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PREFACE

These pages summarise 3 years of work as a PhD student at the Department of Materials
Science, University of Milan-Bicocca, under the supervision of Prof. Sergio Brovelli and
Francesco Carulli. My project concerns the realisation of plastic nanocomposites based on
Lead Halide Perovskite Nanocrystals (LHP-NCs), while maintaining the exceptional
emission properties typical of these nanostructures in solution. | was also involved in the
spectroscopic and radioluminescent study of these nanostructures both in solution and
encapsulated in polymer matrices, and how these nanocrystals interact with different
polymer chains. The aim of this work was to realise ultrafast plastic scintillators with high
radioluminescence efficiency for use as detectors in high energy physics experiments or in
medical diagnostic devices (e.g. PET-TOF) where temporal resolution is linked to spatial
resolution in disease localisation. There are still few studies on this type of scintillator and
the aim of this thesis is also to show the potential of nanocrystals, more precisely LHP-NCs,
in the detection of ionising radiation or imaging with X-rays, as they have in the field of
lighting, solar cells, luminous concentrators, etc.

| have decided to divide the thesis into 7 chapters. In the first, | will focus on the basis of
scintillation mechanism, the parameters that a good scintillator must fulfil, the chemistry of
perovskite nanocrystals and most common synthesis approaches for the preparation of this
nanocrystals and the different possibilities of encapsulation in polymer matrices. The second
will be a summary of my work, the focus of my thesis. Chapters 3, 4, 5, 6 contain the cores
of my research and finally the last chapter will contain the conclusions of what we have
understood in the last three years about the interaction between ionising radiation and
nanocrystals, and the prospects for the future.

Finally, | would like to say that this document represents not only three years of work, but
also three years of my life, shared with friends and people who have mentored me, through
collaborations with other Italian and non-Italian groups, not only in academic contexts, but
also in more social contexts, such as a drink at the bar or a coffee in the morning. | would
therefore like to thank my family, who have always been close to me; all the people | have
met, who have stayed or gone, who have helped me or put obstacles in my way, but in any
case have made me grow; the bar in Milan and elsewhere where | have spent some of my
best moments; and finally U5, a bit of a home for all of us and a place where | can play "The

little chemist'.
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1.Introduction =————————

1.1 What is a scintillator?

The answer to this seemingly simple question has long eluded clear and unambiguous
formulation. Scintillators have played a crucial role in the development of modern physics.
For instance, the visual observation of scintillation on a zinc sulfide screen enabled E.
Rutherford to observe U particles, an event that marks the beginning of modern nuclear
physics. According to the Physi caltheEhod iightl op e d
flashes originating in a scintillator under the effect of ionizing radiation"[1]. Similarly, Funfer
and Neuert descr thbphengnemnon df lunhinescénce intransparenfisolids,

fluids, or gases, resulting from the propagation of ionizing radiation through themdz2]

However, these definitions have certain limitations. Primarily, they focus on the phenomenon
of light production under ionizing radiation without considering the mechanisms of energy
transfer and conversion into light. From this perspective, Cherenkov radiators[3] could be
mistaken for scintillators, which is fundamentally incorrect. Another limitation arises from the
confusion between scintillation and luminescence, leading to semantic imprecision between
scintillators and luminophores. While for the end user "there is no difference between a
scintillator and a fluorescent lamp" as noted by A. Lempicki, there is a significant difference

in the modes of excitation and energy relaxation[1].

The mechanism of luminescence, utilized in gas fluorescent lamps, involves the radiative
relaxation of an active ion in the material after direct excitation from its ground state to
excited energy levels by an electrostatic discharge or a pulse of light. In contrast, scintillation

originates from the energy loss of ionizing radiation as it passes through matter.

Electrons and 2 photons lose energy when traversing a medium through three fundamental

mechanisms of electromagnetic interactions:
(a) photoelectron effect,
(b) Compton scattering, and

(c) electroni positron pair formation.
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The interaction cross-section for each of these mechanisms depends on the energy of the
particles[4]. Photoelectron effect and Compton scattering dominate at low and medium
energies, while pair formation becomes significant at high energies, beginning at 1.02 MeV,
the mass energy of an electroni positron pair at rest. Neutral particles and charged hadrons
primarily lose energy through direct interactions with nuclei or ionization of atoms, in the
case of charged particles. Knock-on el ectrons, or o9 or b decay
excited by neutron or neutrino capture, will subsequently lose energy through standard

electromagnetic interactions.

As long as particle energies are sufficiently high for multiple scattering and electroni positron
pair creation, their energy is progressively distributed among numerous secondary particles
of lower energy, forming an electromagnetic shower. Below the threshold for electroni

positron pair creation, electrons continue to lose energy through Compton scattering.

In ordered materials, such as crystals, another mechanism occurs at this stage. Electrons
in the keV range from the shower start to interact with the electrons and atoms of the lattice.
They excite electrons from the occupied electronic states of the material (valence or deeper
bound states) to various levels in the conduction band. Each of these interactions creates
anelectronihol e pair. | f the electronb6s energy 1is
free carriers are generated, moving randomly through the crystal until they are trapped by a
defect or recombine at a luminescent center. If the ionization threshold is not reached, the
electron and hole lose energy by coupling to lattice vibration modes until they reach the top
of the valence band for the hole and the bottom of the conduction band for the electron and
they may also form a bound exciton. At this stage, the probability of coupling to luminescent

centers through either energy or charge transfer mechanisms is at its maximum.

For a material to function as a scintillator, it must contain luminescent centers. These centers
can be i) intrinsic, which are molecular systems that constitute the lattice[5, 6] defects within
the lattice[7-10] that possess a radiative transition between an excited and a lower energy
state or ii) extrinsic, such as doping ions[11-13] or or dyes/nanoparticles encapsulated in a
matrix[14, 15]. Moreover, the host material must have certain properties to support efficient
scintillation. It should have a high density and effective atomic number to enhance the
probability of interaction with ionizing radiation. Additionally, it should possess good optical
clarity to allow the emitted light to travel to the detection system with minimal scattering and
absorption.
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In essence, a scintillator acts as a wavelength shifter. It is a material that converts the energy
of an incident particle or an energetic photon (UV, X-ray, or gamma-ray) into multiple
photons in the UV-visible range. These lower-energy photons can then be detected by

coupling the scintillator with photomultipliers, photodiodes, or avalanche photodiodes.

Scintillation results from a series of processes, each characterized by different dynamics
and thus time constants[16]. The four essential phases are distinguished and listed in Table
1.1.

_____ Phase Characteristic Time

1. Energy conversion: Initial energy 7,=10"18 -10"°
release with formation of “hot” electrons

and holes

2. Thermalization: Inelastic processes of rn,=10"16 - 10712

interaction of “hot” electrons and holes and
their thermalization

3. Transfer to luminescent centers: 73=10"12-10"8
Formation of excitonic states and groups
of excited luminescent centers

4. Light emission: Relaxation of excited 14> 10710
luminescent centers and emission of
scintillation light

Table 1.1. The sequence of processes leading to scintillation in a medium

The initial energy release in a medium spans a wide range of time scales. It's important to
note that the transfer of energy from a particle to the detecting medium does not always
require the particle to pass through the medium. The transverse electrical field associated
with a relativistic particle traveling near the surface of a dielectric inorganic scintillator can

penetrate the medium and interadd. with the cr

In heavy crystals commonly used as scintillating materials, characterized by a high density
of electronic states, the inelastic scattering and thermalization of "hot" electrons and holes
occur rapidly. The formation of excitonic states and the subsequent transfer of their
excitation to luminescent centers happen within characteristic time constants generally in

the picosecond range.
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Ultimately, the relaxation of the excited luminescent centers and the resulting light emission
are characterized by time constants that vary widely. These are determined by the quantum
wavefunction characteristics of the different energy levels involved in the transitions.

