, is very short, which can be an issue since it
cause self absorption phenomena: each photon that is emitted in the PL peak’s range
that overlaps with the absorption’s one can be re-absorbed by the nanocrystals. This
can cause a decrease in the photoluminescence yield, and an apparent slowdown of the
emission process, in case of photons that go through multiple absorption - emission- re-
absorption steps before reaching the detector. The intensity of the PL spectra is related

to the luminescence yield, which is described later.

In this work, photoluminescence spectroscopy was used to study the fluorescence of the
colloidal CsPbBrs nanocrystals and nanoplatelets, in terms of intensity, position and
shape, in order to obtain information about the band gap, purity and surface quality
of the samples, and to study the effects of experimental tests on the samples’ optical

properties.

2.1.4 Photoluminescence excitation

Photoluminescence excitation spectroscopy (PLE) is a technique used to study the en-

ergy levels and electronic transitions of a material.
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Typically, once the emission wavelengths of the sample have been measured by PL
spectroscopy, and thus the wavelength of interest are known, the technique works by
fixing the detector at the desired wavelength, and scanning the excitation energies that
lead to the target emission. This kind of spectra can then be directly compared to the
absorption ones, leading to the identification of the species emitting at the targeted

wavelengths.

This provides valuable information about the energy band structure, defect states, im-
purities, and other optoelectronic properties of the material. For instance, PLE is com-
monly used to investigate materials’ bandgap and the energy levels of impurities or

defects, and the types of electronic transitions occurring within the material.

Figure 2.4 shows the same two examples shown in the Photoluminescence section in
Figure 2.3, for CsPbBrs nanocubes and nanoplatelets, with the addition of their pho-
toluminescence excitation spectra. In the case of nanocubes, the PLE curve does in-
deed reproduce the absorption spectra depicted in Figure 2.2; meanwhile, in the case of
nanoplatelets, the PLE curves respectively fixed at the different PL peaks give additional
information, since they distinguish the source of each photoluminescence signal and also
they better define the centers of the Gaussian distributions describing the absorption

peaks of each nanoplatelets population.

In this work, PLE was used to study the electronic transitions leading to the light
emissions, and more interestingly to study eventual inter-crystal energy transfers during

Stokes shift engineering experiments.
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FIGURE 2.4: The examples shown in Figure 2.3 are reproduced here in dashed lines,

with the addition of the typical photoluminescence excitation spectra (solid lines) of

CsPbBrs nanocubes (a) or n=1,2,3 nanoplatelets (b). The PLE spectra are fixed at
the Aem indicated in the corresponding legends.
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2.1.5 Photoluminescence quantum yield

The photoluminescence quantum yield (PLQY') measures the efficiency of light emission
from a material under optical excitation, which is a crucial parameter in various fields,
like material science, chemistry and optoelectronics: its study gives important informa-
tion about the internal processes occurring during the light emission inside a material,
the latter’s quality in terms of the presence of defects, and overall the material’s possible

applications.

The measurement of PLQY works by exciting the material at an appropriate wavelength
and measuring the amount of photons emitted via fluorescence: the ratio between the
number of photons emitted by the sample and the amount of photons absorbed by it
gives the internal PLQY, which will then be 0% for a non-fluorescent material and 100%

for an ideal fluorophore that converts each absorbed photon into light emission.

There are multiple techniques available to measure PLQY, but one commonly used
method, which is also the one used in this work, use an integrating sphere. The latter is
a hollow, spherical chamber covered on the inside with a highly reflective and diffusive
material, which ensures that the emitted light is scattered uniformly over all the emitted

wavelengths.

For this experimental setup, illustrated in Figure 2.5, the sample is usually dispersed in
an suitable solvent and transferred in a standardized quartz cuvette: then, it is placed
at the center of the sphere. There, a light source is used to excite the sample at an
appropriate wavelength based on the absorption features of the sample, and the emitted
light is uniformly scattered by the integrating sphere and then collected by the detector.

This measurement has to be performed both for the sample and a blank reference, in

(a) (b)

—.
Excitation beam Fluorescence

FIGURE 2.5: Schematic illustration of the to phases of photoluminescence quantum

yield measurement, i.e. the measurement of the light diffusion by the support (in this

case, a quartz cuvette containing the transparent solvent only) (a.) and the measure-
ment of the sample’s photoluminescence (b).
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this case a quartz cuvette containing the transparent solvent only, in order to take into
account any excitation light diffusion and reflection caused by anything but the studied

sample.

The PLQY values are then calculated by comparing the intensity of the emitted light
from the sample and the blank reference as the ratio between emitted and absorbed
photons.[317]

Overall, the photoluminescence quantum yield provides useful information, as it can
allow to optimize and evaluate the performance of materials such as light emitting diodes
(LEDs), solar cells, sensors, and fluorescence-based assays. Moreover, it is an useful tool
in understanding the underlying processes involved in light emission, such as energy

transfers and radiative or non-radiative decay pathways.

Instrumental setup

UV-Vis absorption spectra, photoluminescence (PL) spectra and quantum yields (PLQY)
of the colloidal dispersions were obtained using an FS5 spectrofluorometer (Edinburgh
Instruments). Absorption spectra were obtained in transmission mode. Typical photolu-
minescence spectra were recorded at an excitation wavelength of 350 nm, an integration
time of 100 ms per data point, and a spectral resolution of 1 nm. Typical PLQY were
obtained at an excitation wavelength of 365 nm, an integration time of 100 ms per data
point, and a spectral resolution of 0.4 nm. Samples are prepared by dilution in a quartz

cuvette.

2.1.6 X-rays radioluminescence

The radioluminescence (RL) spectroscopy is a technique based on the ability of some
materials of emitting light after being irradiated with a ionizing radiation, similarly to
the photoluminescence spectroscopy with UV-Vis radiations. In particular, X-ray lumi-
nescence spectroscopy refers to a technique used to study the properties and behavior of
materials by analyzing their luminescent response to X-ray excitation: this involves the
interaction between high-energy X-ray photons and a scintillating material which emits

in response lower-energy photons, which can be then detected and analyzed.

The process begins by irradiating the sample with X-rays, the used setup operating at
energies ranging from a few keV up to several tens of keV: when the radiation interacts
with the material, the interaction with its atoms or molecules can result in various
phenomena such as X-ray absorption, scattering, or luminescence, the latter being the

center of interest of X-ray luminescence spectroscopy.
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By analyzing this type of luminescence, it is possible to get information about the elec-
tronic structure, defects, impurities, and to test the efficiency of the scintillating process
as compared to the PL process, since it involves additional transfer states as explained in
Chapter 1. The intensity, energy, and wavelength distribution of the emitted light pro-
vide valuable insights into the composition, crystal structure, and overall characteristics

of the sample.[251]

Overall, X-ray radioluminescence spectroscopy is a powerful tool for investigating the
properties and behavior of different materials at the atomic and molecular level and

their complex sequences of energy transfers.

In this work, X-ray RL is used to assess the scintillation properties of the lead halide
perovskite nanocrystals samples, either in the liquid state, as colloidal dispersions, or
in the solid state, as dried films deposited over Si supports, or embedded in matrices
like polymers. An example of typical spectra obtained from CsPbBrsg nanocrystals dried
over Si is shown below (Figure 2.6): a comparison that is interesting to make is between
the PL and RL spectra obtained in the same conditions, as it can show that the two
different emissions can be produced by different emitting centers, as it is the case in this
example. A possible explanation to this difference can reside in the higher penetrability

of X-rays, that could favor collective emissions from the centers below the surface.

Moreover, it was interesting in some cases to image some samples under X-ray irra-
diation, as shown in the example below, where CsPbBrs samples were embedded in a
zwitterionic block copolymer (Figure 2.7). In this case, the technique helped to acknowl-

edge that it was possible to obtain a flat-surface and aggregation-free sample only at low

—RL
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FIGURE 2.6: Comparison between the photoluminescence spectrum (green line) ob-
tained at an excitation Aex. = 405 nm and the radioluminescence spectrum (dark gray
line) obtained with X rays produced at 20 kV and 30 mA.
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FIGURE 2.7: Images in radiography (left side) or radioluminescence (right side) mode
of samples loaded in mass with 15% NCs, respectively (a) and (b), and 40% NCs,
respectively (c¢) and (d).

NCs loading (Figure 2.7 (a), (b)), whereas for high loading the obtained samples clearly
showed NCs aggregations (Figure 2.7 (c), (d)).

Instrumental setup

Radioluminescence’s setup is illustrated in Figure 2.8: the RL spectroscopy setup con-
sists of an X-rays tube emitting Bremsstrahlung X-rays from accelerated electrons (typi-
cally from 20 to 35 kV) bombarding a tungsten anode (Inel XRG 3000). The spectrum is
measured using a SR500i-D2 mono-chromator (Andor) and an Andor Newton EM-CCD
camera (DU970P-UVB) and is corrected for the spectral sensitivity of the system. Addi-
tionally, a LED emitting at A= 405 nm can be used if order to obtain the PL spectrum
in the very same conditions of the RL one, which greatly facilitates the comparison.

Samples are prepared by drying them on a Si substrate.

On the other hand, for X-rays imaging the detection is obtained via a camera (Andor

Zyla HF-FOP) and a removable scintillating screen. The latter is put in front of the
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FIGURE 2.8: Scheme of the radioluminescence experimental setup. The key elements
for the RL spectroscopy (1) are the X ray tube (a), the sample holder (b), a LED
emitting at A= 405 nm (c); in the imaging setup (2) a removable scintillating screen
(d) and a camera (e) are present as well. Everything is covered by a protective shield.

camera when the desired output is a radiography of the samples, whereas it is removed
to obtain a scintillation image. This whole setup is covered by a protective shield to

prevent the radiation from leaking.

2.1.7 Luminescence decay rate

Light emission decay rate study is a technique used to investigate the dynamics of the
light emitted by the population of the emitting state as it decreases after excitation,
giving information useful for applications in materials science, energy research, biomed-
ical imaging and environmental analysis. For the purposes of this work, the evaluation
of the decay rate is used to verify the fast-emitting properties of the CsPbBrs samples

and to estimate any quenching processes.

In the simple cases, the light emission is subject to exponential decay, which can be
expressed by the following differential equation 2.5, where I is the light intensity, t is the

time and 7 is a positive rate called the exponential decay constant:

dfi(tt) =-—nl (2.5)
I(t) = Ipe™™ (2.6)

where I(t) is the light intensity at time t, and Iy is the light intensity at time t = 0.
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The exponential decay equation can be written in terms of the mean lifetime, where the

exponential time constant 7 , relates to the decay rate constant n as 7= 1/n:

I(t) = Ipe V7 (2.7)

and that 7 is the time at which the population of the assembly is reduced to 1/e times

its initial value.

The light emission can decay via one or more different processes simultaneously: in
general, these decay routes have different probabilities of occurring, and thus occur in
parallel at different rates with different time constants. The total decay rate of the
light emission intensity I is determined by analyzing the exponential decay curve of the

emitted light intensity over time, which is given by the sum of all the decay routes:

dI(t) < -
—di) —;Im—;mf (2.8)

I(t) = Ipe™ 2= Imit (2.9)

In timing applications a useful figure of merit is the effective decay time 7og:[318] if R;
are the relative light yields (normalized to the area) of the decay time components 7;,
with )" R; = 1, then

n ) -1
Teff = (Z f:) (2.10)

=1

In material science, the decay rate study is used to investigate the luminescent properties
of materials for various applications, such as optoelectronics, photocatalysis, and sensing.
It helps in understanding the efficiency and mechanisms of light emission and quenching

processes, optimizing material design, and improving device performance.

This technique is also widely used in photovoltaics, semiconductor physics, environmen-
tal monitoring, medical diagnostics and drug development, these lasts typically by means

of fluorophore-labeled compounds.

In this work, both the optical luminescence and the radioluminescence decay rate were
studied, thus the luminescence following either an optical or an X-ray excitation, in
order to obtain information on the internal dynamics occurring during these two different

processes.
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FIGURE 2.9: Scheme of the luminescence decay rate’s setup.

Instrumental setup

Photoluminescence decay rate’s setup is illustrated in Figure 2.9: it consists of a pulsed
laser emitting at 405 nm, a monochromator, a photomultiplier tube (PMT), the Pi-
coHarp300 time-correlated single photon counting (TCSPC) and several filters. The
irradiation source can be exchanged with a second pulsed laser emitting X rays, in order
to obtain the radioluminescence decay rate. Samples can be placed either solid, dried

on a Si substrate, or eventually liquid, in a quartz cuvette.

2.1.8 Transmission electron microscopy

Transmission electron microscopy (TEM) is a powerful imaging technique able to vi-
sualize the internal structure and morphology of materials at very high magnifications.
Unlike light microscopy, which uses photons, TEM uses a beam of electrons that is

transmitted through an ultra-thin sample.

In such a microscope, electron beams are generated by an electron gun and focused onto
the sample using a series of electromagnetic lenses. The sample needs to be very thin

(typically around 100 nanometers) to allow electron transmission: as the electrons pass
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through the sample, they interact with its atoms, resulting in several interactions such

as scattering, diffraction, and absorption.

The interaction of electrons with the sample provides valuable information about its
composition, crystal structure, and morphology. This information is collected and con-
verted into an image using a detector, typically a digital camera. The resulting TEM
images have a much higher resolution than optical microscopy, allowing the visualization

of individual atoms or atomic lattice planes.

TEM finds numerous applications in various fields of science and technology, such as
material science and nanotechnology research, where it allows to study crystals, defects,
grain boundaries and interfaces. It is indeed used to investigate the structure, proper-
ties and dimensions of materials such as metals, ceramics, semiconductors, polymers,

nanoparticles, nanowires, nanotubes, and other nanostructures.

(@)

(b) 2 ~ Mean=10.9+2.0 nm

Count

6 8 10 12 14 16 18

NCs edge size (nm)

(d)

Ficure 2.10: Example of a typical TEM characterization: an image of
CsPbBr; nanocrystals at a quite low (25 000 X) magnification (a), the statistics of
the average nanocrystals edge size which can be obtained by analyzing multiple images
of different areas of the grid (b), an image at high (400 000 X) magnification showing
the inter-planes distance identifying the crystalline planes (c), which is obtained by the
image’s FFT (d). All TEM images were treated with ImageJ imaging program.[319]
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Moreover, TEM is also used to reveal the detailed structure of biological specimens:
it can provide indeed important insights for studying viruses, understanding cellular

organization and exploring the fine structure of tissues and organs.

Finally, TEM is employed to perform advanced material characterization such as elec-
tron diffraction, energy-dispersive X-ray spectroscopy (EDS) and electron energy-loss
spectroscopy (EELS). These techniques provide information about the crystallographic

structure, elemental composition, and electronic properties of materials.

Figure 2.10 shows an example of how TEM was used for the purposes of this thesis:
when imaging a CsPbBrs nanocrystals sample, the NCs are easily recognizable as cubes
of a more or less dispersed average size depending on the sample, with a good contrast
on the that makes them clearly defined taking many images of different areas of the grid
allows to calculate a statistics of the average NCs size and to have a general overview
of the sample’s quality in terms of possible organic impurities. Besides that, at high
magnification it is possible to obtain high resolution images, allowing to see at the
nanomaterials at the atomic scale and to identify the crystalline planes: calculating the
Fourier transform of these high resolution images gives the values of the inter-planes
distances, which is informative for the identification of both the crystalline phase and

composition.

It is worth remarking that, since this technique involves exposing the samples to an
electrons beam, the latter can react with lead halide perovskite nanocrystals: over time,
this can result in morphological transformations[320] and in the reduction Pb>+ — Pb?,
resulting in the nanocrystals disruption with the apparition of metallic lead clusters.[321,
322]

In this work, transmission electron microscopy was used to determine the morphology
and the average dimensions the obtained CsPbBrs nanocrystals and nanoplatelets , and
also to study the formation of heterostructures by visual observation and by measuring

the inter-planes distances by the images Fourier Transforms.

Instrumental setup

TEM images were acquired on a JEOL JEM-2100 TEM equipped with a LaBg electron

source, operating at 200 kV. Samples are prepared by drying them on a carbon grid.
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2.2 Colloidal perovskite nanocrystals synthesis

As already stated, in the past 20 years the development of colloidal nanoparticles-based
technologies has been pursued intensively, due to the enormous technological applications

and fundamental interest that they brought to the scientific community.

This has led to the exploration of a large number of synthetic procedures, resulting
in different outcomes in terms of nanocrystals dimension, chemical composition, opto-
electronical features, scalability and most suitable application: this section aims to de-

scribe the theory and practice of the most used synthetic approaches.

Colloidal perovskite nanocrystals can be synthesized in several ways, mainly via the hot
injection method and the ligand-assisted reprecipitation (LARP), or less commonly via

the solvothermal method and the electrochemical deposition.

First, the hot injection method takes its name from the main reaction step, thus the
injection of a solution of precursors into a hot solvent while stirring constantly. On the
other hand, the ligand-assisted reprecipitation is operated at room temperature: the
precursors are dissolved in a small amount of a suitable solvent, and then injected into

a large amount of a bad solvent, causing the nanocrystals precipitation.

For the solvothermal method, the precursors are dissolved in a solvent and heated at
high temperature and pressure; the mixture is then allowed to cool slowly to obtain per-
ovskite nanocrystals.[205, 323-325] A similar process can take place under microwave
stimulation: precursors are dissolved in a solvent and irradiated with microwaves until
the formation of perovskite nanocrystals.[326-328] Finally, for the electrochemical de-
position, an electric potential is applied to a solution of precursors, allowing to deposit

perovskite nanocrystals onto a substrate.[329, 330]

The most popular approaches are the hot injection and the LARP ones, which were also
the ones used along this work: therefore, this section aims to describe the mechanisms
and setups involved in these two synthetic processes, initially by summarizing the theory

behind them, and finally by portraying typical reaction setups.

2.2.1 Nucleation and growth

The mechanisms involved in the syntheses of uniform nanocrystals has been a focus of re-
search ever since quantum dots appeared, and significant endeavors have been dedicated
to their rationalization. This growth understanding and exploitation enables to synthe-
size nanocrystals with tuneable dimensions, compositions and resulting features,[331]

with the best results, in terms of quality and uniformity, obtained through processes
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FIGURE 2.11: Simple scheme classifying the different terms used for crystal growth.
Reproduced from the work of Mullin[335].

involving the precursors’ thermal decomposition, like the hot injection or the heat-up
methods.[332-334]

The understanding of the mechanisms involved in these nanocrystals synthesis has to
go through the two main phases of it, thus the nanocrystals nucleation and subsequent
growth: for the growth of crystals in solution, it typically occurs in presence of species
acting as seeds, allowing the crystallization reaction to happen at the interface between
such seeds and the solution. These seeds are called nuclei and can be either introduced

externally or generated in the solution.[335]

Thus, nucleation refers to these nuclei formation phenomenon, and it is possible to
distinguish between primary and secondary nucleation. The first one refers to nucle-
ation processes occurring without the presence of other crystalline matter, whereas
secondary nucleation applies to the situations where nuclei are generated in proxim-
ity of crystal already present in a supersaturated system. In turn, primary nucleation
includes two identifiable situations, since when nuclei form evenly within the initial
phase it is called homogeneous nucleation, whereas heterogeneous nucleation occurs at
structural irregularities, such as container surfaces, impurities, grain boundaries, and
dislocations.[335, 336] This classification can be used to describe the nucleation in many

chemical syntheses, and a simple scheme is displayed in Figure 2.11.

Detailed insights on the classical nucleation model and on the most popular nucleation /-

growth mechanisms of nanocrystals are now discussed.

2.2.1.1 Classical nucleation theory: Gibbs-Thomson model

The process of forming homogeneous nuclei can be analyzed thermodynamically by
considering the total free energy of a nanoparticle, which is the sum of its surface free

energy and its corresponding bulk’s free energy.[333, 335]
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The thermodynamic theory of formation of the new phase is described by the classical
Gibbs-Thomson theory. The Gibbs free energy of a nucleus is in general expressed as the
sum of a bulk term AG1, proportional to the volume of the nucleus, and a surface term
AG9, proportional to its surface area.[337] The volume term AG; is negative, which is
the driving force for nucleus formation, whereas the surface term AG4y has a positive
contribution, due to the formation of a solid and liquid interface. For a spherical particle
of radius r, the surface energy v and the free energy of the bulk crystal AG, give a total
free energy AG:

4
AGT = AG1 + AGy = §7TT3AGU + 4712y (2.11)

AG, has a dependence on the temperature T, Boltzmann’s constant kg, the supersat-

uration of the solution S, and its molar volume, v.