UV-Vis photons

Thermalization/ Transport

Conversion

Figure 2.1. Schematic description of the scintillation mechanism
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1.2 Important Parameters

In order to create a performing scintillator, it is important to study the figures of merit of these

devices. Several studies have also been conducted to understand the origin of their

scintillation, efficiency, emission speed, and the role of defects. The following section will

outline the parameters for defining a scintillator and applications where these parameters

have more relevance

1 Scintillator Efficiency: One of the most important parameter for different field of

applications is scintillation efficiency also know Light Yield (LY). It is defined as the
ratio of the average number of emitted photons (<Npr>) to the incident radiation
energy (Ei) deposited in the scintillator. The optimal measurement conditions are still
being debated and, according with Kallman et al.[18], an important distinction should
be made between intrinsic light yield, which is an inherent property of the scintillator,
and extrinsic light yield, also known as light output (LO), which is the measured
physical quantity. This distinction is similar to the internal and external quantum
efficiencies (IQE and EQE, respectively) of LEDs[19]: IQE represents the number of
photons generated within an LED structure, whereas EQE quantifies the
electroluminescence photons emitted from the device per injected carrier. The
measured light yield is influenced by various factors, including the material's ability to
efficiently interact with incident ionizing radiation, the transport efficiency of generated
carriers to emission centers, their photoluminescence quantum yield (PLQY or simply
QY), and light outcoupling. The composition and geometry of the material affect the
probability of interaction with ionizing radiation, while light collection efficiency is
impacted by self-absorption, internal light guiding, multiple reflections, and scattering
losses. Transport and PLQY are determined by the presence of defects that trap
generated excitons. All these factors contribute to significant variability in the
measured LY. In the literature, the light yield (LY) of an inorganic single-crystalline
scintillator is typically measured by observing the photoelectric peak in the pulse
height spectrum, using excitation from a 3’Cs gamma source and an acquisition
shaping time of 1 €s[20, 21]. For scintillating nanocrystals or low-density
nanocomposites, observing the photoelectric peak can be challenging. In such cases,
a relative measurement method is employed, which may follow one of three
approaches: (i) correcting the radioluminescence (RL) intensity for the fraction of

absorbed X-rays by monitoring changes in the response of a reference scintillator[22],

9
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(i) comparing RL intensity side-by-side with a reference scintillator under identical
geometrical conditions, or (iii) Correcting the RL intensity for the X-ray mass
attenuation coefficient and sample thickness, with the possibility of overestimating
the LY by neglecting self-absorption and the light outcoupling factor.

As reported by Abhinav et al.[19], the light yield values of perovskite-based
scintillators can vary significantly due to different synthetic approaches. This variation
is linked to the presence of shallow and deep trap states that cause detrimental
guenching of radioluminescence or contribute to long-term scintillation effects (on the
scale of several microseconds or more), commonly referred to as afterglow a
phenomenon that occurs due to the thermal release of carriers and the probability is
closely related to the energy levels of the involved traps. One method of assessing
the presence of these defect states is to carry out radio/photoluminescence
measurements at cryogenic temperatures or through thermally stimulated
luminescence (TSL) measurements[23-26], which are discussed in the following
chapters.

Timing Performances: Another crucial aspect of scintillation is timing i.e. the ability to

produce a prompt light pulse fast enough for applications that depend on event timing,
such as time-of-flight (ToF) applications[27-30]. These include high-energy physics
(HEP) experiments, where high event rates at high-luminosity colliders like the High-
Luminosity Large Hadron Collider (HL-LHC) and the Future Circular Collider (FCC)
necessitate a rapid response to reduce signal pile-up and accurately determine event
vertices. Similarly, in medical imaging with positron emission tomography (ToF-PET),
detecting two 511 keV photons emitted 180° apart is used to reconstruct the position
of positron-electron annihilation events following the decay of a radiopharmaceutical
tracer in the body. Accurate ToF information on the annihilation 2-photons
significantly enhances the signal-to-noise ratio in the reconstructed image by
effectively filtering out background noise. Consequently, precise timing of 2-photon
arrival provides several benefits for ToF-PET scanners, including improved image
quality, shorter scan times, reduced patient dose, and higher spatial resolution[29,
31]. Staying within the framework of ToF-PET, a parameter that describes the time
efficiency is the coincidence time resolution value (CTR), which, according to Auffray

et al.[32], can be modelled with the follow equation:

0"YYo® o (1)

10
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Here, T and t represent the scintillator's rise and fall times for luminescence,
respectively, while in the denominator there is the light output at the energy of incident
photons (511 KeV, photons generated by electron-positron annihilation) and includes
geometric factors in the detection system, such as scintillation light outcoupling,
waveguiding, surface back-reflections, and the quantum efficiency of the detector. T
includes all the exciton generation processes at the final emission centre (steps 1 -
3, Table 1), but in the practical application is typically determined by the electrical
response of the detection chain. T is the recombination lifetime of the emission under
ionising excitation. Typically, for doped inorganic crystals or for the dyes-based
plastic scintillator[33], T equals the lifetime of the emitter species under optical pump.
For scintillators based on nanocrystals, the scintillation light follow a multi-exponential
decay[19, 23, 24, 30, 34], the lifetimes and weights of the different components are
fitted from this multi-exponential and the effective scintillation lifetime can be
estimated from the weighted harmonic average of the various components[35]. The
reason for this multi-exponential dynamics and its complete difference from
photoluminescence decay will be discussed in the next chapters.

The most accurate commercial devices have a temporal resolution of ca. 200 ps
resulting in a few centimetres size resolution in routine hospital sessions[36].

Radiation Hardness: This is the ability of a scintillator to resist high doses of radiation

while maintaining its scintillation properties. This parameter is important for
applications in nuclear reactors and high energy physics experiments, where
scintillation detectors are exposed to high doses of radiation, and is therefore not
extremely necessary for X-ray imaging applications, where doses are necessarily low
to avoid damaging biological samples.

Spectral Range of Scintillating Emission: Another important factor is the spectral

region of the scintillation light emission; scintillation detectors are coupled with
photodetectors for signal reading and these generally have a spectral response that
is more peaked in the UV, blue region[24, 37, 38]. The direct use of detectors,
bypassing the scintillator in front, is not very efficient, especially for energies >15 KeV,
and leads to damage of the device, which is typically not radiation-hard.

Linearity: It is the direct proportionality between the deposited energy and the emitted
light intensity. Linearity with the dose imparted is essential to ensure accuracy,
precision and reliability of measurements. Particularly in the medical field, where it is

crucial to deliver precise doses to patients, this property of the scintillator ensures

11
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that the dose administered is exactly the same as the dose prescribed, avoiding

B9 UNIVERSIT

overexposure or underexposure.

91 Density: The density and atomic number (Z) of the elements that constitute a
scintillator are crucial parameters for the interaction between the scintillator and
ionising radiation[39-41]. Depending on the desired type of interaction, the energies
involved, and the type of incident radiation or particles, the density and atomic
number can significantly influence the scintillator's stopping power[40, 42-45].
Typically, for the detection of X-rays or gamma rays, a high-density scintillating
material is required to stop the radiation in the smallest possible thickness, tens of
microm for inorganic scintillators and in few mm for plastic, and a high atomic number
[43]is needed to increase the probability of the photoelectric effect, thus totally
converting the incident energy.

1 Optical Transparency: Once the scintillation light has been generated inside the

scintillator, it must obviously be able to propagate to the photodetector without
significant loss of intensity in order to be acquired[44]. Excellent optical transparency
is therefore a fundamental requirement and there must be no self-absorption
phenomena, so scintillating systems with a large Stokes shift should be used.

1 Cost and Availability: This is a practical factor, but it can help in choosing one

scintillator over another. Especially in large HEP experiments, the amount of
scintillating material used is in the order of hundreds/thousands of tonnes. It is
therefore extremely important to produce scintillators with low-cost, abundantly

available components and with low-impact, industrially scalable processes.

The choice of scintillator is always a compromise, as no single material can satisfy all these
characteristics simultaneously[46]. The most commonly used scintillators are inorganic
alkali halide crystals, particularly sodium iodide, and organic-based liquids and plastics. With
a few exceptions, inorganic scintillators have the best light output and linearity, but tend to
be slow to respond and they are generally prepared with expensive industrial processes with
a high environmental impact. Organic scintillators tend to be faster, but with a low light
output. Scintillator selection is also heavily influenced by the expected application. Inorganic
crystals are often preferred for gamma-ray spectroscopy due to their high Z-value and
density. Organics are generally used for beta spectroscopy which follows other
processes[47], not covered in this thesis, where density is not a particularly influential

parameter

12
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1.3 Introduction to Perovskites Nanocrystals

My thesis focuses on the use of perovskite nanocrystals encapsulated in polymer matrices.
Specifically, | have employed 3D cesium lead-halide nanocrystals (LHP-NCs), which contain
lead, cesium, and one or more halogens (I, Br, or Cl). Lead, with its high atomic number
(82), has a strong ability to interact with X-rays and gamma rays[26, 48-50]. This work
primarily addresses these perovskite-structured systems, deliberately excluding hybrid
organic-inorganic systems[51] with methylammonium (MA) or formamidinium (FA) as the
central cation, as well as low-dimensional systems where organic molecules separate

planes of inorganic octahedra.

LHP is a family of compounds typically characterized by the ABXs structure with either cubic
or orthorhombic symmetry as illustrated Figure 1.2. The structure can be seen as a 3D
network of [BXs] woctahedra interconnected through the A-site located in the central
position. For all-inorganic LHP structures, A is monovalent cation such as Cs or Rb, B is a
Pb divalent cation located at the corners of the cube and X is a halogen atoms (Cl, Br, I) in

octahedral coordination with the B-site cation.

Beside the most common LHP, other types of perovskite have been explored such as
organic/inorganic perovskite where A cation is replaced by MA or FA or lead-free
perovskites, where Pb is replaces with Bi or Ti[52-55]. However, not all the possible
combination of A, B and X result in a stable perovskite structures but this is limited by the
relative dimension of the ions (ra, rs, rx) forming the structure[56]. The stability can be
predicted by the Goldschmidt tolerance factor (t) which should be within the 0.76-1.13
range[57, 58].

o 1 T ci i

From the mid 2010s, work form Schmidt and Protesescu showed the possibility of producing
LHP in the form of NCs from solution-based approached which led to the realization of stable
colloidal structures with high colour purity and high quantum yield boosted the interest for

this class of semiconductor for different fields[59, 60].

13



EDLGLISTUDL  SCUOLADI DOTTORATO

é E UNIVERSITA DEGLI STUDI DI MILANO -BICOCCA
> e

z 7

BICOGCA

o A = MA*/FA*/Cs* o Pb*
©X=Cl BrI [PbX]*

Figure 1.2. The APbX3 perovskite structure with 3D-corner-sharing octahedra. Two typical
structures are shown: cubic (two unit cells shown) on the left and orthorhombic on the right.
[Adapted from Ref. [61]]

The chemical bonding in perovskite-type structures is characterized by strong ionic
interactions, in contrast to traditional metal chalcogenides[61], which generally exhibit
covalent bonding. This distinction impacts the synthesis, surface functionalization, and post-
synthesis processing of these nanocrystals. For instance, traditional nanocrystal synthesis
methods typically require high temperatures to promote crystallization. Cd- and Pb-based
chalcogenides, or InP quantum dots, which exhibit moderate ionic character, are
synthesized via hot-injection at temperatures ranging from 100 to 350°C[62-64]. In contrast,
highly covalent systems such as Si or GaAs QDs require temperatures up to 400°C[65], and
their synthesis involves highly reactive, air-sensitive precursors that are difficult to handle.
Conversely, due to the ionic nature of the lattice, perovskites can form within seconds, even

at room temperature, using a wide range of precursors[59, 60, 66].

Among the most common synthesis methods for this type of nanocrystal is the classic hot-
injection process, conducted at 200°C[59], as well as the extremely rapid, room-temperature
method known as ligand-assisted reprecipitation (LARP)[60]. In the LARP process, an ionic
solution containing the precursors (A*, Pb?*, and X) in a polar solvent is quickly destabilized
when mixed with an anti-solvent (typically toluene), which induces nanocrystal nucleation.
These two synthesis approaches can produce the entire family of APbX3 nanocrystals, and
by adjusting reaction conditions, non-cuboidal shapes such as nanoplatelets or nanowires
can be obtained[67-69]. Other straightforward methods for synthesizing colloidal perovskite
nanocrystals include microwave-assisted synthesis[70-72], sonication of precursors in a

solvent/ligand mixture, and ball-milling techniques. Additionally, automated and high-
14
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throughput screening, such as the use of robotics[73] or microfluidics equipped with in-line

optical characterization[74], can accelerate the discovery of new perovskite nanocrystals.

A key paradigm in the field of perovskites is that, as previously mentioned, they are easy to
synthesize but equally easy to degrade. One of the major challenges with these crystals is
maintaining their colloidal and structural integrity during isolation, post-synthesis washing,
and any subsequent manipulations. This issue is primarily due to the ionic nature of the
bonding, which enhances solubility in many polar solvents, leading to the disintegration of
the crystal structure. Additionally, the ligand shell present on perovskite nanocrystals
contributes to this instability[61]. In general, a colloidal nanocrystal is surrounded by a shell
of organic molecules, known as ligands, that help stabilize it in solution and prevent
aggregation[75-77]. These ligands are typically long alkyl-chain molecules attached to the
crystal surface through an anchoring group[78], and they can be classified into X-, L-, and
Z-type ligands. X-type ligands[78, 79] are molecules that donate electrons to the nanocrystal
surface, forming a covalent bond; common examples include carboxylates, thiolates, and
phosphonates. L-type ligands are neutral molecules that donate lone pairs of electrons to
the nanocrystal surface, such as amines, phosphines, and phosphine oxides. Lastly, Z-type
ligands are electron acceptors from the surface, typically exposing electron-rich atoms. On
perovskite surfaces, carboxylates and ammonium groups are typically found[79], which tend
to desorb easily, removing ions from the surface during post-synthesis washing steps, i.e.
repeated precipitations with an anti-solvent. A more robust ligand shell can be achieved
using zwitterionic molecules containing multiple anchoring groups[80] or molecules with
greater steric hindrance that provide also electrostatic stabilization[81, 82], such as
Didodecyldimethylammonium Bromide (DDABr). Another approach is to build an inert
material shell, such as SiOF or TiOF around the nanocrystal, or to create complex
morphologies like core-shell systems or other heterostructures[83-90]. However, due to the
fragility of these nanocrystals, such structures are difficult to achieve, and there are very few
reports in the literature. A promising strategy involves the growth of perovskite nanocrystals
(NCs) within a glass matrix, such as borosilicate glasses, where the size of the NCs can be
controlled by adjusting the melt-quenching process and subsequent thermal conditions[83,
84, 86, 89, 91]. In this way, the "solvent" is an amorphous glass matrix that is chemically
stable, impermeable to water and oxygen, and easily integrabled as powders after grinding
processd into devices such as display backlighting or as remote phosphors. Encapsulation

in polymer matrices is another strategy to preserve the properties of these systems as if they