—k:BTln(S)
v

AG, = (2.12)
Since the surface’s free energy is always positive and the crystal’s free energy is always
negative, it is possible to find a maximum free energy through which a nucleus will pass
and form a stable nucleus: the critical size r¢.; is reached when free energy AG gets to

a maximum, thus when dAG/dr = 0, which also defines the critical free energy AG .

4
AGerit = gﬂ'w‘gm-t (2.13)
167y
AGerit = ——5 2.14
—2v 2vv (2.15)

erit = NG, ~ kpTin(S)

The so-defined critical radius r..;+ corresponds to the minimum size at which a particle
can endure in solution without re-dissolving: a nucleus with r < r..;; will dissolve into
the solution, whereas a nucleus with r > r..;; can exist for further growth. The same
is true for the particle’s free energy, where a critical free energy is required to obtain

particles stable in solution.[338] This situation is described by the curves in Figure 2.12.

A nucleation rate of N particles during a time t can be described using an Arrhenius

type equation:

N A cri
an = Aexp (— ¢ t> (2.16)
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FIGURE 2.12: Free energy diagram for nucleation explaining the existence of a critical
nucleus. Red curve is the total Gibbs free energy as a function of the nuclei radius.
AG i is the homogeneous nucleation energy barrier, and r..;; is the critical radius.

The bulk term AG; that scales with r3 is plotted in green, whereas the interfacial

energy AGj is the blue curve and is proportional to the surface area 2.

dN 16my3v?
—=A - 2.17
a P (Bk%T?’ln?(S) (217)

From this, it is possible to experimentally vary parameters as supersaturation, temper-
ature, and the surface free energy and thus study the systems kinetics: the largest effect
on nucleation rate comes from supersaturation, where a change from S=2 to S=4 causes

an increase in the nucleation rate about 1079.[333]

On the other hand, if the solution contains so-called active centers, such as impurities,
walls, bubbles, drops, etc., a heterogeneous nucleation occurs. In this scenario, the
energy barrier for nucleation is globally decreased. Unlike in homogeneous nucleation,
the nuclei form on the surface of these impurities: as a result, they no longer come in
a spherical shape, but rather form caps, forming a spherical contact angle 8 with the

surface (Figure 2.13).

FIGURE 2.13: Representation of the contact angle 6 in the case of heterogeneous
nucleation.
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If & < 7, nuclei and active centers have a high affinity. The surface term is strongly
decreased, and after applying this correction to the law of homogeneous primary nu-
cleation, it results that the free energy needed for heterogeneous nucleation is directly

proportional to a function of the contact angle 6.[339]

2.2.1.2 Lamer mechanism

The LaMer mechanism was originally developed to describe the synthesis of sulfur
hydrosols,[340, 341] but it is nowadays widely cited as a classical theory for the for-

mation of uniform colloidal particles.

According to this mechanism, the process of nucleation and growth can be divided into
three steps, shown in Figure 2.14: first, a sudden increase in the concentration of free
monomers in the solution, and secondly the monomer undergoes a ”burst-nucleation,”
which significantly reduces the concentration of free monomers in the solution. This
nucleation rate is described as ”effectively infinite,” and is not followed by almost any
further nucleation, due to the low concentration of monomers. Finally, the third phase

sees subsequent growth under the control of monomer diffusion through the solution.

It is worth noticing that if a reaction is not stopped after an adequate time, a fourth
stage is established, where the nanoparticles increasingly grow due to Ostwald ripening
(see the following section): larger nanoparticles, which are thermodynamically favoured,
compete with smaller ones, and then keep on growing owing to the dissolution of smaller

particles and thus refreshed availability of components.

Cop[-mmmmmmmmmmmmmm oy d N\ T
| i

Concentration of Solute

Time

FIGURE 2.14: LaMer nucleation and growth diagram scheme. Reproduced from the
work of Sugimoto[342].
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2.2.1.3 Ostwald ripening mechanism

Ostwald ripening[343] describes a growth mechanism induced by the change in solubility
of nanoparticles depending on their size, as predicted by the Gibbs-Thomson relation.
Due to the high solubility and surface energy of smaller particles in solution, they redis-

solve, allowing larger particles to keep on growing.

Specularly, digestive ripening is essentially the opposite of Ostwald ripening. In this
case, smaller particles grow at the expense of larger ones. This formation process is once
again controlled by the particle’s surface energy in solution, causing larger particles to

redissolve and smaller particles to grow.

2.2.1.4 Coalescence and oriented attachment

Coalescence and oriented attachment are similar processes, but differ in terms of the
crystal lattice orientation at the grain boundary. In coalescence, there is no specific
preference for attachment,[344] whereas in oriented attachment, there is a common
crystallographic alignment that allows for continuous crystallographic planes.[345] It
has been observed that particles will rotate and come into contact until their crystallo-
graphic orientations match, or until a twin match occurs, and there is no consensus if

this attraction has Coulomb or van der Waals nature.[346]

2.2.1.5 Intraparticle ripening

Intraparticle ripening[347, 348] involves the diffusion of monomers along the surface of
a nanomaterial, leading to a change in the particle’s shape over time. This occurs under
specific conditions, where the energy of monomers in the solution is lower than that of
the nanoparticles’ crystal facets. This means that the surface energy of the particle is
nearly equal to that of the bulk solution, resulting in no net diffusion without an influx
of monomers onto the particle’s surface. The only instability in the system is the surface
energy of the different facets of the particle itself. In this scenario, high energy facets

dissolve, while low energy facets grow, resulting in apparent intraparticle diffusion.

2.2.2 Hot injection synthesis

The hot-injection method was introduced in the early stage of quantum dots studies by
Murray and co-workers, for the synthesis of cadmium chalcogenide nanocrystals.[349]

This synthetic process is based on the fast nucleation which is initiated by the swift

Matilde BARAVAGLIO 64



Chapter 2. Synthesis and characterization

injection of a final precursor into a hot solution, that already contains all the other

precursors.

Hot-injection enables the synthesis of monodispersed nanocrystals , with the only draw-
back of making it difficult to scale up the synthesis, due to the complexity of rapidly

mixing all the precursors at the very same time when it comes to large quantities.

The hot-injection typical setup for the synthesis of lead halide perovskite nanocrystals is

illustrated in Figure 2.15.

The precursors of the desired nanocrystals are first dissolved in a high-boiling-point
solvent, such as octadecene. Then, this solution is heated up (usually around 120-
150°C), creating a highly reactive environment where the precursors can interact with

one another.

At this point, a solution containing a metal precursor and a reducing agent are injected
into the hot reaction solution, triggering the nucleation and rapid growth of nanocrystals:
in order to stop this otherwise uncontrolled growth, the mixture is rapidly cooled down

with ice to stop the reaction and stabilize the products.

The resulting nanocrystals are then isolated from the reaction mixture using various

methods, such as centrifugation or precipitation.

Heat ,
Quench

FIGURE 2.15: Illustration of the hot injection synthetic approach. The three-neck flask

(A), containing CsPbBrs nanocrystals precursors and a magnetic stirrer, is stirred and

heated up while the temperature is kept under control by a thermocouple. The reaction

is initiated by the swift injection at high temperature of a final precursor (B) and then

it is quickly thermally quenched by an iced water bath (C). The whole system is kept
under controlled atmosphere by being connected to a Schlenk line (D).
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FIGURE 2.16: Computer simulation reproducing the hot-injection process. The ver-

tical gray stripe indicates the first few minutes after the injection, which is magnified

in the right panels. N, o.(r), <r >, dN/dt and S are the number concentration of

the nanocrystals, the relative standard deviation of their radii, the mean radius, the

nucleation rate, and the supersaturation level, respectively. Areas colored with red and

blue correspond to the nucleation and the growth periods, respectively. Reproduced
from the work of Klabunde[350].

Overall, the key to the hot-injection method is the high temperature and rapid mixing,
which promote the formation of uniform and well-defined nanoparticles. Additionally,
the choice of precursors and reaction conditions can be carefully controlled to yield

nanoparticles with specific shapes, sizes, and properties.

With regards to the nucleation and growth mechanisms involved in this synthetic ap-
proach, it was assessed that, schematically, hot-injection can be considered as a special
case of the LaMer model, omitting the first stage. as a matter of fact, as shown in Figure
2.16 the rapid injection of the precursors causes a high supersaturation level at the start
of the nucleation period: this means that the system doesn’t go through the phase of

monomer accumulation typical of the LaMer mechanism.[333]

2.2.3 Ligand-assisted reprecipitation synthesis

Ligand-assisted reprecipitation (LARP) is a fast, reproducible and rather easy technique

used to synthesize colloidal nanoparticles at room temperature.[351]

This method involves a two-step process, illustrated in Figure 2.17: it begins with the

preparation of a precursor solution, containing the metal ions to be precipitated and the
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FIGURE 2.17: Illustration of the ligand-assisted reprecipitation synthetic approach: a

large volume of a liquid chosen as a bad solvent for the nanocrystals (A) is stirred vigor-

ously, when a small volume of a highly concentrated solution of nanocrystals precursors
is injected into it (B), causing the nanoparticles precipitation.

chosen surface stabilizing ligands. Typically, this solution is highly concentrated in a

small amount of a highly polar solvent, in which the polar precursors are well dissolved.

In the second step, a small amount of this precursors solution is quickly injected in a
much larger volume of a poor solvent, typically another organic liquid with a polarity
value unsuitable to keep the metal ions dissolved: this quick injection causes the pre-
cursors to oversaturate in the poor solvent, and consequently nucleate and precipitate
as nanoparticles. As the process happens at room temperature, it is impossible to ap-
ply a swift thermal quenching by a cold shock, causing to these nanoparticles to grow

increasingly larger by agglomeration or Ostwald ripening.

In contrast to the classic LaMer model, where the nucleation occurs in one solvent with
one precursor, the LARP technique involves two separate solutions, multiple precursors

and ligands, and the nucleation is triggered after the two solvents are rapidly mixed.

In the case of colloidal MAPbBrs nanocrystals synthesised via LARP method, it was
observed by Huang et al.[352] that the initial precursors concentration plays a role in
determining the resulting particles, as low precursors concentration is found to only
be sufficient for the formation of small NCs of poor surface quality, whereas at high
precursor concentration the system is more likely to produce larger particles due to a
larger availability of precursors in the solution. It was also proposed that the increased
ratio of Pb:ligand may also help to activate the particles surface by decreasing the surface
density of the capping ligand, increasing the surface accessibility for the precursors and
yielding a higher growth rate. Finally, when a too high concentration of precursors is

used, the NCs solution is found to be colloidally unstable and thus instantaneously form
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a precipitate has a tendency to form: in that case, the nucleation and growth always
happen until the excess concentration of the precursor falls to a low enough level. The
resulting particles may be not entirely protected by ligands, which is detrimental as well

to the NCs’ colloidal stability.

Finally, a work from Udayabhaskararao et al.,[353] about colloidal CsPbX3 nanocrys-
tals synthesised via LARP method, proposes that the synthesis mechanism occurs through
the seed-mediated nucleation model, where Pb? nanoparticles formed during the first

reaction steps would act as seeds.

2.3 Nanocubes and nanoplatelets selective synthesis

For this work’s purposes, lead halide perovskite nanocrystals were mainly synthesized
via different hot-injection approaches, chosen as facile methods able to produce well con-
trolled populations of nanocrystals and in rather high amounts. In particular, the work
was driven by the need of mastering the synthesis of selective populations of nanocrys-
tals, either in 3D or 2D structures, in order to avoid to add yield-lowering separation
and purification steps. Also, a great focus was concentrated on the production of highly
colloidally stable nanocrystals dispersions, through the careful choice of the stabilizing

ligand.

The chemical synthesis reaction usually takes place in a three-neck round-bottom flask,
as illustrated in Figure 2.15. The central neck is connected with a reflux condenser,
in turn connected with the Schlenk line that is used either to make vacuum during
the degassing phase, needed to obtain an oxygen, carbon dioxide and humidity free
environment, either to keep the reaction mix under inert Argon atmosphere. On the
other hand, the lateral necks are sealed with rubber septa and are used either to hold
the temperature probe, either to inject precursors or withdraw amounts of the crude
reaction mix. The flask is maintained under an inert atmosphere, heated by a heating

mantle and kept under stirring by a magnetic rod.

2.3.1 Precursors synthesis

Cs-oleate was obtained by mixing cesium carbonate (6.4 mmol) and oleic acid (20.5
mmol) in ODE (21 mL) in a 50 mL three-neck flask, under vacuum at 75°C, until

completion of gas evolution. The resulting product was stored under Ar.
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Pb-oleate was obtained by mixing lead acetate (19 mmol) and oleic acid (38 mmol) in
ODE (26 mL) in a 50 mL three-neck flask, under vacuum at 65°C, until completion of

gas evolution. The resulting product was stored under Ar.

TOP-Br; was synthetized in a controlled atmosphere Argon glovebox in a 50 mL three-
neck flask, by gently mixing trioctylphosphine (18 mmol) with bromine (16 mmol) added
dropwise at room temperature: the exothermic reaction gives a white crude, which is

cooled down at room temperature, and then dissolved in 26 mL of anhydrous toluene.

Bromide salts of hexylamine and 2-aminoanthracene were obtained by mixing in a
50 mL three-neck flask 1.25 mmol of the precursor amine and 0.280 mL of hydrogen
bromide, in 20 mL of ethanol. The reaction mixture was left stirring under Argon
atmosphere and in an icy water bath for 10h; once the reaction was completed, the
resulting solution was dried under vacuum, rinsed six times with diethylether and finally
dried under vacuum and at 80°C. The final product was stored in the glovebox for further

use.

2.3.2 OA/OAm-capped nanocrystals synthesis

The synthesis of OA/OAm-capped CsPbBrs nanocrystals was realized by slight modi-
fications of a hot-injection procedure described by Imran et al. at first reproduced as
detailed below.[354]

This protocol relies on the strong reactivity of acyl halides towards nucleophilic com-
pounds (i.e. amines, alcohols, carboxylic acids) which form carboxylic acid derivatives
even at room temperature (respectively amides, esters, anhydrides) and simultaneously
release hydrohalic acids, as illustrated by the reactions in Figure 2.18. Compared to
other synthetic protocols used in literature, relying on salts as the CsPbBrs precur-
sors, this approach has the advantage of promoting one type of quick reaction, between
highly reactive species, which helps developing a reproducible synthesis protocol, avoid-
ing the formation of byproducts (and the consequent yield loss) and also obtaining rather

monodispersed populations of nanocrystals.

Thus, preparing a solution of Cs™ and Pb?* cations, dissolved in the organic solvent by
nucleophilic molecules like amines and carboxylic acids, and then injecting acyl halides at
a desired temperature triggers the release of halide ions and, consequently, the nucleation

and growth of metal halide nanocrystals.

Among the possible acyl halide molecules, the authors of the reference paper selected

benzoyl halides since they are low cost and have a sufficiently high boiling point (around
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FIGURE 2.18: Reactivity of acyl halides towards nucleophilic compounds.

200 °C), which allows for the synthesis of lead halide perovskite nanocrystals at rela-
tively high temperatures. Furthermore, considering the strong reactivity of acyl halides
toward nucleophilic species, another important aspect of benzoyl halides is that they
are more stable than aliphatic acyl halides as a result of their stabilization by the aro-
matic m-overlap between the carboxylate function and the phenyl one.[355] Indeed, the
more stable the anion precursor is, the more controlled the release of the halide ions
should be, which should allow to finely tune the size distribution of the synthetized
nanocrystals.[356]

Cesium carbonate (CspCOg, 48 mg, 0.295 mmol), lead acetate (Pb(OAc)s-3H20, 228
mg, 0.6 mmol), oleic acid (OA, 0.9 ml, 2.83 mmol), oleylamine (OAm, 3 ml, 3 mmol)
and octadecene (ODE, 15ml), were added to a 50 ml three-neck round-bottom flask. The
resulting mixture was heated up to 130°C under vigorous stirring and vacuum conditions
for 1 h, to remove moisture and oxygen and to produce oleate metal complexes. The flask
was then filled with argon and the mixture was heated up to 170°C: benzoyl bromide
(PhCOBr, 0.21 ml, 1.78 mmol) was injected, and the mixture was immediately cooled
down with an ice bath, to prevent the nanocrystals growth. The CsPbBrs nanocrys-
tals were then centrifuged at 8k RCF for 10 min: the precipitate was redispersed in 10
ml of toluene, whereas the supernatant, when needed, was centrifuged again after adding
a small volume of ethanol (until the solution became turbid). This second precipitate

was redispersed in 10 ml of toluene as well.

A typical early sample obtained with this procedure is hereby described. The cen-
trifugation purification process results in the separation of different populations: bigger
sized nanocubes are more impacted by the centrifugal force and precipitate, whereas
the smaller-size population is too light to precipitate, and thus stays stable in the su-
pernatant until destabilized by some a more polar liquid, ethanol in this case. The
absorption spectra (Figure 2.19 (a)) reflect this situation, with the first exciton’s transi-
tion of the nanocubes in the precipitate occurring at 510 nm, whereas the supernatant’s

one shifts to 503 nm due to confinement. The latter spectrum reveals the presence of a
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FIGURE 2.19: Typical features of early OA/OAm-capped CsPbBrs colloidal nanocrys-
tals , once the sample washed via centrifugation: the absorption and photoluminescence
(Aexc =350 nm) spectra, respectively in dashed and solid lines, of the precipitate and
supernatant, respectively in green and blue (a), the PLE spectra (dotted lines) of the
precipitate and the supernatant, respectively in the upper and lower side of (b), and
the XRD patterns of the precipitate and supernatant, respectively (c) and (d). In the
latter, pink diamonds indicate the peaks associated with the stacking periodicity of the
nanoplatelets.

population of nanoplatelets identified by the absorption peak at 433 nm, typical of n=2

nanoplatelets .

The PLE spectra (Figure 2.19 (b)) registered at the emission wavelengths associated with
the nanocubes and nanoplatelets present in the precipitate and supernatant, respectively
upper and bottom section, show the sources of the different photoluminescence peaks.
The population of bigger nanocubes , associated with the emission peak centered at
512 nm, shows a PLE spectrum that perfectly matches the absorption one; on the
other hand, the PLE of the supernatant shows that the emission peak centered at 507
nm is exclusively associated with the population of smaller nanocubes, whereas the
nanoplatelets trigger the low-intensity emission peaks at 434 nm and 462 nm. It is
interesting to notice that the PLE spectrum related to the emission at 462 nm reveals

the presence of n=4 nanoplatelets, whose typical absorption peak at around 460 nm is
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FIGURE 2.20: TEM images of the early OA/OAm-capped CsPbBrj3 colloidal nanocrys-

tals in the precipitate (a) and in the supernatant (b); in the latter, the yellow arrow indi-

cates a nanoplatelet. Scale bar equals 200 nm. Below, the corresponding nanocubes size
histograms, respectively (c¢) and (d).

hidden in the absorption spectrum.

The XRD pattern of the precipitate (Figure 2.19 (c)) identifies the CsPbBr3 nanostruc-
tures as orthorhombic, as well as the one for the supernatant population (Figure 2.19
(d)), which also presents some peaks at repeating intervals of 4.2°, indicated by the pink

diamonds, associated with stacking periodicity of the nanoplatelets.

Finally, the TEM images show a polydispersed population of nanocubes for the precip-
itate (Figure 2.20 (a), (c)) and a monodispersed, smaller-sized one, additioned with the

presence of nanoplatelets, in the supernatant (Figure 2.20 (b), (d)).

The systematic presence of both a population of nanocubes and nanoplatelets was solved
by finding the good precursors ratios needed to obtain either one or the other, which
are shown in Table 2.1, and the good PhCOBr injection temperatures, namely 150°C
for cubes and 120°C for platelets.

Moreover, the ethanol initially used as a dispersion de-stabilizer, for precipitating light
species via centrifugation, was quickly substituted with other slightly polar organic lig-
uids, such as acetone or ethyl acetate, since ethanol was found to induce the nanoplatelets

ripening. Figure 2.21 shows a 30 minutes time sequence of absorption spectra of a
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Reactant Specie | Cubes | Platelets
Cs9CO3 Cs™ 1 1
Pb(OAc)2-3H20 | Pb*H 2 8
PhCOBr Br™ 4 16
OA OA 6 25
OAm OAm 6 25

TABLE 2.1: Relative precursors molar ratios needed to selectively obtain either
nanocubes or nanoplatelets from the above-described hot injection method.