15
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were in a colloidal solution[19, 23, 92]. A dedicated section of this chapter will follow,

discussing the various strategies for obtaining these nanocomposites.

The high ionic character and lattice instability of perovskites can also be exploited for post-
synthesis transformations. For example, it is possible to exchange anions within the
structure[93-101]. The change of halogen ion will modify the energy position of the
bands[102, 103], and so anionic exchange from a precursor perovskite sample can vyield

mixed halogen perovskites whose emission covers the entire visible spectrum (Figure 1.3).

CsPbCl, «— CsPbBr, ——— > CsPbl,

Normalized intensity (a.u.)

400 500 600 700 800
Wavelength (nm)

Figure 1.3. Photograph under UV light and PL spectra of solutions with different cesium lead
halide perovskite nanocrystals. [Adapted from Ref. [103]]

Similarly, it is feasible to partially or fully exchange the cations at the A-site[104], as well as
the Pb?* ions at the B-site[105], replacing them with ions such as Sn?*, Cd?*, Zn?*, or Mn?*,
In the latter case, doping CsPbCls nanocrystals, which absorb and emit in the blue range,
can produce systems with a broad Stokes shift[106, 107]. This is because the absorption
originates from the perovskite's band structure, which transfers to Mn states, resulting in
orange emission. Complete restructuring of perovskite nanocrystals can also be achieved
by adding or removing ions; for instance, removing Pb as PbXz can convert a classic
CsPbBrsz structure into CssPbXs nanocrystals characterized by disconnected [PbXe]*

octahedra, yielding zero-dimensional (OD) perovskites[108, 109]. Adding PbX2 or removing
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CsX can reverse this process[110, 111]. Classical CsPbXs nanocrystals can also be
controllably decomposed to produce metal halide nanocrystals not achievable through direct
synthesis.

Although LHP NCs are very labile, they have one property not shared by conventional
semiconductor NCs: the perovskite structure is actually defect tolerant[112, 113]. If we take
a classical CdSe NC and remove or displace a Cd ion, we generate a trapped state of Se
deep in the gap, because the energy gap is normally formed between bonding states
(Valence Band, VB) and anti-bonding states (Conduction Band, CB). In perovskites, the
band gap is formed between two sets of anti-bonding orbitals and any vacancy states would

fall into the bands or at worst form a shallow state (Figure 1.4).

Defect Defect
Intolerant Tolerant
System System

Conduction Conduction

Band

/ deep / /

al / trap states / !
non-metal/ — ; i
—(\ ,’I

states /

Valence
Band

Valence
Band

Figure 1.4. Schematics comparing electronic structures that are defect-intolerant, such as
for conventional semiconductors (for example, CdSe, GaAs, and InP), and defect tolerant,
such as for LHPs. Defects do not act as trap states in LHPs and are therefore benign
toward their electronic and optical properties. [Adapted from Ref. [113]]

Furthermore, an important difference with metal chalcogenides is that only vacancies are
more probable, as the other point defects require high energies to form, making their
formation highly improbable[113-115]. This property makes it possible to obtain LHP NCs
with high quantum yields, typically 80-95% in the green-red region (CsPbBrs3, CsPbls) and
10-20% in the blue region (CsPbCls), making this class of NCs useful for various emitting

devices such as LEDs, but also as scintillators.
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1.4 Realization of Perovskites Nanocomposites

As previously mentioned, one effective method to preserve perovskite nanocrystals is by
encapsulating them within polymeric matrices[19, 23, 116]. The polymeric shell acts as a
protective barrier, shielding the nanocrystals from external factors such as oxygen, moisture,
heat, and light[92]. Additionally, this encapsulation approach enhances the processability of
nanocrystal-based technologies, enabling the creation of devices that are easy to handle
and adaptable to various surfaces. Since the polymers are compatible with many large-scale
manufacturing techniques, such as spin-coating, printing or bulk polymerisation, this method
facilitates the integration of perovskite nanocrystals into commercial devices or in
applications requiring significant material volumes, such as scintillators for high-energy
physics experiments[117]. Moreover, the embedding reduces the risk of lead release from
these nanocrystals into the environment or direct exposure during device usage. More
importantly, the polymer chains not only help to maintain the properties of the perovskites
as if they were in a colloidal solution, but if the encapsulation is performed correctly, they
can also enhance certain properties, such as the quantum yield of the emission[34]. This
enhancement effect will be discussed in detail in the following chapters while below | will
address the main techniques for making nanocomposites, summarised in the work of

Abhinav et. al. where | am a co-author[19].

Numerous strategies have been investigated for incorporating perovskite nanocrystals into
polymeric matrices, with each approach tailored to meet specific application requirements.
One particularly advantageous method for applications in biological systems or even for
liquid scintillators involves the production of LHP-loaded micropowders. These powders are
generally created through surface functionalization techniques that allow the encapsulation
of individual or small clusters of PNCs within polymer beads. This approach also enables
the use of these micropowders as foundational elements for constructing more complex
materials[118-120].

Another effective strategy involves either synthesizing LHP NCs directly within the polymer
matrix (in situ synthesis) or incorporating pre-synthesized NCs, to create polymeric coatings.
This method enables the fabrication of uniform thin nanocomposites, with thicknesses
extending up to several hundred micrometers, making them suitable for example for use as
X-ray imaging screens, where precision is critical and large thicknesses are not
required[121-123].
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For applications which demand larger material volumes,

commonly used to produce large-scale nanocomposi

bulk polymerization techniques are

tes. These different methods for

generating powders, coatings, and bulk composites are schematically represented in Figure

1.4 and will be elaborated upon in the following sections.
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Figure 1.4. Schematic representation of different nanocomposite preparation

[Adapted from Ref. [19]]
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1 Use of Monomeric or Polymeric Capping Ligands. This method enables the growth

of a very thin polymeric layer, enhancing the affinity of the nanocomposites for the
polymeric matrix. It relies on the use of monomeric ligands that can subsequently
undergo radical polymerization. For instance, ligands containing a styryl group offer
the potential for cross-linking and polymerization[124]. Moreover, the resulting
composite can be dispersed in organic solvents to produce readily processable
inks[118], facilitating techniques such as spin coating and application in white down-
converting LEDs. In the case of polymeric ligands, the perovskite nanocrystals are
functionalized with oligomeric moieties, allowing them to self-organize into polymeric
micelles[119]. Alternatively, these ligands can actively participate in the synthesis of
LHP NCs thanks to their halide content. Block copolymers, consisting of two or more
chemically distinct polymer segments, are also widely employed as ligands to
stabilize perovskites, providing enhanced chemical and colloidal stability compared
to small-molecule ligands. An example of such a ligand is demonstrated in the work
of Yang et al.[125], who reported a straightforward and versatile strategy for the
preparation of agueous colloidally stable MAPbBrs NCs grafted with polystyrene-
block-poly(ethylene oxide) (PS-b-PEO). The hydrophobic PS block surrounding the
NCs provides robust nanoscale encapsulation against water, while the hydrophilic
PEO block offers colloidal stability and cytocompatibility in aqueous solutions.