B

| —
600 700 800
Wavelength (nm)

| |
400 500

FIGURE 2.21: Absorption spectra following the ripening effect of ethanol on a
nanoplatelets population over 30 min.

n=2,3,4 platelets sample after the injection of 100 ul of ethanol. The thinnest platelets
undergo a ripening process, since the n=2 and n=3 absorption peak slowly disappear,

to the benefit of a growing population of mixed n>3 nanoplatelets.

An example of two samples consisting of either nanocubes or nanoplatelets obtained as
just described is illustrated in Figure 2.22: in the first case, the only absorption feature
is the nanocubes excitonic transition at 508 nm, that shifts to 491 nm in the supernatant
as already seen, but without the appearance of any nanoplatelet population (Figure 2.22
(a)). The other sample’s absorption spectra (Figure 2.22 (b)), on the other hand, show
different populations of platelets with different thicknesses, mainly n=2 at 431 nm, but

with traces of n=3 at 457 nm.

The TEM image for this selective nanocubes synthesis protocol (Figure 2.22 (c¢)) shows

a monodispersed population of cubic nanocrystals, whereas the TEM image for the
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FicUure 2.22: Characterization of selective nanocubes or nanoplatelets syntheses by
absorption spectroscopy, respectively (a) and (b), and the corresponding TEM images
of nanocubes (c¢) and nanoplatelets (d).

nanoplatelets one shows thin and large nanoplatelets, drying in a flat position instead

of lateral stacking.

A very different result is obtained by performing the selective nanoplatelets synthesis at

very mild condition, namely at a temperature of 30°C and during a relatively long time.

awn
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F1GURE 2.23: Characterization of nanoplatelets synthetized under mild conditions by
absorption spectroscopy (a) and the corresponding TEM image (b).
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The process was followed over time by taking the absorption spectra of small volumes
withdrawn from the reaction medium, shown by Figure 2.23 (a). Throughout 30 mins of
reaction, the nanoplatelets absorption peak slowly shifts from 437 nm (n=2 thickness)

to 455 nm (n=3) and finally sets as a broad absorption band centered around 460 nm.

The final result is thus a sum of n>3 populations, with large lateral dimensions, as

shown by the corresponding TEM image (Figure 2.23 (b)).

2.3.3 Soy lecithin-capped nanocrystals synthesis

Another synthetic protocol used in this work aims to the production of soy lecithin-
capped CsPbBrs nanocrystals, as this molecule has been reported to allow the colloidal
stabilization of CsPbBrs nanocrystals at concentrations up to 400 mg/ml by Krieg et
al.[186]

The soy-lecithin capped CsPbBrs nanocrystals were synthetized by scaling-up the pro-
cedure described by Krieg et al.:[186] in a 250 mL three-neck flask, Cs-oleate (8 mmol),
Pb-oleate (12.5 mmol) and soy lecithin (2.5 mmol) were dissolved in 100 mL of ODE
and degassed under vacuum at 50°C for 1h. The flask was then filled with Argon and
the temperature raised to 120°C, and 25 mmol of TOP-Bry were injected swiftly; the

flask was immediately quenched with icy water.

The purification process involves three consecutive centrifugations at 9k RCF for 2
minutes, adding acetone (twice the crude’s volume) during the first two and redispersing

the precipitate in decreasing amounts of anhydrous toluene.

The colloidal dispersions concentrations were evaluated by using the intrinsic absorption

coefficient of CsPbBrs nanocrystals described by De Roo et al.[357]
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F1GURE 2.24: Typical soy lecithin-capped CsPbBrs nanocrystals’ absorption and pho-
toluminescence (Aexe =365 nm) spectra (a) and TEM image (b).
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A typical sample obtained via this protocol is characterized by the features shown in
Figure 2.24: the absorption spectrum (Figure 2.24 (a)) shows the first exciton transition
at 509 nm, and the corresponding PL spectrum shows a sharp and bright peak centered at
515 nm. The TEM analysis reports a quite polydispersed range of CsPbBr3 nanocubes ,

with an average edge size of 12+3 nm.

2.4 CsPbBr;/CdS and CsPbBr;3;/ZnS heterostructures

Cd-oleate 0.38 M was prepared by dissolving, in a 50 ml three-neck flask, 383 mg of
CdO and 3.9 ml OA in 3.9 ml ODE. The mixture was heated at 280°C under Ar flow for
1h, during which the mixture changes color from red to colorless. Finally, the solution

was degassed at 110°C for 30 minutes.

Cd-myristate 0.125 M was prepared by dissolving 9.3 g of sodium myristate in 750 ml
methanol. The mixture was stirred under Ar atmosphere for 1h, after which a solution of
3.7 g of cadmium nitrate dissolved in 120 ml methanol were added. The white precipitate
was filtered through a Buchner funnel and washed with methanol 3 times, and finally

dried under vacuum overnight.

S/OAm 1 M was prepared by mixing 96 mg of S in 3 ml OAm during 30 minutes at
85°C.

OAmBr. In a 25 mL three neck round bottom flask, 10 ml OAm and 1 ml HBr
are loaded and heated to 80°C under vacuum for 1h under inert Ar atmosphere. The
temperature was then raised to 120°C and the mixture was heated for 2h: once the
process finished, the mixture, still hot, was transferred in an Ar flushed vial, subsequently
sealed with a septum. Once the mixture cooled down, it resulted in a wax-like white-

yellow product.

CsPbBr3/CdS. In a three-neck flask, 69 mg of PbBry were dissolved in 5 ml ODE
and then dried under vacuum at 120°C for 1h; the atmosphere was then changed to Ar
and 0.5 ml of OAm and 0.5 ml of OA were injected . After complete solubilization, the
temperature was raised to 150°C and 0.125 ml of a 0.4 M Cs-oleate solution in ODE
were swiftly injected. At this point, 1 ml of Cd-oleate 0.38 M in ODE and 0.4 ml of
S 1 M on OAm were mixed in 3.6 ml ODE and then injected dropwise minutes in the
CsPbBrjs dispersion. The latter injection time and the temperature during the injection
were varied to study their influence; other tested variants substitutes Cd-oleate with Cd-
myristate, used in the same molar quantities, and others change the precursors ratios.
After the injection completed, the mixture was allowed to react for another 20 minutes,

and finally stopped by cooling it down with icy water. The sample was then collected

Matilde BARAVAGLIO 76



Chapter 2. Synthesis and characterization

by rinsing the flask with 5 ml toluene, and then purified by centrifugation at 10 kRCF

for 2 minutes and discarding the supernatant.

CsPbBr3/ZnS were prepared by synthesising CsPbBrs nanocubes 2.45 M in ODE
as described in Chapter 2; once the colloidal dispersion formed, 7 ul of OAmBr were
injected, and 5 mg of solid Zn(DDTC), were added. The mixture was sonicated for 5
minutes and then heated at 80°C under vacuum for 30 min, and finally heated at 120°C
for another 30 min. The resulting mixture was purified twice by adding a toluene:acetone
1:1 mixture and centrifuging it at 8 kRCF for 10 minutes. Other tested variants change

the reaction temperature, time and precursors ratios.

2.5 One-pot synthesis of multiple nanoplatelets popula-

tions

In a 50 mL three-neck flask, CsoCO3 (9 mg, 0.05 mmol), Pb(OAc)s - 3H2O (150 mg,
0.4 mmol) and OA (0.4 ml, 1.3 mmol) were dispersed in 15 ml of ODE and then de-
gassed under vacuum for 1h at 120°C. Once the metal oleates-producing reactions were
complete, OAm (0.4 ml, 1.2 mmol) was added to the mixture, as its addition at the
beginning with the other precursors was found to lead to byproducts formation. Tem-
perature was then set at T=150°C and PhCOBr (0.1 ml, 0.8 mmol) was swiftly injected
in the flask, followed by the quick reaction quenching operated by immersing the flask

in an icy water bath.

The reaction crude was then retrieved from the flask with the addition of 5 ml toluene,

and purified via two cycles of centrifugation at 10 kRCF for 10 minutes.

2.6 2D perovskite nanostructures

Li-(PEA);PbBr, crystals and film preparation. The syntheses of 2D perovskite
nanostructures as either crystals or films, here detailed, were performed by Dr. F.
Maddalena (CINTRA UMI CNRS/NTU/THALES). The following protocols were re-
produced from Ref.[358] . Dimethyl sulfoxide (DMSO, anhydrous), phenethylammo-
nium bromide ((PEA)Br, 98%), lead bromide (PbBr, 98%), and lithium bromide (LiBr,
>99%) were purchased from Sigma-Aldrich. Undoped precursor solution was prepared
by dissolving equal molar amount of (PEA)Br and PbBrs in DMSO under stirring at
100 °C for 2h under Ns. Crystals were obtained by evaporating DMSO from 3M pre-

cursor solution in ambient environment slowly; it could take a few weeks. The crystal
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precipitate was then washed with diethyl ether and dried under vacuum for future char-
acterizations. For Li-(PEA),PbBry crystals, the procedure was the same as that of the
undoped one except for the addition of LiBr to the precursor solution. The amount of
LiBr depends on the molar ratio between Li and Pb. Here, it should be noted that the
ratio is from the precursor instead of the final product. For the film preparation, precur-
sor solution (1:1, 2M concentration for high viscosity) was spin-coated on a UV-ozone
treated cover glass substrate with 500 rpm for 60 s (acceleration: 100 rpm per s). In the
last 30 s, a heat gun was applied right on top of the film to blow-dry the film with hot
air flow. The film was baked at 100 °C on a hot plate for another 20 min.

2.7 Embedding lead halide perovskite nanocrystals in poly-

meric matrices

Lead halide perovskite nanocrystals were embedded in a polymeric matrix in order
to obtain a solid sample suitable for X-ray imaging and to stabilize more efficiently
the NCs from oxygen and humidity. For the aims of this work, the choice fell on the
zwitterionic polymers described in literature.[184, 185] The CsPbBr3 were synthetized

using sulfobetaine-18 as a matching surface ligand.

CsPbBr; nanocrystals synthesis. Cesium-oleate (0.8 mmol), lead-oleate (1 mmol)
and sulfobetaine-18 (0.5 mmol) were combined in 50 ml ODE in a 100 ml three-neck
flask equipped with a stir bar. The mixture was dried at 120°C under vacuum for 30
min and then placed under nitrogen atmosphere: the temperature was then increased
to 180°C and 0.35 mmol of TOP-Bry were swiftmy injected. The flask was immediately

cooled down with an iced water bath.

The reaction crude was were then centrifuged at 10k RCF for 20 min, and the precipitate
was the purified by repeating three times the redispersion in anhydrous toluene, the
addition of twice its volume of ethyl acetate and then the centrifugation at 10k RCF for

2 minutes.

Zwitterionic block copolymer. Butyl methacrylate BMA (20 mmol), sulfobetaine
methacrylate SBMA (0.62 mmol) and azobisisobutyronitrile AIBN (0.16 mmol) were
combined as a solution in 2,2,2-trifluoroethanol TFE (20 ml) in an inert Argon atmo-
sphere glovebox. The container was sealed, removed from the glovebox and then heated
at 78 °C for 8h. The resulting solution was cooled to room temperature, precipitated
into methanol, and then purified by re-dissolving the precipitate into chloroform and
then re- precipitate it into methanol. The colorless precipitate was dried in a rotavapor:

once dry, it resulted in 1.71 g of product.
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FIGURE 2.25: Radioluminescence spectra of the pure polymer (a) and of the latter
loaded with increasing mass percentages of the sulfobetaine-capped CsPbBrs (b).

CsPbBr; nanocrystals embedded in the zwitterionic block copolymer. An
amount of the colloidal sulfobetaine-capped CsPbBrs was mixed with a volume of the
zwitterionic block copolymer dissolved in chloroform at varying mass ratios and then

dried in a teflon mold.

These samples of lead halide perovskite nanocrystals embedded in a zwitterionic block
copolymer were characterized for radioluminescence: Figure 2.25 (a) shows that the
copolymer alone does not scintillate, which is good news as it means that it will not
false the features of the CsPbBr3 nanocrystals. On the other hand, the radiolumines-
cence spectra of the NCs-loaded polymeric samples show relative intensities which are

consistent with the amount of CsPbBrs nanocrystals loaded in the three samples.

Conclusions

This chapter detailed the aspects closely related to the experimental work, thus illus-
trating the characterization techniques first, and then detailing the main lead halide
perovskite nanocrystals synthesis approaches and the mechanisms explaining the in-

volved nucleation and growth processes.

For this work’s purposes, lead halide perovskite nanocrystals were mainly synthesized
via different hot-injection approaches, chosen as facile methods able to produce well con-
trolled populations of nanocrystals and in rather high amounts. In particular, the work
was driven by the need of mastering the synthesis of selective populations of nanocrys-
tals, either in 3D or 2D structures, in order to avoid to add yield-lowering separation

and purification steps. With this purpose, the classic synthesis of OA/OAm-capped
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CsPbBrs nanocrystals was optimized until finding the optimal molar ratios between the

precursors needed to selectively obtain either 3D nanocubes or 2D nanoplatelets.

Also, a great focus was concentrated on the production of highly colloidally stable
nanocrystals dispersions, through the careful choice of the stabilizing ligand. For this
purpose, soy lecithin was chosen as the most performing stabilizing agent, on the basis
of its strong binding to the nanocrystals surfaces thanks to its zwitterionic nature, and

of its high steric hindrance.
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> Key points

& Lead halide perovskite nanocrystals are characterized via optical spec-
troscopy, typically UV /Vis absorption, photoluminescence and its
quantum yield as well as its decay time. Moreover, the scintillation
features are evaluated through radioluminescence and its decay time
features. Other structural characterizations involve the XRD diffraction,

and TEM imaging.

& These nanostructures nucleation is described by the classical Gibbs-
Thomson model, and their growth by different models, such as Lamer

mechanism and Ostwald ripening.

& The most used synthetic protocols for CsPbBr3 nanocrystals are the hot

injection and ligand-assisted reprecipitation methods.

@ In this work, the used hot-injection protocols were chosen on the basis of the
reaction mechanism: namely, highly reactive compounds were chosen as
the reaction trigger, in order to obtain a reproducible protocol, giving pure

products and rather monodisperse nanocrystals size distributions.

@ Selective syntheses of either nanocubes or nanoplatelets were obtained

by optimizing the molar ratios between the precursors.

(@ Optimal colloidal stability was achieved by choosing a hindered, zwitteri-
onic molecule, thus soy lecithin, as the surface stabilizing ligand when

highly concentrated nanocrystals colloidal dispersions were needed.
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Chapter 3

Energy deposition in perovskite

nanocrystals liquid scintillators

As introduced in Chapter 1, liquid scintillation-based technology is a less explored tech-
nique compared to the more traditional solid state approaches, even though techniques
utilizing liquid scintillation counters can be used to determine the activity of alpha-,
beta- and gamma-emitters;[285] moreover, the great sensitivity of such systems make
them a favorite choice in the detection of very low gamma-emitters such as tritium
3H.[293, 294, 359] Additionally, these liquid mixtures show excellent damage resistance,
fast decay time, low cost and exceptional scalability.[286-289, 291] These advantages
make them find large application for daily life analytical tests, as radioactivity level
measurements for environmental, medical and security purposes,[294-299] and in the
study of biochemical reactions mechanisms by radioisotopic labelling;[300, 301] also,
they are used in huge international experiments for S-emissions and neutrino detection,

such as XENONI1T, KamLAND, Daya Bay, and RENO.[291, 304-306]

However, the organic composition of these systems, and consequently their low effective
atomic number Z.g , give them a very low density: as already stated, though, the
latter is an important parameter for a scintillating material, since it is correlated with
the material’s stopping power, thus its effectiveness in interacting with the ionizing
radiation and consequently its scintillation yield. All things considered, organic liquid
scintillating cocktails (LSC) make a great compromise for the above-mentioned analytical
applications, where their high sensitivity, scalability and fast time response overcome the

moderate stopping power drawback.

The current and well established technique is based on the interplay between the different
components of an organic liquid scintillation cocktail, in which each organic substance

plays a role in the scintillation mechanism: as described in Chapter 1, the analyte is
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directly dissolved in the mixture, and the outcoming radiation is collected by the most
abundant component, by definition the solvent. The latter then transfers its excitation
energy, through non-radiative interaction, to a dye, which in turn emits light: this
emission is absorbed by another dye, called a wavelength shifter, which re-emits the
energy in the form of a longer wavelength radiation, allowing the overall outcoming light
to optimally match the detection efficiency of the instrument’s detector. Additionally,
some stabilizers are needed to keep the components stable in solution; however, the need
of all these organic components entails the exposure of the system to light losses risks,
and can result in an overall process slowdown. In conclusion, it appears clear how, by
reducing the amount of components needed, simplifying these systems would benefit

their efficiency.

In this context, halide perovskite nanocrystals recently started to arise interest in the
liquid scintillation field, again owing to their bright and tuneable light emissions, their
fast decay time and high effective atomic number: nevertheless, despite the great amount
of studies around nanoscintillators for other applications like medical imaging, their
utilisation as substitutes for organic molecules is a yet unexplored research field. In fact,
in this context they had been mainly tested as wavelength shifters,[30-33, 360] thus
the last light emitter in the energy transfers chain, still leaving the role of the primary
light emitter to organic dyes. A recent exception is represented by the work presented
by Lian et al,[361] who obtained colloidal perovskite-mediated aqueous-based liquid
scintillators with a light yield as high as 8037 and 3058 photons/MeV at °C and 30°C,
respectively, which outperformed typical aqueous-based liquid scintillators composed
of 10% PPO/linear alkylbenzene in water (only 585 photons/MeV).[362] Nevertheless,
these systems lack of a more fundamental comprehension of the deposition mechanisms in
such colloidal dispersions, which would though be highly beneficial for the understanding

of each component’s role and, consequently, the optimization of the system.

Therefore, the way that colloidal CsPbBrsg NCs behave as radioluminescence emitters
in a liquid organic medium still needed to be studied: in particular, the excitation
mechanism of the nanoparticles was not straightforward to predict, since both a direct
excitation from the radioactive source and an energy transfer from the solvent could be
plausible. In the first case, light would be emitted only when the ionizing radiation com-
ing from the radioactive source impacts a nanocrystal, implying that the light emission
intensity would be highly dependent on the NCs concentration in the colloidal disper-
sion; otherwise, if the mechanism involves an energy transfer from the excited solvent
as it happens in organic mixtures, the overall efficiency would be less impacted by the
NCs concentration, since the first energy collector would be the solvent, thus the major

component of the solution.
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Another interest of this study comes from the fact that an efficient light-emission process
and a high lead halide perovskite nanocrystals loading ratio would offer an alternative
in the liquid scintillation field, with a much increased stopping power compared to
the traditionally used LSC: this would be highly beneficial, as it would offer systems
with higher scintillation yields, and also involving fewer components, thus fewer energy
transfers steps needed for the overall light production process, which can result in longer

time responses.

Finally, an additional part of the following study covers some attempts to make lead
halide perovskite nanocrystals chemically stable in water, in order to offer a well per-
forming liquid scintillator compatible with water-based samples, without the need of
adding any surfactants. In fact, as it will better described in the dedicated section,
many analytical applications of LSC involve water-based samples, and the only way to
disperse them in traditional organic liquid scintillators is by the addition of high amounts
of surfactants. Nevertheless, this can lead to detection and reproducibility issues, which

thus explain the interest of developing water-based stable CsPbBrj3 liquid scintillators.

Summarizing, this work aims to explore the potential of CsPbBrjs as liquid scintillators,
by studying the excitation mechanism of such nanoparticles in an organic solvent medium

and the possibilities of making them stable in water.

3.1 Energy deposition possible pathways

The first aspect that needs to be addressed involves the light emitting process occurring
in the liquid medium when the light emitting specie is a CsPbBr3 perovskite nanocrystal.
As a matter of fact, two options are likely to describe the system: either an energy
transfer chain, or a direct excitation of the dispersed nanocrystals by the radioactive

source (Figure 3.1).

The first case would reproduce the processes involved in traditional organic liquid scintil-
lators, as discussed in Chapter 1: the ionizing radiation emitted by the source interacts
with the solvent, i.e. the most abundant component of the dispersion, and then the
resulting excited solvent molecule would go back to its ground state by transferring its
excess energy to an acceptor, in this case the dispersed nanocrystals; the latter would

then emit light as a result of their own de-excitation process.

Compared to an organic dye in traditional organic scintillating cocktails, one of the main
differences is that perovskite nanocrystals have good scintillation features themselves,
as a result of their high Z.g and of their electronic structure. Consequently, even a

direct interaction between the ionizing radiation and a nanocrystal, not mediated by
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FIGURE 3.1: Scheme of the two main possible excitation pathways for a perovskite

nanocrystal dispersed in an organic solvent: a solvent-mediated energy transfer, re-

producing the scheme describing organic liquid scintillating cocktails (a), and direct
excitation of the dispersed nanocrystals by the radioactive source (b).

the solvent, can result in the emission of photons; moreover, the interaction between
the organic solvent and the ligand-capped inorganic nanocrystals, in terms of geometry
and steric hindrance, and consequently the probability of energy transfers from one to
another, is not straightforward to predict. Therefore, scintillation coming from the direct

excitation of the lead halide perovskite nanocrystals is also a possibility.

The following study will be then focused on the understanding of the scintillation mecha-
nism in these systems, after a preliminary optimization of such CsPbBrs nanocrystals in

terms of colloidal stability and surface quality.

3.2 Sample quality optimization

The evaluation of the performances of colloidal CsPbBrs nanocrystals as liquid scin-
tillators was preceded by an optimization of the NCs optical features. Therefore, the
attention was first focused on the colloidal stability at high concentration, needed in
order to increase the amount of active matter in the dispersion and thus the probability
of radioluminescence emission; then, the surface quality was optimized, which is impor-
tant since the presence of surface defects impacts both the photoluminescence quantum

yield PLQY and the luminescence decay time.

At the same time, it is important to recall that these nanostructures suffer from a

short Stokes shift, as described in Chapter 1, meaning that their emission spectra highly
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overlap with the absorption ones, and thus a high loading comes with a severe increase of
self-absorption of the emitted light, entailing both a reduction and a possible slowdown of
the light emission. Since the amount of steps involved in traditional liquid scintillation
is considered as a drawback, this work is focused on the improvement of lead halide
perovskite nanocrystals performances alone, without having to add any stabilizer nor

wavelength shifter.

This means that, without a wavelength shifter in the lead halide perovskite nanocrys-
tals colloidal dispersions, a compromise concentration value has to be found in order
to increase the quantity of active matter as much as possible while preserving a maxi-
mum of the light emission; moreover, some chemical approaches can be used in order to
improve the surface quality, which not only enhances the photoluminescence quantum

yields, but also improves the light emission time response.

Finally, two factors which have to be taken into account in order to get good signal de-
tection are the light production and collection: for the former, the samples must exhibit
high PLQYs, high intrinsic scintillation yields and, depending on the NCs excitation
mechanism, an efficient solvent-to-nanoparticles energy transfer, where the nanocrystals

stabilizing ligands would play a crucial role.

The optimization of the above-mentioned parameters will be discussed in the following

sections.

3.2.1 Colloidal stability

Colloidal stability is a crucial parameter when it comes to the study of colloidal disper-
sions as liquid scintillators, especially in terms of the understanding of the light emission
process: a stable colloid would allow the evaluation of the radioluminescence features
as a function of the concentration, which would give access to interesting information.
In particular, the issue of the short Stokes shift of these nanomaterials, which has been
discussed in Chapter 1, is a central problem when it comes to high concentrations: in
this case the emitted photons are more likely going to stay trapped, re-absorbed by
the sample, than to escape it and reach the detectors. Thus, the possibility of working
with increasingly concentrated stable samples would allow to study this self-absorption

phenomenon and to optimize the system, in order to minimize it.

Moreover, whether the light emission is caused by a direct excitation of the nanocrys-
tals or by energy transfers from the medium would change the system’s response as a
function of the nanocrystals concentration. In fact, in the first case the relationship

is expected to be linear, whereas in the case of energy transfers it would not, since
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FIGURE 3.2: Picture showing the deposition of a precipitate in a typical micromolar
oleylammonium-capped CsPbBrj3 colloidal dispersion.

the light collector would be the solvent: therefore, the energy transfer probability may
have a complex dependence on the separation distance between the primary interac-
tion and the nanoparticle. Thus, having increasingly concentrated stable samples would
also be a key to study the light emission mechanism of colloidal lead halide perovskite

nanocrystals dispersed in a solvent.

Additionally, this need for colloidal stability also meets a technical requirement, as
the Triple to Double Coincidence Ratio measurements, that were used to evaluate the
systems’ scintillation performances, can last for a day or more. It is thus clearly crucial
to work with samples maintaining their stability for the entire duration of the performed

experiments.

In this respect, the classic oleylammonium-capped perovskite nanocrystals fail to satisfy
the colloidal stability needs, since typically the obtained dispersions are unstable even

at low concentration, as shown in Figure 3.2.

The improvement of colloidal stability is achievable by choosing the optimal synthetic
protocol, since both the stabilizing ligand choice and the size of the nanocrystals have a

crucial impact on the highest concentrations that can be achieved.

Soy lecithin, a zwitterionic capping ligand whose structure is shown in Figure 3.3(a), has
been shown to allow the synthesis of colloidally stable dispersions even at concentrations
as high as 400 mg/mL (Figure 3.3 (b)).[186] As discussed in Chapter 1, a zwitterion,
i.e. a chemical specie presenting multiple localized charges on its structure, but which is
globally neutral, can be a good stabilizing ligand to lead halide perovskite nanocrystals as
the positively and negatively charged ends can interact with different components of the
nanocrystals surface, acting like a bidentate ligand, whose bond is more entropically

stable than a monodentate one.
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FIGURE 3.3: Soy lecithin’s molecular structure (a) and vials containing lecithin-covered
CsPbBrs nanocrystals of about 8 nm at various concentrations (indicated on the figure)
under day light and UV light, respectively, from the work of Krieg et al.[186] (b).

These considerations led to the choice of working with soy lecithin-capped CsPbBrs nanocrys-
tals : such colloidal stability will allow to evaluate the nanocrystals performances at dif-
ferent concentrations in order to evaluate their efficiency, the self-absorption influence

and to study the light emission mechanism.

3.2.2 Size selection

A parameter that was worth exploring is these nanocrystals average size, since it can
impact their optical features: as discussed in Chapter 1, lead halide perovskite nanocrys-
tals are described as in a weak confinement regime, thus meaning that the quantum-size
effect of their excitonic features has less impact than the Coulomb interaction between
the electron and hole. Therefore, even though decreasing these structures dimensions
only induces slight changes in their electronic structure, it is important to assess every
parameter that may have an impact, thus also the average size of the nanocrystals and

the dispersion of their size distributions.

In order to evaluate the nanocrystals dimensions effect without risking to introduce
other variable factors, as it could happen by independently synthesize several individual
nanocrystals samples of different average dimensions, just one polydispersed sample was

synthesized, and different size selection were extracted from it.

The different fractions were isolated via selective precipitation by centrifugation, as
illustrated in Figure 3.4 (a). First, 10 mL of the pristine sample, added with 10 mL
of anhydrous acetone (as a dispersion de-stabilizer), were centrifuged at 10k RCF for
10 min: the supernatant, containing the smallest fraction of nanocrystals that managed
to remain stably dispersed in the liquid medium, was then added with 15 more mL of

anhydrous acetone and centrifuged again at 10k RCF overnight, in order to precipitate
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Ficure 3.4: Tlustration of the selective precipitation by subsequent centrifugations

(a) and histogram of the obtained selected sizes (b); TEM images of the pristine sample

(c) and of the selected fractions, the largest (d), the medium (e) and the smallest (f).
Scale bar equals 200 nm.

this smallest NCs fraction. The precipitate from the very first centrifugation, containing
bigger NCs, was then redispersed in 10 mL of toluene and centrifuged at 10k RCF for 30
minutes: the resulting supernatant contained the medium-sized nanocrystals , whereas

the precipitate contained the biggest ones.

Figure 3.4 shows the comparison observed with the TEM between the pristine sample,
polydispersed, and the size fractions obtained by selective precipitation: while the pris-
tine sample’s nanocrystals have an average edge of 12£3 nm, the largest, medium and

smallest obtained fractions’ ones measure 16+3, 11+1 and 941 nm respectively.

With regards to their optical properties in solution (Figure 3.5 (a)), these fractions’
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absorbance and fluorescence features slightly change according to the size decrease, with
a -3 nm blue shift from L to S sample for both the first exciton’s absorption peak and
the fluorescence emission’s maximum, consistently with the quantum confinement effect.
The same shift is observed in the photoluminescence of the nanocrystals dried on a Si
wafer, with the addition of a second emission band around 535 nm that is observed
in both the pristine sample and in the M-size selection; similarly, the radiolumines-
cence spectra are centered around 535 nm for these two samples, whereas the S-size is
blue-shifted around 525 nm and the L-size shows both the emission bands. As these
lower energy bands are observed only in the dried samples (Figure 3.5 (b)), and not in
solution (Figure 3.5 (a), bottom), it is possible that they result from nanocrystals col-
lective emissions, due to their self-assemblies;[110] this effect could be enhanced under
X-ray excitation, due to the latter higher penetrability, leading to the higher intensity of
the lower energy emission bands for radioluminescence compared to photoluminescence
(Figure 3.5 (b)).

The XRD patterns, in Figure 3.6 (a), evidence the size decrease as well, with a +47%
enlargement of the peaks for the small-size sample compared to the large-size one, which
matches the same 47% difference in the nanocrystals dimensions obtained from the TEM
images. Finally, the scintillation decay times at this stage do not show remarkable

changes following the size selection (Figure 3.6 (b)).
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FIGURE 3.5: Characterization of the pristine sample and the size fractions extracted

from it: the optical absorption at the first exciton and the photoluminescence spectra

of the samples dispersed in DIPN at an excitation wavelength of 365 nm (a) and the

photoluminescence (Aexe = 405 nm) and radioluminescence (excitation at 20 kV, 30
mA) spectra (b) of ~ 80 nm thick samples dried on silicon wafers.
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FIGURE 3.6: The XRD patterns of the pristine sample and the size fractions compared
to the orthorhombic reference pattern (a), and the radioluminescence decay time under
X rays (20 kV) (b) of ~ 80 nm thick samples dried on silicon wafers.

3.2.3 Photoluminescence quantum yield-improving surface treatments

As previously stated, the great advantage of using soy lecithin as the stabilizing ligand,
a long and quite bulky zwitterionic molecule that strongly binds to the NCs surfaces,
is that it allows to obtain colloidally stable dispersions, crucial factor for increasing the
nanoparticles loading in the liquid mixture. On the other hand, such a big and bulky
molecule can inhibit the eventual energy transfers from the excited organic solvent to the
NCs during the liquid scintillation process. Moreover, the obtained colloidal dispersions
show photoluminescence quantum yields which do not exceed 50%, which is an important

issue in terms of light emission efficiency.

This light emission efficiency can be mainly caused by surface defects, such as vacancies,
adatoms or clusters (Figure 3.7), which can be repaired by surface treatments.[174, 363]

Typically, different functional groups can be used depending on the surface defect nature:

vacancy terrace

adatom

cluster

step  Kink

FiGure 3.7: Illustration of the main possible defects that can be found on the surface
of a nanomaterial.
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for example, in literature ammonium bromides are shown to interact with both lead and
bromide vacancies,[208, 223, 277, 364], and carboxylic acids are shown to have affinity

for lead adatoms and nanoclusters.[365]

Consequently, different kinds of organic molecules were tested in this work for surface
treatment experiments, with the aim of repairing the surface defects that impact the soy
lecithin-capped CsPbBr3 nanocrystals PLQY. A second possible benefit of these surface
treatments depend on both the energy deposition mechanism describing the scintillation
process and on the way the added chemicals interact with the nanocrystals surface: as a
matter of fact, if the light emission mechanism reproduces the traditional organic LSC
energy transfers, and if the added chemical stays bound to the nanocrystals surface,
then it is possible that this new ligand improves the energy transfer from the solvent.
This is conceivable for two main reasons, one being the shorter and less bulky structure
of the used chemical with respect to soy lecithin, which may allow the solvent to come
closer to the nanocrystal, with the distance being a crucial factor for non-radiative energy
transfers.[366-368] The second reason applies to surface treatments involving conjugated
species, since with their presence on the nanocrystals surfaces, their delocalized electrons
could take part in such energy transfer from the outer solvent molecule to the inner

CsPbBrs nanoparticle.

These surface treatments were typically performed by mixing under ambient conditions
the original soy-lecithin capped nanocrystals dispersions with adjusted amounts of the
chemical, exploring increasing chemical-to-lecithin ratios. The mixtures were then stored

at ambient conditions.

Figure 3.8 shows the list of tested molecules, and includes different kinds of organic

systems containing various functional groups. It begins with ammonium bromides, that

™M ~~NHs BE @ C(\,%HaBrG @) XY NH; B @ ()*’o”’\@
(5) o) (6) 0 (7) 0 (8) 0
OH ~oH o AP
©) QNL ©)%J>H3’\/\/\ O/\/%Hafvv\

FIGURE 3.8: List of the chemicals tested as a surface treatment: hexylammonium

bromide (1), phenethylammonium bromide (2), 2-aminoanthracene bromide (3), 2,5-

diphenyloxazole (4), benzoic acid (5), cynnamic acid (6), hexylammonium benzoate (7)
and hexylammonium cynnamate (8).
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can interact with lead and bromide vacancies,[208, 223, 277, 364] here functionaliz-
ing either an alkyl chain, a non conjugated alkil-phenyl group or a conjugated aro-
matic system: first, hexylammonium bromide (CgAmBr) and phenethylammonium bro-
mide (PEABr), respectively Figure 3.8 (1) and (2), were chosen as examples of non-
conjugated ammonium bromide salts, with the latter also containing a phenyl group,
and 2-aminoanthracene bromide (2-AABr), in Figure 3.8 (3), was chosen as a conjugated
aromatic homologous. Moving forward, the other selected molecules are conjugated sys-
tems: as already mentioned, this feature, involving electronic wavefunctions which are
delocalized over the whole structure, was thought to possibly be more efficient for cou-
pling the CsPbBr3 nanocrystals with the organic solvent in case of non-radiative energy
transfers. Therefore, among the other tested species, 2,5-diphenyloxazole (PPO) (Fig-
ure 3.8 (4)) was tested since it is a commonly used dye in traditional liquid scintillators,
that also emits in the CsPbBrs absorption range;[369] afterwards, carboxylic acids, as
benzoic acid (BzA) and cynnamic acid (CynA), respectively Figure 3.8 (5) and (6),
were tested as surface treatments since they have been reported to have affinity for lead
adatoms and nanoclusters.[365] Finally, in order to study a double approach, these two
last carboxylic acids were mixed with hexylamine in order to obtain hexylammonium
benzoate (HAB) and cynnammate (HAC), respectively Figure 3.8 (7) and (8), aiming

to test if the two charges would both cooperate in binding to the nanocrystals surface.

Starting from the optical features, Figure 3.9 shows the influence of the different kinds of
tested chemical functions on the photoluminescence quantum yield PLQY. The results
were split in two graphs in order highlight different features: firstly, Figure 3.9 (a) in-
cludes treatments that didn’t bring any remarkable or stable improvement of the PLQY,
like 2-aminoanthracene bromide, cynnamic acid and PPO. The curve obtained from the
use of hexylammonium bromide would have been considered as a good result, but unfor-
tunately the such-treated colloidal nanocrystals undergo a severe chemical degradation,
resulting in their complete dissolution and loss of optical features within some minute.
This degradation is attributed to the complexing action of the terminal ammonium
group towards [PbBrg]*~ units. The graph also contains the curve corresponding to
hexylammonium cynnamate, which actually provides a good PLQY improvement as a
function of its addition to the mixture, however the choice fell on pursuing the next
phase of experiments with its homologous hexylammonium benzoate, its effect looking

more promising, as shown below.

Figure 3.9 (b) shows the PLQY modification as a function of the addition of increasing
amounts of phenethylammonium bromide, benzoic acid and hexylammonium benzoate.
Phenylethylammonium bromide brings interesting results, as the PLQY increase until
a value of 64 +18%, at a reactant-to-soy lecithin ratio at which the other treatments

are either ineffective or distructive to the CsPbBrs nanocrystals chemical stability. The
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F1cURE 3.9: Comprehensive results of the surface chemical treatments on soy lecithin-
capped CsPbBrs nanocrystals in terms of PLQY (Aexe = 365 nm) as a function of
the reactant-to-soy lecithin molar ratio: the effect of 2-aminoanthracene bromide (2-
AABr), cynnamic acid (CynA), hexylammonium bromide (CgAmBr), hexylammonium
cynnammate (HAC) and 2,5-diphenyloxazole (PPO) (a); below, phenylethylammonium
bromide (PEABr), benzoic acid (BzA) and hexylammonium benzoate (HAB) (b).

treatment with hexylammonium benzoate, then, shows a very good PLQY increment,
reaching 94 +26% at a reactant-to-soy lecithin molar ratio of 80, whereas its correspond-
ing simple carboxylic acid has almost no effect. This observation strengthens the idea
that coupling ammonium and carboxylate function is beneficial, since in this case the
PLQY reaches good values without completely dissolving the CsPbBrs nanocrystals ,
as it was instead the case for hexylammonium bromide: an ammonium salt was then

considered more efficient in this case for repairing the NCs surface defects, by stabilizing

Reactant/SoyL relative conc.
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FiGURE 3.10: The absorption and photoluminescence spectra obtained by treating
soy lecithin-capped CsPbBr3 nanocrystals with increasing amounts of hexylammonium
benzoate (a), and the pictures of the untreated and increasingly treated colloidal sam-
ples under natural sunlight at a concentration of 0.056 mg/ml (b) and 5.6 mg/ml (c).

bromide and lead vacancies. Therefore, the test that was considered the most success-
ful and thus promising for the following experimental studies is the hexylammonium

benzoate one.

Looking at the optical features of the samples treated with hexylammonium benzoate,
it becomes again apparent that an excessive amount of the reactant can cause chemical
degradation of the CsPbBrs samples: Figure 3.10 (a) shows that the absorption and
photoluminescence spectra of the treated samples reach the best preservation of the
absorption’s shape and intensity and the maximum PL intensity for the sample treated

with a hexylammonium benzoate-to-soy lecithin (HAB/SoyL) molar ratio of 10. Even
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though the PLQY results commented above pointed to the HAB/SoyL molar ratio of 80
as the most highest-achieving sample, it has to be noticed that this comes with a partial
dissolution of the nanocrystals, as shown by the shape deformation of the corresponding
absorption spectrum. The ratio of HAB/SoyL of 10 was then considered as the most
promising treatment in terms of PLQY (about 70%) and chemical stability.
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FIGURE 3.11: The fluorescence decay time of the colloidal dispersions (Aexe = 440

nm) obtained after treating soy lecithin-capped CsPbBrs nanocrystals with increasing

amounts of hexylammonium benzoate (a); the FTIR spectra of the dried untreated and
HAB-treated samples (b).
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Figure 3.10 also shows pictures of increasingly HAB-treated colloidal samples under
natural sunlight at a concentration of 0.056 mg/ml (b), and below the samples 100
times more concentrated either untreated (left) or treated at a HAB/SoyL ratio of 10
(right) (c). The change of color, that shifts from pale yellow to bright green, is a nice

visual observation of the increased PLQY.

The choice of the HAB/SoyL ratio of 10 as the best sample is in accordance with the
photoluminescence decay time features (Figure 3.11 (a)). In fact, the decay improves
progressively for increasing amounts of hexylammonium benzoate, finally reaching an
improved monoexponential decay for the sample treated with a HAB/SoyL of 10; in-
stead, for the sample with a HAB/SoyL of 80, the curve shape regresses back to the
previous trend. This could be attributed again to the partial dissolution of the nanocrys-
tals of this sample, earlier detected in its absorption spectrum, which experience surface

deterioration due to the excessive amounts of ligands.