Synthesis of PNCs in Polymeric Micelles. This method generates a nanoscale shell

of polymeric ligands that tightly bind to perovskite nanocrystals through multidentate
coordination groups. The encapsulation process begins by adsorbing one of the NC
precursors into a porous polymer template. Subsequently, the mixture is dissolved in
a solution containing the second NC precursor. Through either radical polymerization
or the solvent evaporation technique described below, the polymer-coated NCs are
then converted into a nanocomposite. The first detailed demonstration of this
approach for insulating perovskite NCs was presented by Hou et al.[120], in their
wor k, a p ol y sinhylpyridine)e(PSpoePR\P) blbck-copolymer was added
to toluene, where it spontaneously formed core/shell micelles. The P2VP component
constituted the core, while the PS blocks faced the external environment. Perovskite
precursor salts (PbX2 and CsX, where X = Cl, Br, and I) were added to this dispersion,
allowing the precursors to diffuse into the micelle cores. The solubility product
changes led to the crystallization of the precursors into the perovskite phase, driven

by entropic forces. The confined growth of NCs within the copolymer micelle resulted
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in a perovskite/polymer core-shell nanostructure. Strong multidentate bonds formed
during this process effectively passivated the perovskite surface. The hydrophobic
shell served as a protective barrier against polar solvents, enhancing the stability of
perovskites in both colloidal and thin-film forms. Additionally, this polymer layer
provided further opportunities for surface modification. These polymer-encapsulated
perovskites exhibited significant stability against water-induced degradation and
halide migration[126-128].

1 Solvent Evaporation Method. In this approach, perovskite NCs, whether synthesized

via hot injection or ligand-assisted reprecipitation methods, undergo purification and
are subsequently redissolved in volatile solvents such as toluene or dichloromethane.
To create castable blends, these perovskite NCs are mixed with polymers in a
common solvent, and the resulting nanocomposite is formed by allowing the solvent
to evaporate[23, 129, 130]. Given the ionic crystal nature of LHP and their dynamic
ligand surface coverage, as previously discussed, LHPs are highly sensitive to the
hydrophobicity and polarity of the selected polymer matrix. Additionally, during the
encapsulation process, the dynamic ligand coverage on these NCs can be
compromised, leading to potential electronic, structural, and optical degradation.
Therefore, when encapsulating LHPs within nanocomposites, four key considerations
should be taken into account: (i) careful selection of a sufficiently hydrophobic
polymer and a compatible solvent, (ii) use of low-temperature processing methods to
prevent thermal damage to the LHP, (iii) employment of polymers containing alkyl
side chains that are similar to the native alkyl chains present on the perovskite
surface, and (iv) implementation of surface passivation techniques to reduce
scattering and enhance emission vyields[131]. This approach generally leads to
i mproved NCipolymer interfaces compared to
polymers. This strategy has been applied in numerous exploratory studies
investigating the scintillation properties of PNCs. Notable examples include the work
by L u band colleagues on scintillation timing[131], as well as studies by the Sellin
group[132], which explored mixed-halide CsPbCIxBr( 11 NCs embedded in PMMA
and FAPbBrs NCs within PMMA[121] and PVT matrices[123]. Additionally, using the
solvent evaporation method, Gandini et al.[130] fabricated PMMA nanocomposites
incorporating both CsPbBr3 NCs and a large Stokes shift perylene dyad with optical
absorption resonant to the emission of the PNCs. This combination resulted in

sensitized radioluminescence that was free from reabsorption losses.
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1 One-Pot Monomer Synthesis. A more direct method for preparing nanocomposites

involves synthesizing the LHP NCs directly within the polymer matrix. This approach
offers significant advantages by eliminating post-synthesis steps, thereby minimizing
material waste and preventing potential optical performance degradation. In this
method, a high-boiling monomer solution serves as the reaction solvent for the
perovskites synthesis, as demonstrated by Tong et al.[133] In their work, they
developed a post-processing-free protocold without the need for centrifugation,
separation, or dispersiond for synthesizing CsPbBrs NCs directly in a liquid
monomer. The resulting NCs-loaded monomer solution was then combined with
oligomers and an initiator, followed by UV polymerization to form high-quality LHP
NCsti pol ymer composite fil ms.

Swelling/De-swelling Method (SDM). Similar to one-pot monomer synthesis, SDM

takes advantage of the presence of polymer chains to perform LHP NC
synthesis[134]. Perovskite precursors are added to a high-viscosity solution
consisting of polymer dissolved in an organic solvent (swelling step). Once the
mixture is poured onto a substrate, the solvent is removed by heating (deswelling
step) and perovskite NCs are progressively formed inside the matrix, while
aggregation is avoided thanks to the extremely high viscosity of the mixture.
Composites with emission colours ranging from blue to near infrared have been
obtained by tuning the halide compositions in the precursor solution[135]. The
process is based on the assumption that perovskite precursors can be introduced as
solutes into polymer matrices via the solvent-induced swelling process of the
polymer. When the solvent was driven out of the polymer matrix by heating, the
perovskite precursors were left to react and form high quality, well dispersed LHP
NCs. Meanwhile, the polymer matrix deswelled, shrinking back to form a coherent
barrier layer around the NCs, protecting them from water, oxygen or heat.

Direct Radical Polymerization. Despite the wide range of approaches available for

the fabrication of nanocomposite scintillators, most methods face intrinsic limitations
in producing nanocomposites suitable for practical applications, mainly due to
dimensional constraints and upscaling challenges. One of the few strategies capable
of overcoming these issues and enabling the fabrication of nanocomposites with
potentially unlimited dimensions and volumes is direct radical polymerisation. This
technigue has been successfully applied to the fabrication of large-area polymeric

luminescent solar concentrators (LSCs), in which chalcogenide NCs and/or organic
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dyes are embedded[136-144]. Typically, a monomer solution containing the
perovskite NCs and a radical initiator is poured into a mould, followed by the
application of thermal or optical energy to initiate radical generation. By carefully
selecting the monomer mixture, it is also possible to tailor the mechanical properties
of the final nanocomposite. If the polymerisation process is not too aggressive, but
properly timed, a beneficial effect on the surface of the NCs is observed, improving
their optical properties. This aspect is further explored in the next chapter, where |
show the fabrication of large hanocomposite scintillators with PMMA/PLMA matrix-
enhanced CsPbBrs NCs. As previously discussed, high temperatures typically
degrade LHP NCs[145-148], making UV photopolymerisation the preferred method.
However, despite its simplicity and scalability, this technique has intrinsic limitations
for the production of highly loaded nanocomposites, as the NCs absorb most of the
UV light required to activate the radical initiator, leading to inhomogeneous or
incomplete polymerisation of bulk composites.