Finally, in order to understand if hexylammonium beanzoate does bind to the nanocrys-
tals surfaces, or it only reacts with them, a FTIR measurement was conducted: the
comparison between the untreated and treated sample is shown in Figure 3.11 (b). The
untreated sample features the characteristic peaks associated to alkyl groups, thus the
C-H stretchings between 2971 and 2863 cm ™!, as well as their scissoring and rocking
modes below 1500 cm~*,[370] and the stretching vibration of the C=0 bond at 1736
em !, typically associated to saturated alyphatic esters:[371] this is consistent with the
presence of soy lecithin on the nanocrystals surface. On the other hand, the spectrum
obtained from the sample treated with hexylammonium benzoate does not show any
remarkable differences, as it features the same peaks found for the untreated sample,
but no addition of a C=0 stretching vibration at lower wavenumber, as it would be
expected for a q,B-unsaturated C=0 bond as the one in hexylammonium benzoate’s
structure,[371] nor the signals at 3032 cm™!, 1506 cm ™! or 738 cm™! that are typical
of an aromatic ring.[372] The final conclusion was then that hexylammonium benzoate
only acts as a surface repairing agent, but does not bind to the nanocrystals surfaces as

a ligand.

In conclusion, the chemical treatment with hexylammonium benzoate has been proved
successful in repairing the defects on the involved nanocrystals surfaces, having a key
beneficial impact on the photoluminescence quantum yield of these soy lecithin-capped
CsPbBr3 nanostructures. This PLQY optimization has as a consequence the reduction
of the overall light detection issues due to self absorption, as the emitted photons, even
in case of re-absorption along their path, are much more likely to be emitted again and
eventually reach the detector. The scintillation performances of these fully optimized

samples were then ready to be tested.

Matilde BARAVAGLIO 98



Chapter 3. Liquid scintillators

3.3 Triple to Double Coincidence Ratio

The evaluation of the colloidal CsPbBrs nanocrystals scintillating behavior in solution,
in real utilization conditions, was done via the Triple to Double Coincidence Ratio
(TDCR) method: this technique, based on a coincidence method, can give information
about the light emission, the self-absorption phenomena and the scintillation quantum
yield,[373, 374] a parameter which is not straightforward to evaluate in the case of
nanostructures, due to the complex energy deposition scheme under ionizing radiation

excitation.[282]

This setup uses ' Am as a 59.5409 keV ~ emitting excitation source in order to study
the interaction between this radiation and the sample. The linear interaction probability
p (in em™1) of a v photon with a material with effective atomic number Zeg is given by

the following formula:[375]

NeOe
_ 3.1
I Zers (3.1)

where 1, is the electron density (cm™3) and o, is the interaction cross section of the

material (cm?).

The interaction cross section g, combines all the 3 types of interaction of the ionizing
radiation with matter, thus the photoelectric effect, the Compton effect, and the creation
of pairs. Being the first two phenomena the ones involved in TDCR, a brief description

is here presented and illustrated in Figure 3.12[376].

The photoelectric effect corresponds to the situation where the v photon is absorbed,
leading to the ejection of an electron (photoelectron) from a core level (K, L, M,...) of
the scintillator. The ejected photoelectron has a kinetic energy E. = E, - E;, where
E; is the binding energy of the level it was ejected from. This kinetic energy, following
successive interactions, will contribute to the emission of light, as well as the atom left
in the excited state, which will eventually radiatively de-excite. Therefore, through the
photoelectric effect all of the emitted light corresponds to the total energy deposition of
the initial incident ~ photon: since the latter has well-known energy, in principle this

gives rise to the same number of scintillation photons each time.

Furthermore, especially in the presence of heavy elements, it may happen that the
subsequent X-ray fluorescence escapes from the crystal, mainly from K levels: an ”escape
peak” in thus observed, and its amplitude depends on the dimensions of the crystal. Far

from the absorption thresholds K, L, M,..., the photoelectric effect’s cross section o is
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FIGURE 3.12: The framed drawings represent the Compton events, the photoelectric

effect (PE) and the case where an event Compton gives rise to a reabsorbed 7 photon.

In this case, the energy filed is similar to the PE case. The escape corresponds to the

case where part of the energy escapes from the crystal by X-ray fluorescence. part in

red symbolizes the emission of light linked to the energy deposit of the electron diffused
or resulting from the ionization. Reproduced from the work of Dujardin[376].

proportional to Z2g /Ev:[375] therefore, the scintillator’s effective atomic number is an

important criterion when the photoelectric effect is used for detection.

Next, the Compton effect corresponds to the inelastic scattering of the incident v photon
on an electron in the material. By noting 6 the angle between the direction of the incident
photon and that of the scattered photon, of energy E',, the kinetic energy E,. acquired
by the electron and that of the diffused v photon is given by:

E.=E, - E/ (3.2)

with E!, = E,/(1+ (Ey(1 — cos#)/moC?)) and mg as the mass of the electron at rest.

The scattered + photon can either be reabsorbed or escape. If it’s reabsorbed by the
scintillator, then the total energy deposited is equal to that of the incident photon, just
as in the case of the photoelectric effect: in this case, it contributes to the photoelectric
peak and cannot be distinguished from a photoelectric event. Otherwise, if the scat-
tered v photon escapes, then the deposited energy corresponds to that of the scattered
electron. Depending on the scattering angle 8, the energy of the scattered electron and
therefore deposited in the crystal varies from 0 to E./(1+ (2E,/moC?)]. This last value
corresponds to the Compton front. The whole of this continuum is names the Compton
plateau (Figure 3.12). The cross section of the Compton effect o¢ is proportional to

Zest /E-.[375)]
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With that in mind, the TDCR experiments performed on colloidal CsPbBrs nanocrys-
tals aim at studying their scintillating features under 59.5409 ~ excitation. The phe-
nomenon which is more likely to happen in such a liquid system is the Compton effect:
this is why the detection of the scattered ~ photons can give important information on

the deposited energy.

The experimental setup involves three photomultipliers (PMTs) positioned all around
the sample, together with a CdTe spectrometer and a gamma spectrometer, and a sealed
241 Am source placed under the sample (illustration in Figure 3.13).[373, 374, 377] The
~ rays emitted by the source interact with the sample mainly by Compton effect: this
produces a scattered v photon and a photoelectron. The latter then follows a path,
whose length depends on its energy and on the medium, and ends up being absorbed
by an energy acceptor: in liquid scintillation processes, as already discussed, the most
probable interaction results in the excitation of the solvent, which then transfers its

energy to a dissolved dye, which then emits light.

Every scintillating event is likely to produce many photons, which then travel through
the liquid sample in different directions: if nothing stops their trajectory, each of them
can reach a PMT, and in particular multiple photons emitted by the same event can
ideally reach different PMTs at the same time, the latter respecting the statistics of the
scintillation decay. The TDCR technique is based exactly on this idea: if two photons
reach two PMTs at the same time within a short coincidence time window, leading to
what is called a double coincidence (D), these D signals are interpreted as a count of
the emissive events out of the natural thermal noise of the PMTs. The number of times
that these coincidence are not just double, but triple, thus when three photons reach the
three PMTs A, B and C within the same coincidence time window, this is interpreted
as an indication of the intensity of the corresponding emissive events. Essentially, the
number of triple coincidences allows to evaluate the average number of detected photons

per scintillating event, regardless of the PMTs efficiency.

The measurement, then, consists in the evaluation of the photon detection coincidences
in the three PMTs. In this configuration, the signals collected by a single PMT only,
thus leading to no coincidences with the other ones, are considered as either noise, either
an indication of self-absorption phenomena: as a matter of fact, if the sample can re-
absorb the photons, these latter will struggle to travel safely up to the PMT, since they
will be more probably be re-absorbed along the way.

Double coincidences, then, are considered as reliable detected events, thus the “D”
factor is considered as a measure of the number of emissive events occurred during the

scintillation process.
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FIGURE 3.13: Setup and working principle scheme of the TDCR setup developed at
LNE-LNHB:[373] the external radioactive source irradiating the sample, leading to a
Compton effect that produces on one hand a scattered ~ photon, that can be detected
by the ~ detector, on the other hand a photoelectron that can result in scintillation,
emitting photons which can impact the three photomultipliers A, B and C.

If a too high self-absorption probability impacts the system, it is not probable to observe
coincidences, but on the contrary the analysis will be dominated by single detections
from the individual PMTs, whereas D, thus the count of the reliable emissive events,

will tend to zero.

Finally, the triple coincidences T are evaluated as a measure of the intensity of those
emissive events: resulting from these considerations and from the setup’s geometry, the
T/D factor, thus the triple to double coincidences ratio, is mathematically related to
the scintillation yield via the following formula, where n represents the average number

of photons detected per emissive event:[374]

n = —3log(1 — %) (3.3)
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FIGURE 3.14: Preliminary tests on untreated soy lecithin-capped CsPbBrjs colloidal
dispersions: at the top, the PLQY as a function of the mean nanocrystals size and of
their concentration, respectively (a) and (b).Below, their corresponding TDCR results,
respectively (c) and (D), in terms of single detections from one PMT and of the number
of emissive events D. Note that the single detections A and the double coincidences D
had to be respectively divided by 10 and multiplied by 100, in order to compare these
values with the ones for the liquid scintillator reference Ultima Gold (UG), represented
by the dashed horizontal lines.

A first set of TDCR measurement was conducted on untreated CsPbBrs nanocrys-
tals samples of increasing average size, and their PLQY and TDCR results are com-
pared in Figure 3.14 (a) and (c), respectively. The trend favors smaller nanocrystals,
even though in general the obtained values are rather poor, in comparison with the
performances of the liquid scintillator reference Ultima Gold: the single detections A,
which can portray the noise, are 10 times higher than the reference, whereas the number

of emissive events D is 100 times lower.

A second set of TDCR measurements was then conducted on untreated CsPbBrg dis-
persions of increasing concentrations, and their PLQY and TDCR results are depicted
in Figure 3.14 (b) and (d), respectively. The measurements show that increasing the
concentration massively degrades the scintillation performances, as the number of dou-
ble coincidences D drops: this was interpreted as evidence that at high concentration

the system experience stronger self-absorption, preventing the emitted photons to reach
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the detectors before being re-absorbed by the medium. In this case again, the obtained

values are far poorer than the Ultima Gold reference.

The concentration value that was chosen to pursue the study was then 0.056 mg/mL,
which corresponds to an optical density at the first exciton of 0.2, which was the only
sample at this preliminary stage to show a reasonable amount of emitted photons, and
also the one with the highest photoluminescence quantum yield, consistent with a less

impacting self-absorption.

A great step forward in the improvement of these systems performances was then allowed

by the chemical surface treatments discussed in the previous section.

The above described surface-treated samples were thus tested for the Triple to Double
Coincidence Ratio measurement, in order to observe the effects of the chemical treat-
ment on the scintillation processes. The first plot shows that, for treated and untreated
dispersions at the same concentration (light blue, blue and yellow data), there is a clear
correlation between the average n, defined in equation 3.3, and the optical quantum

yield: n shows a behaviour which is consistent with the PLQY enhancement, and thus

0.9- S_PEABr n(UG) =0.98
1@ S_BzA
0.8- S_HAB
1 @ s_C*10_HAB
0.77-@- Mix_C*100_HAB
0,6 -
c 0,51
0,4 - Q
0,3-
0,2- 0\0.3
0,1-
0,0

0 10 20 30 40 50 60 70 80 90 100
PLQY (%)

FIGURE 3.15: TDCR results in terms of the number of photons detected per emissive

event n as a function of the PLQY for samples treated with phenylethylammonium

bromide (PEABr), benzoic acid (BzA) and hexylammonium benzoate (HAB). The

upper limit of the vertical axis represents n for the reference liquid scintillator Ultima
Gold (UG).
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with the improved NCs surfaces quality. The best result is again obtained with the
hexylammonium benzoate treated mixtures, which double the pristine sample’s scin-
tillation yield-related parameter n even in the case of a colloidal dispersion 100 times
more concentrated than the previous. Since the light emission corresponds to the last
stage of the scintillation mechanism, the significance of the optical quantum yield on the

scintillation quantum yield is convincingly demonstrated.

That said, this linear-like behavior, coupled with the FTIR result discussed above that
showed that HAB specie does not bind to the CsPbBrg surface, put forward the hypothe-
sis that the light emission processes come from direct excitation of the nanocrystals from

the radioactive source, more than from some solvent-mediated energy transfers.

Additionally, the double effect of a concentration increase is shown in the n=f(PLQY)
plot in Figure 3.15: when increasing the concentration by a factor of 10, n increases by
more than a factor 2, whereas a 100-fold higher concentration causes the average n to
decrease back to a value comparable to the diluted sample. This result unequivocally
indicates that, even for high-quality surface nanocrystals, the possible CsPbBrs NCs

loading increase is limited: a too high concentration brings back the self-absorption issue
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FIGURE 3.16: The setup PMTs’ sensitivity as a function of the detected wavelengths,
where (a) points to the CsPbBrs emission and (b) to ” Ultima Gold” standard’s one.
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due to the already mentioned strong overlap between the emission and the absorption

spectrum, frequently observed in such direct band gap semiconductors.

It is also worth noticing that in the case of the moderately concentrated HAB-treated
sample, the obtained n value is comparable with the liquid scintillator standard Ul-
tima Gold, when considering that the PMTs of the setup are twice less sensitive to
CsPbBr3 emission wavelength than for UG’s one (Figure 3.16). This is highly remark-
able, since the tested lead halide perovskite nanocrystals colloidal dispersion are about

two orders of magnitude less concentrated than UG.

On the other hand, the mentioned improvement in the impact of self-absorption between
untreated and treated samples is well depicted in Figure 3.17. as a matter of fact, in
the case of the untreated colloidal dispersions, all the concentrations values that it was
possible to test give around the same amount of detected emissive events D; on the other
hand, this value increases by around 10- and 100-fold in the case of the samples treated

with hexylammoinum benzoate.

Figure 3.17 also shows that the treated samples show a linear increase of the scintillating

events as the concentration increases. Again, this linear-like behavior encourages the
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FIGURE 3.17: Number of detected emissive events D as a function of the concentration

of untreated soy-lecithin CsPbBr3 nanocrystals and of samples treated with hexylam-

monium bromide. D(UG) indicates the number of emissive events detected for the
reference liquid scintillator Ultima Gold (UG).
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hypothesis that the light emission mostly come from direct excitation of the nanocrys-
tals from the radioactive source, more than from some solvent-mediated energy transfers.
In fact, in the latter case the observed D increase wouldn’t be expected as linear as a
function of the nanocrystals concentration, as the primary radiation acceptor would be
the solvent: therefore, the energy transfer probability would more likely show a com-
plex dependence on the separation distance between the primary interaction and the

nanoparticles.

The increase of the average n portrayed above requires careful analysis: as previously
described, such an increase may be due to an increase of the intrinsic scintillation yield,
or to a variation in the mean deposited energy, which is clearly observed in Figure 3.19.
Figure 3.18 plots the number of photoelectrons n,. as a function of the photoelectron
energy. The spectrum is restricted to the range below 10 keV due to potential pertur-
bations arising from double Compton events at higher energies. Both the HAB-treated
diluted and 100 time more concentrated samples exhibit almost the same scintillation
yield about 0.25 photoelectrons per deposition of 10 keV: this highlights that within
these concentrations range, increasing the concentration does not impact the intrinsic
scintillation yield, implying that the increase observed in Figure 3.15 can be attributed

to a change of the mean deposited energy.

Finally, the energy deposition mechanism in such colloidal CsPbBrj3 systems is deter-
mined, by comparing the number of emissive events D detected by the three photomulti-
pliers in coincidence with the detections of the gamma-spectrometer. In fact, considering
the ratio between the number of emissive events D and the number of high energy pho-

tons detected by the gamma-spectrometer, this D/ ratio is considered as the detection
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FIGURE 3.18: Number of photoelectrons n,. per photoelectron energy, in the case of

the untreated sample (dark green), the corresponding concentration sample treated with

hexylammonium beanzoate (purple) and the HAB-treated one at a 100 times higher
concentration (yellow).
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FIGURE 3.19: The detection efficiency per energy of the detected v photons, for the

untreated and treated with HAB samples (respectively dark grey and green), and for

the HAB-treated sample with a 100-fold higher concentration. Vertical dashed lines

mark the average X-fluorescence emission thresholds for Pb (L, = 10.55 keV, L, =
12.61 keV) and Cs (K, = 30.97 keV, Kg = 34.98 keV).

efficiency of the whole scintillation event. This detection efficiency thus depend not only

by the intrinsic scintillation yield, but also on the number of effective emissive events.

Figure 3.19 plots this D/ parameter with respect to the energy of the high energy
photons detected by the gamma-spectrometer: in the case of the untreated colloidal
dispersions, the very low amount of detected emissive events D makes only a few features
to stand out of the noise, which correspond to the average X-fluorescence emissions from
caesium and lead. On the other hand, when considering the treated sample at the same
concentration, the curve has a structure, showing features describing y-photons scattered

by Compton and double Compton effect.

Differently, when increasing the concentration by 100-fold, the same curve shape de-
scribing the scattered y-photons is observed, but the detection efficiency dramatically
increases for the energies corresponding to the X-fluorescence emitted by caesium and
lead: the D/ ratio indeed increases by around 10-fold for these X-fluorescence peaks,
whereas for the scattered photons the detection efficiency increases of about a factor

2. This indicates that the dominant primary energy deposition mechanism for a high
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concentration on nanocrystals is the direct interaction between the source’s 59 keV -
photon and the CsPbBr3 nanoparticles. Moreover, the detection efficiency increase for
the Compton photons looks more pronounced for lower-energy detected ~-photons, thus
when a higher-energy primary electron is formed. This could reflect the situation where
this primary interaction occurs in the solvent, but very close to a CsPbBrs nanoparticle,
meaning that the primary electron and its resulting electron shower can directly interact

with the nearby nanocrystal.

In conclusion, after several steps of sample quality improvement involving size selec-
tion via selective precipitation and multiple chemical treatments aimed at repairing the
surface defects, some stable and bright colloidal CsPbBrs dispersions, even at high con-
centration, were obtained and tested as liquid scintillators. This study on lead halide
perovskite nanocrystals as liquid scintillators was concluded, then, with the presentation

of a direct energy deposition.

3.4 Core/shell strategy for water stability

It has already been mentioned that traditional liquid scintillators are a mixture of differ-
ent organic components, dissolved in an apolar, aromatic solvent. Nevertheless, a vast
range of liquid scintillation applications covers aqueous samples, namely the identifica-
tion and quantification of radioactive agents in human blood, urine and tissues, or in

the environment, in water bodies and flora.

Now, the miscibility of water with the above-mentioned typical organic apolar solvents
is very poor, thus LSC have to be added with a vast range of surfactants, used to bring
the aqueous phase into close contact with the organic one.[285] Once the surfactants
are present, the addition of water forms a microemulsion, thus a dispersion of small
droplets, with an approximate radius of 10 nm, stabilized by the detergents.[378] Many
detergents have been investigated in literature, involving non-ionic, anionic, cationic
and amphoteric surfactants,[378] and within each group, it is possible to choose the
favored chemical for the specific application. The close contact allowed by the optimal
dispersion of the droplets in the organic solvent can produce an efficient energy transfer,
meaning that radioisotopes can be successfully identified and quantified even in aqueous

solutions.

Nevertheless, this amount of components needed in a traditional LSC not only entails
the exposure of the system to light losses risks and to a decrease of the light emission
rate, but also it can make it complicated to get reliable results for aqueous samples. as a

matter of fact, surfactants can stabilize only a small concentration of aqueous samples.
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For example, Triton X-100 is often used as an agent for the formation of stable emulsions
for liquid scintillation counting, and in its case the maximum amount of water that can
be mixed with the LSC is around 40%, with counting efficiencies around 10% for *H
and 50% for '*C.[294] The limited maximum miscibility can be a great issue, since
the analytes already come diluted in water, and also the system can result in a highly
diffusive biphasic emulsion, or in the formation of foam: this can reduce the overall
mixture transparency, leading to problems in the light detection and to experimental
reproducibility issues.[379] This need for surfactants adds further complication in the
LSC system, and can decrease its overall efficiency. Nevertheless, as already mentioned,
water-based samples are a significant part of the utilization of liquid scintillators, thus

possible amelioration of these systems deserve to be explored.

As seen in the previous sections, lead halide perovskite nanocrystals can make good light
emitters in liquid scintillation cocktails, even without the need of energy transfer from the
solvent, thus it is worth it to attempt to transfer these CsPbBrs nanocrystals into polar
solvents. Chapter 1 already discussed that water is a great enemy of these structures,
as their ionic bonds are easily dissolved by such a polar specie. Consequently, the only
plausible strategy to protect the nanocrystals is to grow a protective shield all around
their surface, obtaining a core/shell structure.[380] Consequently, such shell material
needs to be stable in polar environment, thus to be held by covalent-like bonds, and also
to be either transparent to CsPbBrs nanocrystals emission, or to show fluorescence after
absorbing their emission; moreover, it would also be ideal for it to match the crystal
structure of the nanoparticles, in order to promote the shield material to evenly grow

on their surfaces.