Photoinduced Electron/Energy Transferi Reversible Addition/Fragmentation Chain-
Transfer (PET-RAFT). Introduced in 2014, PET-RAFT polymerization has emerged

as a highly effective strategy to precisely control polymer chain distribution and

polymerization kinetics[149]. This method utilizes photocatalysts that, once
photoexcited via energy or electron transfer from an optically active species, directly
activate the RAFT agent. The activated RAFT agent then undergoes fragmentation,
generating initiating radical species. In this process, the photoinitiator can either be
purified out or retained within the polymer matrix, resulting in a perfectly dispersed
filler within the composite upon solvent removal[150]. This aspect is particularly
important for nanoscintillator applications. PET-RAFT polymerization enables the
fabrication of nanocomposites with high optical quality, even at elevated
concentrations of dissolved species[151]. This is achieved because the polymeric
matrix grows from the surface of the perovskite NCs, progressively separating them
and preserving their dispersion. Furthermore, the "living" polymerization character of
this strategyd which involves the absence of chain termination and transfer reactions,
along with an initiation rate much greater than the rate of chain propagationd results
in a constant growth rate compared to traditional polymerization methods. This leads
to a very low polydispersity index[152], which directly enhances the optical properties

of the composite.
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In this introductory chapter, | have provided a comprehensive overview of the fundamental
concepts underlying scintillation, perovskite nanocrystals and the fabrication of polymer
nanocomposites with this nanostructures. These fundamental elements set the stage for a
deeper exploration of the synthesis and characterisation of the nanocomposites realized

during my PhD, which will be the focus of the following chapters.
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The focus of my project was to realise and characterise polymer nanocomposites based on
cesium-lead halide nanocrystals. With the aim of creating ultra-fast scintillation detectors.

As already anticipated, ultrafast scintillators are critical for frontier experiments in high
precision oncology diagnostics and in high-energy physics experiments. Currently, inorganic
scintillating crystals and dye-based plastic scintillators are the established materials in this
area. The inorganic crystals with high atomic number elements interact strongly with ionizing
radiation and feature high scintillation light yield[43] but suffer from high cost[153], slow
scintillation times that can be faster but at the expense of the light yield[154], fragility[155],
and cannot be produced in large sizes or volumes[156]. On the other hand, plastic
scintillators consisting of polymer matrixes doped with dyes (often co-adjuvated by high-Z
sensitizers)[42, 157, 158] are fast and scalable but suffer from low resistance to radiation[24,

34, 159, 160] and their low density results in low LY and energy resolution[42, 161, 162].

This is the framework, the state of the art, in which my studies have been moving and the
aim of my work reported in this thesis was to develop a third class of materials for ultrafast
scintillating detectors using nanometric lead-based perovskite halide systems encapsulated
in polymeric material. One of the advantages that can be exploited in nanometre-scale
confined systems is the generation of multi-excitons, which is in fact particularly favoured
over single-crystal bulk systems. This effect is due to the size confinement, which facilitates
the interaction between excitons[163, 164]. In the multi-excitonic regime, luminescence
decays are accelerated[165], e.g. in the bi-excitonic regime, the lifetime of the emission can
be four times faster than the lifetime of the single exciton (Figure 2.1, right panel), and this

is extremely important for the design of ultrafast devices.

EVacuum
‘e -e -. -e -e -‘
-h +-h+. -h +-h +.
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Figure 2.1. Schematic depiction of biexciton (right) and ionizing auger recombination (left)

In this regime, however, the probability of ionizing Auger recombination increases (Figure
2.1), resulting in a multi-excitonic luminescence quenching channel. These two effects,
combined with the cross-section of the interaction proportional to the dimension of the NCs,
suggest a trade-off on the size of the nanoparticles between emitted light efficiency and

decay rate.

In particular, CsPbXs NCs form the basis of my composites due to the series of advantages
described above, which potentially allow good interaction with ionising radiation, coupled
with the fact that they are relatively easy to synthesise, with techniques adaptable to

industrial scale processes, and the literature on their application in scintillation is still lacking.

| want to conclude this chapter by anticipating that the nanocomposites developed in this
work are designed for bulk scintillation applications and they are produced via radical
polymerisation. The following chapters will discuss the methods used to create these bulk
scintillating nanocomposites, their performance and more importantly the explanation of the
science behind the scintillation of these materials.
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- 3 Ultrafast and Radiation-Hard Lead Halide

Perovskite Nanocomposite Scintillators ==

This chapter presents the development of nanocomposites based on CsPbBrf perovskite
nanocrystals (NCs). These nanocomposites are characterised by enhanced optical
properties and significant radiation resistance. A scalable method has been developed to
produce high quantities of NC in a single batch at temperatures close to room temperature,
with an additional advantage of solvent recovery and re-use. This techniques is not only
efficient in terms of production, but also opens up new prospects for large-scale industrial
applications.

The NCs were embedded in a polymer matrix by highly scalable UV light-induced radical
polymerisation. In situ spectroscopy was used to monitor the evolution of the morphological
and optical properties of the nanocrystals during polymerisation. Showing improved NCs
emissive properties, due to transition to a monodisperse population, which enhanced their
optical quality.

One of the main innovations of this work is the evaluation of the remarkable stability of the
LHP-nanocomposites at doses up to 1 MGy. A high linear scintillation yield with NCs loading,
an extremely fast scintillation lifetime, but more importantly the mechanistic aspects
underlying the interaction between X-rays and the perovskite nanocrystals are studied in
detail.

This is one of the first studies to demonstrate the feasibility of these nanocomposites for
applications not only for X-ray imaging. As will be shown later, these nanocomposites are
also promising candidates for time-of-flight (TOF) applications due to their fast emission. For
example, precise time tagging is used in TOF-positron emission tomography (TOF-PET) to
improve spatial image resolution and signal-to-noise ratio, allowing accurate detection of
small neoplastic formations in oncology, as well as in neurological, rheumatological,
infectious and cardiac diagnostics[35, 166-170]. Specifically, TOF-PET scanners involve the
coincident detection of two 511 keV o9 photons
to reconstruct a map of the positron-electron annihilation events caused by a
radiopharmaceutical tracer in the body (Figure 3.1). The time delay between the arrival of
the two 2 photons is proportional to the diffe

information about the spatial position of the annihilation event, that occurs at the site of the
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neoplasm. Consequently, any improvement in the so-called coincidence time resolution
(CTR)[171] has a direct positive impact on the resolution of the TOF-PET image, driving the
technology race towards a CTR < 10 ps, which corresponds to millimetre resolution, a more
than tenfold improvement over the latest commercial TOF-PET scanners (about 200 ps of
CTR)[172].

Detector
Block

Nanocomposite

Scintillator High-Z layers

Figure 3.1. TOF-PET schematized structure withr el at ed o photon emi ssi G
of nanocomposite scintillator realized with the process described in this chapter
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3.1 Synthesis and characterization

As previously mentioned, the aim of this research, in addition to studying the scintillation
mechanisms of CsPbBrs NCs, is to demonstrate the fabrication of a scintillator using
scalable synthetic approaches. The synthesis of the NCs was achieved through a turbo-
emulsion process, which represents a scale-up of the traditional LARP method by employing
a turbo-emulsifier. This eliminates the concentration gradient that would otherwise arise
when scaling up the LARP process[173]. The details of the synthesis will be provided in the
Methods section; briefly, the process involves the injection, under turbo-emulsification, of a
solution containing PbBr2 with ligands (oleylamine and propionic acid) into another solution
containing the cesium precursor (Cs2C0O3), emulsified at 15,000 rpm for 30 seconds. This
results in a rapid synthesis conducted at room temperature. After the washing and

centrifugation steps, CsPbBrsNCs ar e obt ained, which wil!/

nanostructures embedded in the polymer matrix.

Figure 3.2. STEM-HAADF image of the NCs sample after washing. Inset corresponding
HRTEM image

As shown in Figure 3.2, this synthesis yields a variety of nanostructures with different shapes
and sizes, including nanowires and rectangular particles with lateral dimensions of 13 £ 3
nm and a thickness of 5 + 1 nm (images takes with scanning transmission electron
microscopy with high-angle anular dark field detector (STEM-HAADF) in collaboration with

the electron microscopy facility of IIT (Genova, Italy)). Once dried, the product is directly
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dispersed into a monomeric solution of methyl methacrylate (MMA) and lauryl methacrylate
(LMA) (80:20 wt%)[174] with a photo-initiator added. The choice of PMMA as the
predominant polymer matrix is based on its excellent optical properties and transparency,
as it is widely used in the production of optical components[175] and scintillating fibers[176,
177]. The inclusion of PLMA, with its long alkyl chains, creates a non-polar environment
suitable for NCs dispersion (as shown in Figure 3.3)[133]. Polymerization is initiated using
UV lamps, and once complete, a mechanically solid matrix encapsulating the LHP NCs is

obtained.

Figure 3.3. Representation of MMA and LMA structures

Figure 3.4a shows high-resolution transmission electron microscopy (HR-TEM) images of a
70 nm section of the nanocomposite obtained in collaboration with the IMEM-CNR Institute
(Parma, Italy). It possible to note the formation of CsPbBrs domains composed of platelet-
shaped nanostructures with a lateral size of 14 + 3 nm and a thickness of 9 £ 2 nm. This
transformation suggests a natural ripening/merging process from nanowires to nanocubes,
a phenomenon documented in the literature[178], and is not caused by viscosity changes
during polymerisation, as it is also observed under stirring in the monomer solution. Despite
the shape change, the crystalline structure is preserved, as diffraction patterns from both

the pristine NCs and the nanocomposite indicate an orthorhombic structure (Figure 3.4).
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Figure 3.4. a) TEM micrographs of 70 nm thin nanocomposite section showing domains of
CsPbBr3 NCs in the polymeric matrix. b) HR-TEM image (top panel) and corresponding Fast
Fourier Transform (FFT) pattern (bottom panel) of CsPbBrz NCs evolved in a solution of
acrylate monomers. c) Powder X-ray diffraction patterns of the native NCs (top, black line)
and of the NCs embedded in the nanocomposite displayed in panel ¢ (middle, green line),
together with the calculated PXRD pattern for orthorhombic CsPbBr3 (bottom, purple line,
ICSD 97851). The diffraction halo pattern associated with the polymeric host matrix in the
PXRD of the nanocomposite was subtracted for clarity. The peaks denoted by star symbols
are associated with minor crystalline impurities included in the nanocomposite (red stars,
CsBr).

In addition to morphological and structural analyses, this evolution was monitored using in-
situ spectroscopy shown in Figure 3.5a. At t = 0 min, both absorption and
photoluminescence (PL) spectra show multiple contributions (black curves in Figure 3.5,
panel a). The absorption spectrum reveals a scattering tail and a series of absorption edges
typical of an ensemble of different nanostructures, while the PL spectrum displays several
convoluted emission peaks (2.4 eV i 2.6 eV), each with different emission lifetimes,

exhibiting faster decay times for the blue part of the PL spectrum.
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Figure 3.5. a) Optical absorption (top panel) and PL (bottom panel, excitation energy 3.1
eV) of 0.2 wt% dispersions of CsPbBr3 NCs in LMA:MMA (20:80%vol) during the
polymerization reaction (time evolution indicated by the black arrow). The initial spectra
before the activation of the UV initiators and at the end of the process are highlighted in
black and green, respectively. b) Contour plot of the spectrally resolved PL decay traces of
the native NCs (top panel) and the final nanocomposite (bottom panel) excited at 3.1 eV. c)
representative decay curves collected at the emission energies indicated by the dashed
lines in the contour plots and the vertical bars in panel a

During polymerization, the absorption spectrum evolves into a profile characteristic of a
semiconductor, with a prominent peak at 2.4 eV and without scattering tail. Notably, an
isosbestic point is observed at 2.45 eV in the absorption spectra (red star in Figure 3.5,
panel a), confirming the complete conversion of a heterogeneous population of pristine NCs
into a homogeneous ensemble, as also evidenced by a narrower PL spectrum (FWHM = 17
nm) centered at 2.41 eV (green curves in Figure 3.5 panel a) and uniform emission lifetimes
(U= 11 ns) across the entire spectrum. These lifetimes are approximately twice as long as
those of any population present in the pristine NCs (Figure 3.5, panel b).

It was possible to obtain a quantitative estimate of the quantum efficiency during the
polymerisation process, by having the absorption and PL over time and having the QY of
the NCs in solution as a reference, revealing a significant increase in quantum yield from 43
+ 3% to 90 + 3% (Figure 3.6 panel a). This encapsulation process not only makes the device
easy to handle but also plays an active role in improving the NCs performance. The
spectroscopic measurements demonstrate a gradual passivation of non-radiative losses

associated with surface electron traps, such as halide vacancies.
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This passivation is likely due to the unbonding electron pairs on the oxygen atoms of the
carboxylates in the polymer chains[179, 180]. Supporting this hypothesis, a Time Domain
'H NMR measurement was conducted in collaboration with Prof. Simonutti's group,
monitoring the fast relaxing Free Induction Decay (FID) in both a blank polymer sample and
the nanocomposite. As shown in Figure 3.6b, the decay is faster in the nanocomposite,
indicating a reduction in the local mobility of the polymer chains in the presence of the NCs.
The Gaussian contribution associated with a fully rigid fraction extracted by bimodal fitting
guantitatively demonstrate an increased rigid fraction from 59 = 1% to 66 + 1% in the
nanocomposite, which is a typical consequence of the decrease of polymer chain motions
due to attractive interactions with the NCs[181], thus indicating a strong affinity between

NCs and polymer chains with a consequent increase in the dispersibility of these

nanostructures.
a b
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Figure 3.6. a) Evolution of the PL quantum yield was observed during the polymerization
process. The photographs of the liquid monomer mixture and the polymerized solid under
UV illumination (3.4 eV) are reported as inset. b) IH NMR free induction decay (FID) at 333
K indicating faster relaxation for the nanocomposite (green dots, 0.2 wt %) with respect to
the bare polymer matrix (black dots). The solid red lines are the fitting functions
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3.2 Scintillating efficiency and radiation hardness