The current section involves the attempts to grow a protective shield around the nanopar-
ticles, aiming to facilitate the application of these liquid scintillators with aqueous sam-

ples, without needing to add surfactants to the mixture.

3.4.1 CsPbBr;3/ZnS ”raspberry” heterostructure

Techniques aiming to increase the stability of nanocrystals towards the environment,
namely moisture, involve their covering with a shield material: the choice can fall on
either polymers,[195, 234-236, 381-384], salts,[385] oxides like ZnO[386] or SiO2[273,
387-389] or another semiconductor, like ZnS,[390-392] PbS,[393] or CdS.[394, 395]

In the matter of this work, the attempts were focused on CsPbBrs /semiconductors
core/shell heterostructures, judging that not only the covalent-bond shield would be
an effective protection against water, but it would also be interesting to observe the

interaction between the two semiconducting materials during the light emission process.
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as a matter of fact, an eventual energy transfer between the to adjacent materials could

improve the Stokes shift of the overall system.

The following set of experiments involves the attempts to grow a shell of either CdS
or ZnS around CsPbBrs nanocrystals, ideally in a one-pot synthesis: two hot injection
processes are involved, the first aiming to form CsPbBrs nanoparticles, the second forcing
the growth of CdS on their surface, via heterogeneous nucleation. In particular, tests

involving CdS shells were conducted as variations based on the work of Tang et al.[394],

F1cURE 3.20: Crystal structure representations of CsPbBrj3 either in the cubic Pm-

3m or orthorhombic Pnma structure, respectively (a) and (b), and both CdS and ZnS

in their zinc blende F-43m structures, respectively (c¢) and (d), or wurtzite P36mc
structures, respectively (d) and (f).
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whereas the experiments on ZnS shells were prepared as variations of the work of Ravi

et al.[391] For the synthetic protocols, please refer to section 2.4.

Ideally, the perfect structure match would happen between two similar crystal struc-
tures, with similar symmetries and cell dimensions. Regarding the respective crystal
structures, ideally all the three CsPbBr3 , CdS and ZnS can have cubic crystal struc-
tures (Figure 3.20 (a), (c), (e)), but it has already been discussed that CsPbBrs colloidal
nanocrystals are rather arranged in an orthorhombic structure (Figure 3.20 (b)); more-
over, both CdS and ZnS can also have an hexagonal wurtzite structure (Figure 3.20 (d),
(f)). Additionally, the presence in CsPbBrs of the large Cs™ cation makes the cell much
bigger than the ones of CdS and ZnS.

Consequently, by attempting to grow a CdS or ZnS shell around CsPbBr3 nanocrystals, it
would be difficult to obtain an even, homogeneous epitaxial growth (Figure 3.21 (a)), but
it would be more logical to expect a raspberry-like structure, illustrated in Figure 3.21 (b)
This kind of heterostructure reflects the situation where the shell material experiences
multiple heterogeneous nucleation, triggered by the presence of the CsPbBrs surfaces,
which then grow expanding; eventually, all these expanding particles would make contact

and end up covering the initial CsPbBr3 nanocrystal.

The first set of syntheses was conducted on CdS shells, taking into account the work of
Tang et al.[394] The parameters that were considered as the most relevant in order to
promote the growth of CdS on CsPbBrs were the precursors relative ratios, the reac-
tion temperature and the duration of the CdS precursors injection: consequently, these
parameters were varied in different combinations in order to find the optimal nucle-

ation/growth conditions. Nevertheless, these attempts did not lead to the formation of

(a)

FIGURE 3.21: Illustration of an ideal core/shell cubic heterostructure, where the shell
has grown evenly on the core structure (a), and of a raspberry-like one (b).
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FIGURE 3.22: Optical and structural features of an attempted CsPbBrs/CdS het-
erostructure. TEM images at low magnification (a) and high magnification (b), where
the inter-planar distances are indicated in yellow for orthorhombic CsPbBrs and in
white for trigonal CsyPbBrg; absorption spectrum (black, solid line), PL spectrum
(MAexc = 350 nm) (green, solid line) and the corresponding PLE spectrum at Ae,,= 512
nm (dashed line) (c); XRD pattern of the obtained CsPbBrs/CssPbBrg mixture (d).
In the latter, green diamonds mark the orthorhombic CsPbBrs pattern, whereas the
brown stars mark the trigonal Cs;PbBrg one.
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the desired shell, as the main result of these reaction was actually the partial degrada-
tion of the initial CsPbBr3 nanocrystals and the formation of a Cs4PbBrg phase, caused
by the prolonged exposure to high temperature (typically 150°C or 180°C). An exam-
ple of a typical result is here presented: in this case, the chosen Cd:Pb ratio is 2, the
CdS precursors are Cd-myristate and sulfur dissolved in oleylamine,[396] and the latter

precursors dropwise injection was conducted at 150°C during 40 minutes.

The TEM images (Figure 3.22 (a) and (b)) show two main populations, one being cubic-
shaped nanocrystals, and the other being round/hexagonal shaped ones. The FFT oper-
ated on the high magnification images reveal the presence, along with the CsPbBrj struc-

ture, of the CsyPbBrg phase, which shape is consistent with literature.[397]

This finding is consistent with the optical properties of such system, shown in Fig-
ure 3.22 (a), featuring an absorption spectrum typical of a highly diffusive sample, in
which only a peak at 515 nm is recognizable; the PL peak can be attributed to both
CsPbBr3 nanocrystals or Cs4PbBrg nanocrystals of around 15 nm edge. The structural
confirmation is given by the XRD pattern, in Figure 3.22 (b), revealing the presence of
Cs4PbBrg along with CsPbBrs and no sign of CdS. This can be explained by the reaction
temperatures, that were probably too high to maintain CsPbBrs nanocrystals stable,

but too low to allow the CdS nanocrystals formation.

H,C

FIGURE 3.23: Comprehensive resonance structure of zinc diethyldithiocarbamate.
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F1GURE 3.24: Mechanism proposed by Islam et al. for the formation of ZnS from the
thermal decomposition of precursors like zinc diethyldithiocarbamate in the presence
of primary amines. Reproduced from their work.[398]
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The next set of syntheses involves the attempt of growing ZnS nanostructures around
previously synthesised CsPbBrs , using as the fist inspiration the work of Ravi et al.[391].
The used ZnS precursor is Zn(DDTC)q, shown in Figure 3.23, which carries two sets
of resonant and negatively charged S-C-S bonds, coordinating one Zn?* cation. In
presence of primary amines like the oleylamine that is used in these protocols, this
specie can decompose as depicted in Figure 3.24, producing one ZnS pair and eventually
ZnS nanocrystals. In this case, Zn(DDTC)s was added in its solid form to previously
synthesised CsPbBrjs colloidal nanocrystals, and then processed: thus, for this synthesis
optimization, the parameters that were varied were the precursors ratio, the temperature

and the reaction time.

Eventually, an additional source of zinc was added, in order to prevent potential compet-
itive reactions and byproducts to capture the zinc, which still is in a 1:4 ratio compared
to sulfur in Zn(DDTC),, and to ensure that excess of sulfide does not sulfidize the per-
ovskite into PbS: varying amounts of zinc stearate, a commercial product, were added,
until the final result shown in Figure 3.25 was obtained. Experimentally, this synthesis
was conducted based on the protocol described in Chapter 2, using a Zn(DDTC)2:Cs
ratio of 25, with the addition of an amount of Zn-stearate equal to 2.25 times the amount
of Zn(DDTC),, and the reaction temperature held at 290°C during 1h.

The optical features in Figure 3.25 (a) show a -15 nm shift of the PL peak, together
with its +88% FWHM enlargement. From the high temperature used to perform the
synthesis, it is expected to observe the formation of Cs4PbBrg, which is yet probably not
the cause of the PL peak enlargement, as it was not the case for the previously discussed
CsPbBrs/CssPbBrg mixture in Figure 3.22 (c), but it is still identifiable from the XRD
patterns highlighted in Figure 3.25 (b). From the latter, the successful formation of
ZnS is confirmed as well, notably in its wurtzite structure. The morphology of these
nanocrystals is observed through TEM (Figure 3.25 (c) and (d)), that confirms the
kind of heterostructure that was more likely expected, thus the previously illustrated
raspberry-like one: the FFT operated on the high resolution TEM image identifies
the (0 0 2) planes of ZnS nanocrystals, which are indeed aggregated around an empty
spot. This is interpreted as an indication that, either during the reaction or during the
purification steps, the CsPbBr3 around which ZnS did grow underwent some dissolution
issues, also meaning that the shielding provided by ZnS was not covering the whole

nanocubes surface.

Nevertheless, this is a promising result, which will have to be further perfected in future
experimental series, aiming to obtain ZnS shells completely covering the scintillating

CsPbBrs nanocrystals, thus allowing them to be dispersed in water media without being
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FIGURE 3.25: PL spectra (Aexc = 350 nm) of the precursors mixture before heating
(green, solid line) and of the product (light blue, solid line), with the respective PLE
spectrum at A, = 490 nm (corresponding respective color, dashed line) (a); XRD pat-
tern of the obtained CsPbBrs/ZnS heterostructure (b). In the latter, green diamonds
mark the orthorhombic CsPbBrs pattern, brown stars mark the trigonal Cs,PbBrg
structure, and blue stars mark the wurtzite ZnS one. TEM images of the obtained
raspberry-like CsPbBr3/ZnS heterostructures, at low magnification (¢) and high mag-
nification (d), where the inter-planar distance indicated in white designs the (0 0 2)
planes in P63mc ZnS.
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dissolved by the polar environment, and to be implemented in routine liquid scintillation

analyses of water-based samples.

Conclusions

This chapter has presented the work on CsPbBrjs colloidal nanocrystals dispersions as
liquid scintillators, especially aiming at understanding the energy deposition mechanism
in such colloidal nanostructures and their possible interaction with the surrounding

organic solvent.

In order to study these systems, the CsPbBrg nanocrystals features were first optimized
in terms of size distribution and optimal concentration, and finally in terms of their
photoluminescence quantum yield, which gave the most relevant results. Namely, the
NCs were treated with chemicals of different nature, in order to repair the surface defects
and consequently their PLQY. In particular, the surface treatment with hexylammonium
benzoate made it possible to obtain an average number of photons detected per emissive

event which is comparable to the used reference Ultima Gold organic liquid scintillator.

A Compton-TDCR experiment was then used to finely characterize the energy deposition
processes in these solvent /NCs binary mixture. The study demonstrated that, contrarely
to traditional organic liquid scintillators, where the energy is mainly deposited in the
solvent, perovskite nanocrystals themselves are the main energy acceptors. This is most
likely due to the high density of the nanocrystals, due to the presence of heavy elements
such as lead and caesium. Therefore, lead halide perovskite nanocrystals have a double
role as liquid scintillators, being at the same time energy deposition centers and visible

light emitters.

These results can be readily extended to the more general case of composites materi-
als involving nanocrystals in a matrix, and improve our understanding of the use of
such nanostructures for scintillation. They further pave the way to the development
of new liquid scintillation cocktails, either introducing nanocrystal emitting centers, or

nanocrystals as v absorbers, or both.

Finally, some synthetic protocols were described, aiming at the formation of a protective
shell of a covalent-bond material over the surface of CsPbBrs nanocrystals, with the goal
of obtaining water-stable samples. Promising results were obtained via the formation of
a raspberry-like CsPbBr3@ZnS core/shell structure: further protocol optimizations are
expected to lead to fully shielded scintillating nanocrystals, suitable for the considerable

amount of applications of LSC needing water stability.
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> Key points

& Liquid scintillation is a powerful technique that is primarily used in ra-
dioactivity level measurements for environmental, medical and security pur-
poses, in the study of biochemical mechanisms, in international high energy

physics experiments and in metrology.

0 Traditional liquid scintillating cocktails are organic mixtures com-
posed of a solvent, a dye, a wavelength shifter and some stabilizers. The
scintillation process in these systems involves chain energy transfers from

the solvent to the dissolved active molecules.

& CsPbBrj; lead halide perovskite nanocrystals have been studied in this
work as the primary emitter of a liquid scintillator, in order to evaluate

their performances and to understand the energy deposition process.

@ Several steps of sample quality improvement were conducted, involving size
selection via selective precipitation and multiple chemical treatments
aiming to repair the surface defects: the most stable and bright colloidal
CsPbBrjs dispersions were obtained after treatment with hexylammonium

benzoate.

® CsPbBrs nanocrystals were tested via the Triple to Double Coincidence
Ratio technique, which showed for the chemically treated samples results
comparable with the "Ultima Gold” liquid scintillation standard. The
results allowed to determine the energy deposition mechanism, which
is dominated by the direct excitation of the colloidal nanocrystals by the

radioactive source.

(@ Many applications of routine liquid scintillation-based measurements involve
analytes dissolved in water media. The ionic nature of CsPbBrsy makes
them chemically unstable towards water: experimental tests were then con-
ducted in order to grow a core/shell heterostructure where either CdS

or ZnS nanostructures would shield CsPbBrs from the polar environment.

@ A successful CsPbBr;/ZnS core/shell heterostructure was obtained,
showing a raspberry-like morphology: further experimental test are
planned in order to optimize the CsPbBrs nanocrystals surface covering
and thus their successful stabilization in water, allowing their further

exploitation in liquid scintillation-based techniques.
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Chapter 4

Energy transfers in perovskite

nanostructures

As discussed in Chapter 1, the small Stokes shift of lead halide perovskite nanocrys-
tals can be an issue when scintillation processes are involved,as typically the latter
benefit from a high quantity of matter: the risk of self-absorption of the emitted light,
caused by the overlap between the optical absorption and emission spectra, draws a limit
in the possible amount of nanocrystals that it is possible to load in a sample. Moreover,
the self-absorption phenomenon also delays part of the detected light, which is a critical
aspect when fast timing is foreseen. In Chapter 3 it has been discussed how in a liquid
scintillator system, if the role of the primary energy collector is played by the solvent,
this nanocrystals limited concentration issue would be overcome, as the incident energy
would be collected by the high amount of solvent and then transferred to the final light
emitter, without the latter’s low concentration limiting the amount of energy absorbed

by the system.

The same approach can be applied to solid multi-component systems, by engineering
the coupling between different structures, as bulk crystals, nanoplatelets of different
thicknesses and nanocubes. The aim is here again to establish a transfer from a first
component present in high percentage, acting as the energy collector and transferring
this energy to a second component, which releases it as a radiative emission: this emis-
sion wavelength not being in the absorption range of the energy collector, the light
would be much less likely to get re-absorbed by the system. Thus, the following chapter
discusses different strategies explored in order to enhance the overall luminescence of
multi-component systems without having to increase the CsPbBrs nanocrystals concen-

tration until strongly self-absorbing levels.
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4.1 Perovskite coupling in scintillating heterostructures

As introduced in Chapter 1, the main issue with nanocrystals embedded in a typical
polymeric matrix is the resulting composite’s poor density, which implies a poor stop-
ping power against ionizing radiations. Nevertheless, the stopping power is an important
factor for scintillators, as it impacts the probability of interaction with the incident radi-
ation and thus the probability of light emission. Interesting alternatives to a polymeric
matrix exist and are found in literature: as a first example, in the work of Cao et al,[248]
a heterostructure is developed where the matrix consist in a bulk Cs4PbBrg host, where
highly emissive CsPbBrs nanocrystals are embedded. This solution is claimed not only
to enhance the attenuation of X-rays, but also to give high chemical stability to the
CsPbBr3 NCs.

Another approach is described among the community working on the possible solutions
to satisfy the ideal performances needed for TOF-PET technologies: the currently used
detectors consist in LSO:Ce single crystals, due to their high luminescence and availabil-
ity, but showing a time response which is far from the nanosecond-one needed to optimize
the time resolution of the detectors.[399-401] To bypass the current performance limita-
tions, the concept of a heterostructured detectors has been proposed,[402, 403] and has
become one of the trending approaches explored for TOF-PET detectors.[404]. This ap-
proach aims at splitting the scintillation mechanisms between two materials, one acting
primarily as an absorber and one as an ultra-fast emitter. In fact, the excited photoelec-
trons produced by the interaction between the ionizing radiation and a material, when
undergoing the relaxation processes, deposit amounts of energy all along their path:
thus, if a dense component is at close distance to a fast emitter, an interaction with a
ray occurring in the dense component can result in the radioluminescence from the fast

emitter.

Therefore, a possible solution to the self-absorption issue of perovskite nanomaterials can
be an efficient energy sharing from a dense surrounding matrix, which would result in
the perovskite only having the role of emitting the light induced by the photoelectrons
produced in the dense matrix. This would thus lead to a bright and ultrafast light
emission, because of the combination between the high stopping power of the bulk

matrix and the fast timing properties of the perovskite nanomaterial.

The design rules for these heterostructured detectors are outlined in the work of Krause
et al.,[405] presenting a survey of heterostructure performances as a function of the
detector design. The study reports the consequences of the detector’s design on various

parameters, among which the energy sharing between the two components is of particular
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interest. Based on these considerations, Rogers et al. applied this approach on a fiber-
type heterostructured scintillator,[29] consisting in two-dimensional perovskite crystals
grown from solution inside functionalized BGO crystals. Their findings indicate that a
portion of the radioluminescence emitted by such system does indeed come from energy
sharing from BGO to the 2D perovskite, which can be a good lead for the optimization

of fast-timing scintillation detectors.

Taking inspiration from the cited proofs of concept, different approaches were then devel-
oped and discussed in the further sections of this chapter, involving either energy trans-
fers between CsPbBrs nanocrystals or exploiting structural doping within perovskite
2D crystals. This is considered as natural continuation of the work illustrated in the
previous chapter, but simply translated to solid media: in fact, here again the aim is
the understanding and exploiting of the relationship between the luminescent perovskite

nanocrystals and their surroundings.

4.2 Perovskite nanostructures assemblies

Strategies applied in order to decrease the overlap between the absorption and emission
spectra of species having small Stokes shifts typically involve dyes: however, perovskite
nanomaterials have been proven to be able to overcome their small Stokes shift just
by energy transfers engineering, without the need of adding different materials.[25, 167,
406, 407] Consequently, the here-presented approaches involve the attempts to establish
energy transfers between perovskite nanostructures of different dimensionality, in order
to decrease artificially the overlap between the overall system’s absorption and emission
spectra.[146, 147, 167]

4.2.1 Nanoplatelets and nanocubes assemblies

A first considered approach involves the coupling between perovskite nanoplatelets and
nanocubes, exploiting their different spectral features, and in particular the nanocubes’
higher PLQY. The typical absorption and photoluminescence features of nanocubes or
nanoplatelets samples, respectively in Figure 4.1 (a) and (b), show that the nanoplatelets
emission spectra, whichever thickness considered, fall in the nanocubes absorption range,
whereas the nanocubes’ PL emission wavelength is poorly absorbed by the nanoplatelets.
This observation satisfies one of the criteria allowing Forster energy transfers (FRET)
between species,[366, 367] thus the non-radiative energy transfer between two closely
spaced molecules, where the donors’s emission spectrum overlaps the acceptor’s absorp-

tion one. Another key parameter involved in FRET processes is the distance between
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FIGURE 4.1: Absorption and photoluminescence (Aexe = 350 nm) of typical

CsPbBr3 nanocubes (a) and n=1,2,3 nanoplatelets (b); overlap between such spec-
tra for the chosen nanocubes (green lines) and nanoplatelets (blue lines) mixed for the
coupling tests here discussed (c).

the donor and the acceptor R, as the FRET efficiency (E) has a dependency from R~°
as per the dipole—dipole coupling mechanism defined as follows:[368]

1

P =T /R

(4.1)
where Ry is the Forster distance of the donor-acceptor pair, i.e. the distance at which

the energy transfer efficiency is 50%.

Therefore, the efficiency of this kind of energy transfer depends on several factors, namely
the distance between the donor and acceptor, the process being the most efficient when
the molecules are separated by distances between 1-10 nm, the geometry of their interac-
tion, meaning the respective orientations of the two species, and the respective dielectric
constants. [368]

Hernandez-Martinez et al. presented a study on the theory of non-radiative energy
transfers (NRET) between nanostructures of different dimensionality,[143] focusing on
energy transfers from nanoplatelets (quantum wells, QW) to nanoparticles (NP) of CdTe.

By imposing the condition that the donor size is smaller than the separation distance
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between the donor-acceptor pair and assuming the spherical symmetry of the acceptor,
their work obtains the information illustrated in Figure 4.2, focused on the distance d
and the angle 0y defined in Figure 4.2 (a).

In particular, the NRET rate in Figure 4.2 (b) appears to be favored by both short
distances d and small angles 6y, as the rate decreases very fast as d and 6y increase.
Figure 4.2 (c) depicts the contour profile plot for the QW-to-NP transfer rate, with
the top panel illustrating the energy transfer rate as a function of the distance, at a
fixed angle 6y, and the right panel showing the transfer rate as a function of the angle
at a fixed distance. The authors notice that the transfer rate in this QW-to-NP case
follows the same distance dependency as the nanoparticle-to-nanoparticle and nanowire-
to-nanoparticle transfer rate, thus being inversely proportional to d°.[408] Consequently,
they suggest the NRET rates are dictated by the acceptor’s dimensionality, but not the
donor’s. Therefore, it appears that the transfer rate strongly depends on both the angle

and the distance.

Consequently, it is clear that the here discussed approach, aimed to induce NRET be-
tween CsPbBrs nanoplateles and nanocubes, will be highly impacted by the geometry
of their interactions, which would be optimal between nanostructures of adapted lateral

sizes, at short distances and small angles.

The configurations in which these species dry with respect to each other is difficult
to anticipate, thus a set of exploration samples was prepared. The aim was to ob-
serve the light outputs from different nanoplatelets-to-nanocubes ratios and test if the
nanoplatelets could be efficient energy donors towards the nanocubes. Samples of the two
different morphologies were separately synthesised, in particular by choosing a monodis-
perse population of thick platelets (n=4) with optimal overlap of its PL emission with
the chosen nanocubes absorption spectrum, as shown by the spectra in Figure 4.1 (c).
Appropriate amounts of these samples were then mixed together with PMAO as an
embedding matrix:[235] these mixtures were then dried over Si wafers, obtaining the

samples in Figure 4.3 (a), (b).

The obtained photo- and radioluminescence spectra are shown in Figure 4.3 (c) and
(d). It is interesting to compare the two behaviours: first, considering the mixtures
of nanocubes and nanocrystals, the intensities of the PL peaks associated with the
nanocubes, at 525 nm, increase linearly with the increasing relative amount of nanoplatelets
in the mixture, as depicted in Figure 4.3 (e). On the other hand, the RL peaks associated
with the nanocubes show a less consistent increase, but they also suggest a performance
improvement at increasing amount of nanoplatelets (Figure 4.3 (f)). Seeing both the PL
and RL nanocubes-associated emissions increase as a function of the increasing amount

of nanoplatelets gives a clear indication that energy transfers do occur within the dried
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FIGURE 4.2: Schematic for the energy transfer from a quantum well to a nanoparticle
(a), where red arrows show the energy transfer direction, red circles represent an exciton
in the a-direction, d is the separation distance, 6 is the azimuthal angle between d
and r, and ¢ is the radial angle. Average NRET rate for the CdTe QW-to-NP pair as
a function of the distance and angle (b). Contour profile map for the average NRET
rate for the CdTe QW-to-NP pair, with the top panel at a fixed angle (blue and wine
curves representing the cases at 6y = 0 and 6y = 7/6, respectively) and right panel at
a fixed distance (red and green curves representing the cases at d = 3.3 nm and d =
4.0 nm, respectively) (c). Reproduced from the work of Herndndez-Martinez et al.[143]

films, whether radiative or not. Moreover, the PL spectra show that the nanocubes alone
produce a 525 nm emission comparable to the one of the nanoplatelets-to-nanocubes ra-
tio of 2: this suggest that, in order to observe energy transfers in such mixtures, it is

necessary to increase the nanoplatelets:nanocubes molar ratio beyond the 2:0 threshold.

On the other hand, the trend followed by the nanocubes-associated radioluminescence is
not as easy to rationalise, probably due to the higher penetration power of X-rays and to
the different relaxation mechanisms involved in scintillation compared to fluorescence,

as described in Chapter 1.

Further information can be obtained from the emission time decays features: the PL time
decay maps centered on the nanocubes’ emission wavelength are presented in Figure 4.4.
It is observed that the sample exclusively containing nanocubes shows faster emission,
concentrated in the first 2 ns, whereas each of the mixed samples is more impacted by

a second, slower component. As a matter of facts, no significant difference is detected
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FIGURE 4.3: The tested samples involving the coupling between nanoplatelets and
nanocubes are shown, either under natural light or under A¢x. = 405 nm excitation, re-
spectively in (a) and (b): from left to right, the first sample contains nanoplatelets only,
and the second nanocubes only, whereas by proceeding towards the right the samples
involve nanoplatelets-to-nanocubes ratios of 2:1, 5:1, 8:1 and 10:1. The corresponding
photo- and radioluminescence spectra are depicted, respectively under Aexe = 405 nm
(c) and 20 kV, 30 mA X-ray excitation (d). Below, the progression of the intensity of
the emissions at A= 525 nm are plotted as a function of the nanoplatelets/nanocubes
ratio, respectively in (e) for the PL and (f) for the RL.

between the behaviours of the mixtures, which does not help giving more insights on

the light PL emission processes occurring in the systems.

The most probable issue interfering with the reproducibility of these experiments relies
in the way the different populations of nanocubes and nanoplatelets dry with respect one
to another: as stated above, the most important factors impacting on the efficiency of

the FRET phenomenon is the proximity between the energy donor and acceptor and the
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FIGURE 4.4: Photoluminescence time decay curves of the mixtures dried over Si wafers

corresponding to nanoplatelets:nanocubes molar ratios of 0:1, 2:1, 5:1, 8:1 and 10:1, with

a top-right inset zooming on the first 10 ns (a). The corresponding PL time decay maps

of the first 20 ns of emission as a function of the emission wavelength are also shown,

respectively in (b), (c), (d), (e), (f). These PL emission decays are obtained under
Aexe = 405 nm pulsed excitation (1 MHz).
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FIGURE 4.5: TEM images, at smaller (a) and higher magnification (b), showing the way
nanoplatelets and nanocubes populations dry by segregating separately with respect to
one another.

angle with which they interact. Consequently, in the ideal nanocubes and nanoplatelets
mixture, the two different species should have to evenly dry leaning one on the other.
Nevertheless, TEM observations as in Figure 4.5 show that, even though the lateral
dimensions of the chosen platelets match the nanocubes’ edge size, the two populations
can be found in the same sample either separately segregated, as in Figure 4.5 (a), with
the nanoplatelets crystallizing in stacks, or actually dry in proximity to each other, as
in Figure 4.5 (b).
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Since imposing to the nanoplatelets to uniformly dry laying on the nanocubes surfaces
is not straightforward, these mixed systems can be difficult to control: nevertheless,
energy transfers from the nanoplatelets to the nanocubes were indeed observed, and
developing some strategies to force a more even contact between the two populations
would be a good pathway to follow in order to artificially engineer the Stokes shift of

such nanostructures.

4.2.2 Nanoplatelets stacks

Yet, this tendency of perovskite nanoplatelets to stack together can be used to this
cause’s benefit, to design a multi-component system with the same goal of the just
discussed mixture, i.e. an artificial way to increase the overall system’s Stokes shift
by exploiting energy transfers among the components.[146, 147] As a matter of fact, by
designing a mixture of nanoplatelets of increasing thicknesses, as illustrated in Figure 4.6,
the corresponding thickness-dependent absorption peaks and PL emissions are expected
to satisfy again one of the criteria needed for FRET transfers to occur, thus the donor’s

emission peak overlapping the acceptor’s absorption spectrum.

Moreover, in this case, the drying dynamics of the nanoplatelets should allow the proxim-
ity between the donor and acceptors, making non-radiative energy transfers more likely

to occur. These observations lead to the possibility that the thinnest nanoplatelets of the
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FIGURE 4.6: Nanoplatelets of thicknesses between 1 and 4 octahedra layers obtained

from the developed one-pot synthesis, with the populations of n=3,4 highlighted by

the isolation by centrifugation (a). In (b), an illustration of the idea behind these

nanoplatelets stacks, aiming to produce energy transfers from the thinnest to the thick-
est populations.
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FIGURE 4.7: TEM images showing the tendency of these mixed-thicknesses perovskite
nanoplatelets to stack together.

mixture would non-radiatively transfer their energy to the thickest ones, which would
then play the role of the final light emitters. Once again, this chain of transfers would
allow to promote an efficient emission from the thickest population, present in moderate
amounts, by exciting the thinnest nanoplatelets, instead present in high amounts: this
allow to avoid the high risk of self-absorption by playing on the artificial Stokes shift of
the overall multi-component system. This approach is found in literature applied to a
luminescent solar concentrator device:[167] since numerous attempts to reproduce the
procedure described in the reference paper were unsuccessful, finally an original one-
pot protocol was developed, producing a mixture of CsPbBrs nanoplatelets of different

thickness. The synthetic protocol can be found in section 2.5. The affinity between these
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FIGURE 4.8: Absorption spectra of dried films of CsPbBrs nanoplatelets of different
thicknesses dried on glass supports, respectively (a) and (b); the curves were cut in
the low wavelength range because of instrumental artefacts due to the thickness of
the films. Their corresponding PLE spectra are showed in (¢) and (d). The emission
wavelengths targeted by each PLE spectrum are indicated by the corresponding color
square positioned over the PL spectra (Aexe = 350 nm), the latter in green.

NPLs populations during the drying process were observed through TEM microscopy,
as depicted in Figure 4.7.

Thus, various amounts of the obtained mixtures were then dried over a glass support,
at ambient temperature and atmosphere, in order to obtain depositions with varying
quantities of matter. Figure 4.8 shows the typical results obtained for films labeled
71”7 and ”3”, the latter corresponding to the quantity of matter deposited on the glass
support and thus to the films’ thicknesses: namely, ”1” corresponds to an approximate

thickness of 0.1 pm, whether ”3” to less than a half of it.

The technique used in this case to evaluate the occurring of energy transfers was the
evaluation of the PLE spectra, whose utilisation for similar issues has been previously
developed by Baronnier et al.[409] This study is based on the principle that if the
emission peak of the thickest nanoplatelets is linked to the excitation of the thinnest

ones, this would be a sign of an energy transfer, even though the nature of the latter
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(i.e. radiative or not) would not be determined. Here, for the film ”1”, on in Figure 4.8
(c), it is observed that the PLE spectra associated to the thickest nanoplatelets emission
actually drop in correspondence of the thinner platelets’ absorption peaks. This is
interpreted as a signal that the thinnest NPLs do not transfer energy, but on the contrary
they only absorb the light provided by the instrument during the spectrum acquisition,
without participating to the targeted emission. On the other hand, in the case of very
thin samples, the PLE spectra related to the thickest platelets’ emission show positive
peaks corresponding to the n=2 and n=3 ones, as shown in Figure 4.8 (d). This do imply
a transfer, either radiative or not, which could be further confirmed by other techniques
such as Transient Absorption spectroscopy. In fact, the observation of energy transfers
through PLE spectroscopy has limitations in terms of the samples thickness, which
appears to be too high in the case of the ”1” films. Further measurements can thus be

foreseen, in order to confirm the efficiency of such energy transfers also in thicker films.

Examples of radioluminescence spectra recorded from these multi-component NPLs mix-
tures are here shown: Figure 4.9 shows the comparison between RL and PL spectra of
two different “1” samples, obtained by drying the same amounts of nanoplatelets mix-
tures from samples synthesized in the same way. Even though the systems should be
equivalent, the observed behaviors are different: in the one on the left, the radiolumi-
nescence spectrum features peaks at higher wavelength than the ones present in the
corresponding PL, whereas in the right one the peak positions of the RL spectrum
match the photoluminescence ones. Therefore, despite reproducibility issues probably
due to differences in the order of the nanoplatelets stacks from one sample to the other,
probably due to the superposition of layers of NPLs one above the other, the energy
coupling between the nanoplatelets of different thickness looks successful. In fact, the

stacks formed by the NPLs during their crystallization favor the light emissions at high

PL

,\

\
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FI1GURE 4.9: Comparison between the photo- and radioluminescence spectra of ”thick”
films from two identically-obtained mixtures of CsPbBrs nanoplatelets of n>1.
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wavelength, despite the lower amount of n> 3 nanoplatelets in the samples, under both

photo- and X ray excitation.

In conclusion, this approach designed to improve the light emission efficiency from mix-
tures of CsPbBrs nanoplatelets of different thicknesses, by artificially engineering the
overall system’s Stokes shift, led to successful results. The energy transfers from the
n=2 population of NPLs to the thicker ones were detected via the study of their PLE
spectra: however, other techniques such as transient absorption spectroscopy would be
a good implementation to this study, as the outcome would be less hindered by the ex-
cessive thickness of some of the tested films. This approach was found to be suitable for
applications based on scintillation too, whereas further optimizations would be needed
to better manipulate the order of the nanoplatelets stacks, and thus achieving better re-
producibility of the photo- and radioluminescence features of identically-obtained thick
films.

4.3 Cs-doped halide perovskite 2D nanostructures

Organic/inorganic hybrid perovskites can be grown from solution in the form of bulk
crystals while keeping features typical of 2D dimensionality, such as their low fabrication
costs, low intrinsic trap density, nanosecond fast response and potentially high light yield,
as well as a vast range of possible exploration: as a matter of facts, just like their corre-
sponding colloidal nanocrystals, they are stable in various chemical compositions,[410]
and also tolerate doping.[411] These versatile layered structures are indeed potential
candidates for high light yield scintillators, as they have small band gaps between 3 and
4 eV and large exciton-binding energy.[24, 358]
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F1GURE 4.10: Ilustration of the approach designed to induce non-radiative energy
transfers inside perovskite 2D crystals.
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Consequently, the same non-radiative energy transfer principle illustrated in the previous
sections was applied to two-dimensional crystals: the goal in this case is to induce the
formation of sub-nanostructures inside such 2D perovskite crystals and thin films. The
approach was developed as part of a collaboration with the Nanyang Technological
University of Singapore, in particular with Professors C. Dang and M. Birowosuto, and
Doctor F. Maddalena, and it is illustrated in Figure 4.10: by inducing the formation
of local areas where a CsPbBrj bilayer has crystallized between perovskite monolayers,
it could be possible for FRET to occur, from the monolayers to the bilayers. Thus,
by varying the protocol of synthesis from solution, namely by adding small amounts of
a Cs™ precursor to an otherwise Cs-free perovskite reaction mixture, the formation of

local bilayers of CsPbBrs among the 2D perovskite monolayers was studied.

Following this approach, PEAsPbBrg samples were compared as either thin films drop-
cast on glass or Si support or as 2D crystals grown from solution as described by Xie et

al.,[358] with the addition of Cs™ in Cs:Pb various molar ratios. The synthetic protocols
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FIGURE 4.11: On the left, the photoluminescence spectra (Aexc = 355 nm) of undoped

and Cs-doped PEA,PbBry perovskite thin films or 2D crystals, respectively (a) and

(c). On the right, the PLE spectra associated with the main PL peaks of the thin films
either undoped (b) or doped with 5% Cs (d).
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can be found in section 2.6. Starting with PEA;PbBry thin films (Figure 4.11 (a)), it is
observed that for all the measured samples the dominant peak is the one corresponding
to the PL emission from the monolayers, at 410 nm; the untreated sample also presents
a strong emission at 435 nm, which would be associated with bilayers, if cations were
present and allow their formation. In this case, the current information does not allow
the assignation of this peak for the undoped system. This 435 nm signal gets much
weaker with the addition of Cs in the structure and it is the only additional feature
observed for the 1% Cs sample. Instead, the 5% Cs thin film shows multiple emission
bands at wavelength higher than 475 nm, which could be attributed to either layers
thicker than n=4, or to the local presence of 3D perovskite nanocubes; similar emission
bands are observed in the case of 10% Cs, but much weaker. The PLE spectra recorded
on the 5% Cs thin films, in Figure 4.11 (d), do not show signs of energy transfers from
the thinner layers to the thicker, as no peaks associated to the mono- or bilayers appear

in the PLE spectra centered on the long wavelength emissions.

It is then interesting to observe the difference between the photoluminescence spectrum
of the single crystal produced with the addition of 5% Cs, compared to the undoped
one. As a matter of facts, three emission peaks appear, associated with mono- bi- and
tri-layers, with the dominant signal being the one of the bi-layers; on the contrary, the
monolayers signal gets reduced by 50%. Since these spectra are recorded at a Aexe of
355 nm, this single crystal appears to have gained in its Stokes shift thanks to the 5%

doping with caesium.

A very different behavior is observed in the case of BAoPbBry samples: starting with
the thin films (Figure 4.12 (a)), the PL of the undoped sample features two peaks, the
most intense one centered at 410 nm, typical of monolayers, and a second one at 437
nm, again suggesting the presence of bilayers, even though no large A™ cation is present.
The spectrum evolves when a Cs:Pb ratio of 1:100 is added, as the emission associated
with the bilayers doubles of intensity. The outcome is very different after the addition
of 5% Cs, as the most intense emission is still coming from monolayers, but many new
peaks appear: the bilayers’ emission is weaker than the pure BA;PbBry, whereas a quite
intense emission centered at 465 nm rises, as well as a shoulder at 480 nm, a peak at
493 nm and another shoulder at 510 nm. All of these emission features are typical
of increasing n-layers, until that 510 nm emission that looks more like the presence of
3D nanostructures: it is then surprising to see that the addition of 10% Cs, instead of

following this tendency, shows instead the presence of mono, bi- and tri-layers only.

In order to observe if an energy transfer occurs between the different n-layers, the PLE
spectra were analyzed in more detail: the curves associated with the monolayers of the
5% Cs sample, in Figure 4.12 (b), actually match the undoped BAyPbBry (Figure 4.12
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FIGURE 4.12: On the left, the photoluminescence spectra (Aexc = 355 nm) of undoped

and Cs-doped BAyPbBry perovskite thin films or 2D crystals, respectively (a) and (c).

On the right, the PLE spectra associated with the main PL peaks of the thin films
either undoped (b) or doped with 5% Cs (d).

(c)), with the monolayer-associated wavelength causing an intensity drop in each of the
PLE spectra, as the opposite of what would be expected in case of an energy transfer
from the monolayers to the others. A clear signal is observed instead at around 435
nm, thus the bilayers, that appear to be involved in each of the lower energy emissions:
it thus look like the addition of 5% Cs has in fact produced local layers of multiple

thickness, with the bilayers being able to transfer energy to the thicker ones.

The different behavior depending on the amount of caesium present in the BA;PbBry
thin films could be consistent with the PL spectra obtained from the Cs-doping of the
corresponding single crystals. As shown in Figure 4.12 (b), while the undoped crystal
only emits at 410 nm and the addition of 1% Cs only adds a shoulder around 435
nm, the further addition of Cs has a very different outcome: surprisingly, the crystal
doped with 5% Cs has the monolayers’ emission almost completely suppressed, with
the PL spectrum being now dominated by the bilayers’ emission at 435 nm, together
with a shoulder appearing at 465 nm and another band at 512 nm looking like 3D

perovskite nanostructures. This result is remarkable, as the spectrum is recorded under
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an excitation wavelength of 355 nm, and in this case the Stokes shift looks much larger
than any other sample in this work. Then, this tendency is again not followed by the
10% addition, which shows back the monolayers’ peak, even though it is no longer the

dominant one.

The features of the Cs-doped BA3PbBry were further explored by observing the be-
haviour of intermediate Cs:Pb ratios between a minimum of 0% Cs and a maximum
of 10% Cs in thin films. Their absorption spectra, in Figure 4.13 (a), show the peaks
associated with n>2 increase at increasing amount of Cs* added in the precursors so-
lution photoluminescence associated with the n>2 layers is highlighted in Figure 4.13
(b), and the increase of the respective peaks’ intensities is plotted as a function of the
Cs™ concentration in the structures (Figure 4.13 (c)). These plots show slightly different

behaviors depending on the emitter: first, all the n>2 populations experience a swift
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FIGURE 4.13: Absorption (a) and photoluminescence spectra of the Cs-doped

BA5PbBry thin films, untreated or added with Cs:Pb ratios of 0.5, 1, 2, 3, 4, 5, 7.5 and

10%. The spectra in (b) are zoomed in the emission area of the n>2 layers, whereas

the inset at the upper right shows the entirety of the spectral range. The intensities

of the PL peaks associated with the layers of different thickness are then plotted as a
function of the Cs™ concentration in the thin film (c).
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increase in their photoluminescence when the Cs concentration is increased from 0% to
2%, with the exclusion of the intensities detected for the sample with 0.5% Cs. Never-
theless, as it can be observed in the upper-right inset in Figure 4.13 (b), the shape of
the pure, Cs-free BA3PbBry thin film’s PL emission is broader than the Cs-doped ones,
suggesting that the sample contains itself some structural alterations compared to the
expected exclusively monolayered structure. Therefore, the lower intensities of the 0.5
% Cs thin film has rather to be attributed to the larger tail of the n=1 PL peak of the

Cs-free sample.

The PL peaks then keep on increasing for increasing Cs concentration, at a rather
steady pace for the n=4 (483 nm) and 3D (500 nm) structures, whereas the n=3 (465
nm) emission shows an unmatched increase corresponding to the 0.5 % Cs thin film, as
high as the final value obtained at 10 % Cs, the latter producing the highest PL intensity

for each of the layered species.

It is of great interest that the only population showing the opposite behavior is the
n=2 layered one, whose PL intensity steady decreases as the Cs concentration increases,
particularly starting from the 2% Cs sample and on. This is of great interest, as the
fact that this only population loses PL intensity, whereas the other ones’ rise, can be an
indicator that an energy transfer is occurring in the system, from the n=2 layers to the

thicker ones.

The study of the photoluminescence time decay features can be an excellent tool to
observe non radiative energy transfers, as typically the involved species’ time responses
are impacted. If a non-radiative energy transfer is occurring, the statistics of the involved
donor and acceptor photoluminescence time responses change: in fact, on one hand the
presence of the acceptor offers to the donor an additional de-excitation pathway, and
in turn the PL decay time curve of the acceptor gets modified according to the donor’s
time response statistics. Consequently, typically the donor’s PL decay time constant

gets shorter, whereas the acceptor’s one gets longer.[412]

The photoluminescence time decay curves in Figure 4.14 (a) and (b) show that the
evolution of the light emission dynamics as a function of the addition of Cs is very
different depending on the examined emission wavelength: namely, the 410 nm emission
associated with perovskite monolayers shows a trend, where the curve gradients increase
gradually approaching the intermediate Cs concentrations of 2% and 3% (dark and light
green curves, respectively), and then decreases back again for higher Cs concentrations.
Differently, the decay curves associated with the emission at 471 nm (Figure 4.14 (b))
show a steady decrease of the curves’ gradient for increasing % Cs concentrations, which

is consistent with the corresponding more intense emission at that wavelength.
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F1GURE 4.14: Photoluminescence time decay curves of the Cs-doped BA3PbBry thin

films, added with progressively increasing Cs:Pb ratios, precisely 0, 0.5, 1, 2, 3, 4, 5,

7.5 and 10%. The time decay curves refer to the PL emission centered at 416 nm and
471 nm, respectively in (a) and (b).

The just described photoluminescence time responses were then analyzed via a four
exponential decays fitting, and each of the parameter of interest is plotted in Figure
4.15 as a function of the increasing Cs concentration. While the time decay constants
relative to the 410 nm emissions (Figure 4.15 (a)) keep a constant value, the time
responses at 471 nm are quite different. As a matter of facts, the decay time constants
swiftly increase when the Cs concentration reaches 2%, but then keep a constant value
until the 7.5% Cs thin film. Then, all the decay time constants swiftly increase again
for a Cs concentration of 10%, even though their impact on the overall performance
is mitigated by the low corresponding relative light yields, as depicted in Figure 4.15
(d). Regarding these relative light yield plots, it is interesting to note that, while the
71 relative light yield keeps a constant value both for the emission centered at 410 nm
and 471 nm, the 7 and 73 show perfectly symmetrical responses (besides for the 10%
Cs concentration at 471 nm), and their behaviors are inverted, comparing the 410 nm

and 471 nm cases.

All this information is summarized by the effective time decay constant 7.g, a figure of
merit defined in Chapter 2 that takes into account both the relative light yields associated
with the multi-exponential fit and their individual decay time constants. Figure 4.15
(e) thus plots these Teg as a function of the Cs concentration. It results that, whereas
the emissions at 410 nm show decreasing 7.g for increasing Cs concentrations, on the
contrary the ones at 471 nm increase, again with behaviors that are symmetric one with
respect to the other. This is interpreted as an indication that transfers do occur in the
layered system, as the phenomena leading to the 410 nm emission get substituted by

the emission at longer wavelength.
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FIGURE 4.15: The decay time constants 7; derived from a four exponential decays fit of

the PL emission centered at 416 nm and 471 nm, as a function of the concentration in

Cs in the thin films, respectively in (a) and (b). It has to be noted that the 7y response

in (b) was divided by a factor of 10 for a better visualization. Below, the corresponding

relative light yields (normalized to the area) of the decay time components 7;, respec-

tively (c) and (d). Finally, the 7.¢ for the PL emission centered at 416 nm and 471
nm, again as a function of the concentration in Cs (e).
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This set of experiments was thus successfully able to show energy transfers between layers
with different thickness of perovskite Cs-doped BAsPbBry thin films, and to identify
these energy transfers as non-radiative. This approach is thus suitable for improving
the system’s overall Stokes shift by decreasing the overlap between the absorption and
emission centers. The next experimental step would then consist in optimizing the
phenomenon, namely to be able to select and finely control the layers populations, and
to further study these transfers inside the bulk 2D perovskite crystals. Moreover, it
would be of great interest to test these multilayered systems in a heterostructured bulk
material, as discussed with regard to the functionalized BGO filled with perovskite 2D

crystals.

Conclusions

This chapter presented different approaches developed in order to artificially modify
the Stokes shift of lead halide perovskite nanocrystals assemblies, by engineering energy

transfers between the components.

First, a system consisting of mixtures of CsPbBr3 nanoplatelets and nanocubes was stud-
ied, by comparing the nanocubes-associated photoluminescence of samples containing a
fixed quantity of nanocubes and increasing amounts of nanoplatelets. Transfers from the
latter to the nanocubes were indeed observed, both under photo- and X-ray excitation,
even though some reproducibility issues would still benefit from further optimization.
Therefore, this approach can be a good pathway to follow in order to artificially engineer

the Stokes shift of such nanostructures.

A second approach involving nanoplatelets of different thickness was then presented, as
these systems were expected to give rise to energy transfers for the same reasons of the
above-mentioned nanoplatelets and nanocubes mixtures, but also in virtue of the NPLs
tendency of crystallizing in stacks. This approach, designed to artificially engineer the
overall system’s Stokes shift, led to successful results: in fact, the energy transfers from
the n=2 population of NPLs to the thicker ones were detected via the study of their
PLE spectra. However, other techniques such as transient absorption spectroscopy would
be a good implementation to this study, as the outcome would be less hindered by the
excessive thickness of some of the tested films. This approach was found to be suitable for
applications based on scintillation too, whereas further optimizations would be needed
to better manipulate the order of the nanoplatelets stacks, and thus achieving better
reproducibility of the photo- and radioluminescence features of identically-obtained thick

films.
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A final approach involving perovskite 2D structures was then presented, as part of a col-
laboration with the Nanyang Technological University of Singapore, in particular with
Professors C. Dang and M. Birowosuto, and Doctor F. Maddalena. In this case, the
aim is to induce the formation of sub-nanostructures inside such 2D perovskite crys-
tals and thin films, again in order to exploit energy transfers to artificially increase
the overall Stokes shift. This set of experiments was successfully able to show energy
transfers between layers with different thickness of perovskite Cs-doped BAsPbBry thin
films, and to identify these energy transfers as non-radiative. This approach is thus
suitable for improving the system’s overall Stokes shift, by decreasing the overlap be-
tween the absorption and emission centers. The next experimental step would then
consist in optimizing the phenomenon, namely to be able to select and finely control the
layers populations, and to further study these transfers inside the bulk 2D perovskite
crystals. Moreover, it would be of great interest to test these multilayered systems in
a heterostructured bulk material, as discussed with regard to the functionalized BGO

filled with perovskite 2D crystals.
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> Key points

& The work on the optimization of the CsPbBr3 perovskite nanostructures
light emission efficiency, by overcoming their short Stokes shift, was trans-
posed to solid coupled systems, namely nanoplateles and nanocubes mix-
tures, different nanoplatelets population assemblies, and Cs-doped 2D per-

ovskite crystals.

& Experiments were conducted on assemblies of perovskite nanocrystals with
different dimensionality, in order to study eventual energy transfers:
transfers from the nanoplatelets to the nanocubes were indeed ob-
served, both under photo- and X-ray excitation, even though some repro-

ducibility issues would still benefit from further optimization.

& Further results were obtained while studying CsPbBr3 nanoplatelets of
different thickness, which show the tendency to stack together in long
chains, thus in a favorable conformation for energy transfers. The latter

were indeed observed via PLE spectroscopy.

@ Another tested strategy involved organic/inorganic perovskite 2D
crystals, thus layered perovskite structures: by doping with Cs™ such
systems, the formation of new local structures within the layers was

induced.

® Promising results were obtained from Cs-doped BAsPbBry thin films,
where energy transfers were observed through optical spectroscopy and

photoluminescence dynamics.
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Conclusions and perspectives

The here presented work fits into the context of one of the most active research fields over
the last 40 years, i.e. semiconducting nanocrystals: it was no surprise that quantum
dots were the topic of this year’s Nobel prize for chemistry, as these structures have
exhibited outstanding optical and electronic features, with the greatest variety of possible

applications in physics, chemistry and materials science.

In this context, lead halide perovskite nanocrystals, a particular kind of nanostructured
semiconductor of ionic nature, stand out in the nanomaterials field due to their very
bright and fast photoluminescence, their electronic properties’ exceptional tolerance to
the material’s defects and surfaces, as well as their very promising performances as

scintillators.

In the beginning, this manuscript has given the information needed to understand the
present work’s context, first in the form of a background about traditional colloidal
semiconducting nanomaterials. In particular, the dependency of their opto-electronic
features on the NCs’ dimension was explained in terms of the quantum-size effects on

the specie’s electronic structure.

Perovskite nanocrystals were then introduced as direct bandgap semiconductors, which
arose major interest in the community owing to their great potential for a broad range
of applications, from photovoltaics to optoelectronics, photocatalysis and scintillation
detectors. The scintillation features of these nanocrystals were precisely the main topic
of this PhD project, as CsPbBr3 nanostructures in particular have been proved to exhibit
bright radioluminescence, with ultra-fast time response: these features can be highly
beneficial in high energy radiation detection applications, which have a crucial role in
high-energy physics experiments, diagnostic imaging, nuclear and radiation prevention,

and homeland security.

The main characterization techniques were detailed, together with all the corresponding
typical outcomes that can be expected when working with such nanostructures: this

section is particularly aimed at giving pedagogical information to future beginners in the
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field. Similarly, the experimental protocols that were optimized during this work were
detailed, featuring the selective synthesis of either CsPbBr3 nanocubes or nanoplatelets,
as well as the one-pot synthesis of multiple thickness nanoplatelets populations, and the

growth of a protective shell around CsPbBrs nanocubes.

It has been highlighted that the main possible issue associated with these CsPbBrj
nanostructures is their small Stokes shift, which can lead to a high probability of lu-
minescence self-absorption in the system: the interest was thus focused on strategies
developed to face this issue. Therefore, the here presented manuscript has presented
a variety of strategies aiming to improve the scintillation performances of lead halide
perovskite nanocrystals, either in as liquid colloidal dispersions or as nanostructures
coupled with solid matrices. In particular, the main goals of these approaches were on
one hand the artificial engineering of the systems Stokes shift, and on the other hand
the understanding of the involved processes, namely the energy deposition mechanisms,

which is often overlooked in the many experimental works found in literature.

In terms of liquid systems, this manuscript has presented an extensive study on CsPbBrj
colloidal nanocrystals dispersions in DIPN as liquid scintillators, especially aiming at un-
derstanding the energy deposition mechanism in such colloidal nanostructures and the
latter possible interaction with the surrounding organic solvent. After the optimiza-
tion of the nanocrystals colloidal dispersions in terms of size distribution and optimal
concentration, chemical treatments aiming to repair the surface defects, and thus the
system’s PLQY, were conducted. In particular, the surface chemical treatment involving
hexylammonium benzoate was found successful in producing highly photo- and radio-
luminescent systems even at high concentration, thanks to the improved surface quality
of the nanocrystals and thus the improved efficiency of light emission. Moreover, the
liquid scintillation performances of these treated systems were showed to emit an av-
erage number of photons detected per emissive event which is comparable to the used

reference Ultima Gold organic liquid scintillator.

These chemically treated nanocrystals colloidal dispersions were then evaluated via
Compton-TDCR experiments, in order to finely characterize the energy deposition pro-
cesses in these solvent/NCs binary mixture. The study demonstrated that, contrarily
to traditional organic liquid scintillating cocktails, where the energy is mainly deposited
in the solvent, in these colloidal dispersions perovskite nanocrystals themselves are the
main energy acceptors. This is attributed to the high density of the nanocrystals, due
to the presence of heavy elements such as lead and caesium. Therefore, lead halide
perovskite nanocrystals have a double role as liquid scintillators, being at the same time

energy deposition centers and visible light emitters.
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This study of colloidal perovskite nanocrystals dispersions would highly benefit from
further investigation, first of all with a completely different approach on the surface
ligands. In fact, it would be very interesting to implement a new project focused on
finding a good colloidal stabilizing ligand which also presents fluorescence features, in
particular with emission in the absorption range of perovskite NCs. Indeed, in this case
the surface ligands would be suitable to act as efficient energy donors in non-radiative
energy transfers to the nanocrystals, with which they are by definition in close contact,
which was described as a crucial parameter for FRET phenomena. An effective coupling
in this system would thus provide a highly efficient light detection from the dispersed
NCs, which would be less impacted by the latter self-absorption probability: in fact, the
difference of this approach with the studies presented in literature involving fluorophores
and NCs mixtures is that the latter typically involve radiative energy transfers, which
can slow down the process and do not help avoiding the self-absorption in the system.
Instead, non-radiative energy transfers from the surface ligands to the nanocrystals could
allow to reproduce the energy transfers mechanism describing organic liquid scintillation
cocktails, thus forcing the energy deposited in the solvent to be collected by the ligands
and then transferred to the NCs, making it possible to keep the latter’s concentration

below values detrimental for the overall emission.

Moreover, the here-presented findings further pave the way to the development of new
liquid scintillation cocktails, either introducing nanocrystal emitting centers, or nanocrys-
tals as vy absorbers, or both. In particular, it would be important to continue the work
on perovskite nanocrystals stabilization in polar environments, considering the amount
of applications of LSC involving water-based samples that has been highlighted. In par-
ticular, recent publications proposed SiOs as an efficient material suitable for forming
a protective shell around perovskite nanocrystals, thus it would be important to test
such CsPbBr3@SiO9 core/shell nanostructures as liquid scintillators, and evaluate their

performances in comparison with the organic mixtures currently used.

Additionally, the results obtained via Compton-TDCR experiments can be readily ex-
tended to the more general case of composite materials involving nanocrystals in a ma-
trix, and improve our understanding of the use of such nanostructures for scintillation
purposes. In particular, so many systems of lead halide perovskite nanocrystals em-
bedded in organic polymers have been presented in literature, but a characterization
of the energy deposition mechanism in such systems is very often lacking. The here-
described Compton-TDCR technique would thus be an useful addition for the study of
perovskite NCs composites, whether in plastic, glass or ceramic matrices. This would be
particularly useful for actual applications of perovskite NCs as gamma detectors, where
thick and optically transparent materials are needed: in fact, reports of transparent

and high-loading perovskite NCs/polymer nano-composite monoliths are still missing.
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Consequently, the here-described approach is presented as a possible promising pathway
to allow the study and thus the optimization of the coupling between the NCs and the

matrix.

Following the same logic, this project has also presented different approaches devel-
oped in order to artificially modify the Stokes shift of lead halide perovskite nanocrys-
tals assemblies in the form of thin films, by engineering energy transfers between the

components.

First, a system consisting of mixtures of CsPbBr3 nanoplatelets and nanocubes was stud-
ied, by comparing the nanocubes-associated photoluminescence of samples containing a
fixed quantity of nanocubes and increasing amounts of nanoplatelets. Transfers from the
latter to the nanocubes were indeed observed, both under photo- and X-ray excitation,

even though some reproducibility issues would still benefit from further optimization.

A second approach involving nanoplatelets of different thickness was then presented, as
these systems too were expected to give rise to energy transfers, for the same reasons
of the above-mentioned nanoplatelets and nanocubes mixtures, but with the advantage
of the NPLs tendency to crystallize in stacks. This approach, designed to artificially
engineer the overall system’s Stokes shift, led to successful results: in fact, the energy
transfers from the n=2 population of NPLs to the thicker ones were detected via the
study of their PLE spectra. However, other techniques such as transient absorption
spectroscopy would be a good implementation to this study, as the outcome would be
less hindered by the thickness of some of the tested films. This approach was found to be
suitable for applications based on scintillation too, whereas further optimizations would
be needed to better manipulate the order of the nanoplatelets stacks, thus achieving

better reproducibility of the photo- and radioluminescence features of thick films.

A final strategy involving perovskite 2D structures was then presented, as part of a
collaboration with the Nanyang Technological University of Singapore, in particular
with Professors C. Dang and M. Birowosuto, and Doctor F. Maddalena. In this case,
the aim was to induce the formation of sub-nanostructures inside 2D perovskite crystals,
again in order to exploit energy transfers and artificially increase the overall Stokes
shift. This set of experiments was successfully able to show energy transfers in such
Cs-doped BAsPbBry perovskite thin films, and to identify these energy transfers as
non-radiative. This approach is thus suitable for improving the system’s overall Stokes
shift, by decreasing the overlap between the absorption and emission centers. The next
experimental step would then consist in optimizing the phenomenon, namely to be able
to select and finely control the layers populations, and to further study these transfers

inside the bulk 2D perovskite crystals.
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In particular, it would be of great interest to test these multilayered systems in a het-
erostructured bulk material, as the functionalized BGO crystals filled with perovskite
2D structures studied in literature for fast-timing applications. In fact, being the ob-
served transfers non-radiative, typically faster than the radiative ones, this strategy is

expected to give good results for fast timing applications as well.

Moreover, these coupled layered systems could be a good pathway to follow also in fields
not involving scintillation, for example low-loss luminescent solar concentrators: such
systems require reducing the reabsorption of emitted light within the absorbing medium,
while maintaining high photoluminescence quantum yield, thus the same issue that has
been treated in this work. Additionally, research fields involving electronic conduction,
such as energy storage devices and solar cells, could also benefit from low-loss 2D coupled

systems conceived as the ones presented in this work.

Finally, it would be important to transpose the here-presented findings to lower-toxicity
Pb-free systems, as of course they would be more attractive for real-life applications, if
their performance is not too-compromised by the absence of lead. Compositions that
it would be interesting to test as either liquid scintillators or coupled 2D scintillat-
ing systems include Sn/Ge- and Bi/Sb-based halides, as well as double perovskites as
CsaAgo.6Nag 4In;_BiyClg: in fact, such compounds have already been proven to show
interesting features in both radioluminescence and electronic conduction. Consequently,
the implementation of such Pb-free compounds in the here-presented low energy loss
systems could lead to useful insights for the development of efficient and low-toxicity

scintillation detectors or opto-electronic devices.

In conclusion, this manuscript has presented various approaches for optimizing lead
halide perovskite nanocrystals radioluminescence features, by engineering the Stokes
shift of composite materials through efficient energy transfers. The value of this work
is attributed to the variety of studied system types, either in liquid or solid environ-
ments, and involving different combinations of nanocubes or nanoplatelets, but also
to the attention given at the energy deposition mechanisms involved in each of these
multi-component systems. The findings described in this manuscript can be useful for
the community working on scintillating nanostructures, as the energy deposition mech-
anisms here described can be easily extended to the more general case of composite
materials involving nanocrystals in a matrix, which is a very active research field. Such
efficient coupled systems can thus be a promising choice for the exploitation of lead
halide perovskite nanocrystals great scintillation features, in the functionalization of
composite materials involving either organic matrices or dense bulk materials: these
CsPbBrs engineered systems are thus expected to give further exciting results in the

scintillation and fast-timing research fields.
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