Based on the promising optical properties of these nanocomposites, their scintillation
properties were investigated. Nanocomposites were prepared with varying NCs
concentrations, ranging from 0.05 wt% to 0.8 wt%. Beyond this loading level, the integrity of
the sample is compromised as excessive amounts of NCs absorb the UV light used to initiate
polymerisation. Figure 3.7a shows the radioluminescence spectra, where each composite
shows a single narrow emission peak resonant with the band-edge transition, with no
spurious contributions at lower energies[182]. As mentioned in the introduction chapter of
this thesis, an important parameter is the measurement of the scintillation efficiency. In this
work, a double verification approach was used: 1) performed at ESRF European
Synchrotron (Grenoble, France), was carried out using a monochromatic X-ray beam at 15
keV, calculating the energy deposited in the composite and evaluating the emitted light
(reported in chapter 1, method (i) for estimating the LY), and 2) (reported in chapter 1,
method (ii) for estimating the LY) performed by comparing the area under the RL spectrum
obtained under the same conditions with that obtained with of a known scintillator, the EJ-
276D plastic scintillator with an efficiency of 8600 ph/MeV. In both methods, a linear increase
in efficiency was observed with increasing NCs concentration, reaching 4800 ph/MeV for

the composite containing 0.8 wt% NCs (Figure 3.7, panel b).
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Figure 3.7. a) RL spectra of polyacrylate nanocomposites containing increasing
concentration of CsPbBrs NCs together with respective photographs under ambient or UV
light. (b) Corresponding LY values obtained via methods 1 (triangles) and method 2 (circles).
The black line is the fitting function with a power law Ir. = A x [NC]P with p = 1.1
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To test the radiation resistance, a nanocomposite with 0.1 wt% of NCs were irradiated with
increasing doses up to 1 MGy (dose rate 3.05 kGy_air/h) using a 8°Co gamma-ray source
at the ENEA irradiation facility Calliope (Rome, Italy)[183]. Interestingly, as shown in Figure
3.8, the scintillation properties as well as the photoluminescence and morphology of the NCs
remained unchanged even at the extremely high dose of 1 MGy. To put this in context, this
radiation level is equivalent to the dose deposited in the inner walls of a nuclear reactor
chamber over the course of a year or in the inner magnetic coil of the Large Hadron
Collider[184, 185]. In contrast, conventional plastic scintillators based on molecular emitters
lose efficiency as the dose increases[176]. A possible explanation for this remarkable
radiation resistance of LHP NCs may be related to their self-healing capabilities, such as
the repair of defects such as vacancies or lead segregation[186]. This radiation resistance

opens up new possibilities for the use of these composites in HEP experiments.
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Figure 3.8. a) Optical absorption (dashed lines), RL spectra (solid lines) and photographs
under ambient or UV light of polyacrylate nanocomposites with [NC] = 0.1 wt % at increasing
cumulative o-ray doses from 0 Gy to 1 MGy (bottom to top). The spectra have been
normalized at the emission maxima and respective absorption edge and vertically shifted
for clarity. (b) LY (circles) and corresponding U pL (triangles) as a function of cumulative
dose. Inset: TEM micrographs of 70 nm thin nanocomposite sections before and after
irradiation (scale bar 50 nm). (c) Normalized PL decay curves and (d) and FTIR transmission
spectra at 0 Gy and 1 MGy showing no variation of the NCs decay kinetics and no
modification of the vibrational spectrum of the polymer indicating high radiation resistance
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Using a pulsed X-ray source, it was possible to measure the lifetime of the scintillation
emission for composites with different concentrations (Figure 3.9). For all samples analysed,
the decay traces are multi-exponential, the weights and characteristic times (J of the various
components are given in Table 3.1. There is an ultrafast, IRF-limited component, termed
Prompt, modelled as a Gaussian function, a fast first exponential with a sub ns U about 0.6
ns, and a slow decay with a lifetime of about 10 ns coinciding with the PL lifetime. From the
weights and the corresponding scintillation times, it is possible to calculate an effective

decay lifetime ( &), according with Ref. [35], by weighted harmonic averages, see equation

).

Normalized RL Intensity

15 20

Time (ns)

Figure 3.9. Scintillation decay of the five nanocomposites shown in Figure 3.7a. The
scintillation decay is shown in alinear scaleover24nsl t 6 s r e pahemate depittibne s
of the measurement setup. The inset shows details of the ultrafast component (over 5 ns) in
semilogarithmic scale; the shaded gray line represents the system IRF. The solid curves are

the fit functions.

It was therefore estimated a value of CTR for each of these composites using the formula
(1) reported in the first chapter of this thesis[32]. Thus, considering N as the number of
photons emitted when excited with a 511 keV source (value extrapolated from the
scintillation efficiency measurement with the known scintillator), the decay time, defined as
t hesv@dl ue, and tikpasthé rsetime of the IRK ftdm 10% to 90% of the
signal (84 ps) (due to the fact that the first component is IRF-limited), the nanocomposites

show very promising values for applications such as TOF-PET, ranging from 39 to 93 ps.

36



DEGLI STUDI

UNIVERSITA
ONVTIN 1A

[—-]
(]
=
(]
(]
=

0.05
0.1
0.2
0.4
0.8

Table 3.1. Decay Times (U ns), Respective Relative Weights (R) and U extracted from the
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NC]! 51 1keV estlmated
wit% Phl MeV ps

0.30
0.32
0.34
0.29
0.30

0.37
0.21
0.22
0.09
0.07

0.61
0.62
0.60
0.58
0.62

0.33
0.47
0.44
0.62
0.63

fitting of the RL decays in Figure 3.9.
emitted at 511 keV for the estimation of the CTR (risetime has been set to 84 ps and the

decay time is (r)
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10.3
10.5
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3.3 explanation of scintillating phenomena of this nanocomposites

Identifying the nature of the emitting states responsible for the ultrafast RL dynamics is
relevant for future material optimisation, besides the potential application performance of
this CsPbBrs NCs-based composites. Previous studies on CdSe nanoplatelets by Turtos
and co-workers[30] attributed ultrafast scintillation components (<200 ps) to the decay of
multiexcitons generated by high-energy X-ray excitation, in agreement with pulsed
cathodoluminescence studies by the Schaller group on quantum dots of the same
composition[187], but such attribution is still debated for LHP NCs. To clarify the origin of
scintillation contributions between multiexcitonic and trapping processes[26] in CsPbBrs
nanocomposites, the multi-excitonic kinetics were investigated through transient absorption
(TA) experiments as a function of increasing excitation fluence. The normalised TA spectra
for the 0.2 wt% nanocomposite were collected with increasing delay time after the excitation
pulse (2 ps to 3 ns) at progressively higher excitation fluence (Figure 3.10, panel a)
distinguishing essentially 3 regimes corresponding to:

- single exciton (X, average exciton occupancy dNaL 1),

- biexciton (XX, NGO 1)

- higher order multiexciton (MX, 0NG> 2)

In the X regime, the TA spectrum always showed the characteristic peak at 2.41 eV due to

the bleaching of the 1S exciton absorption. The corresponding time dynamics was

essentially singl e expone&nl0nsawhicwagreeswell hiththeact er

cor r es p o r tlinsingeasUred at vanishingly low excitation power, confirming that the
bleaching recovery is due to radiative decay of 1S excitons. For (NGO 1 , t he

showed a low-energy shoulder at 2.34 eV, D80 meV below the main peak, with a decay time
of D200 ps, in agreement with previous reports showing the predominant attractive character
of XX in CsPbBr3 NCs[188, 189]. Consistently, the TA dynamics developed an initial ultrafast
decay portion characteristic of biexciton decay limited by Auger recombination (AR), whose
amplitude followed the characteristic &NG& trend of biexciton Poisson state-filling
statistics[165, 190] (see Figure 3.13). By further increasing the excitation fluence, the TA
spectra showed a contribution on the high energy side of the 1S bleach peak with a decay
time of D80 ps. This is attributed to higher order multiexcitons, in agreement with previous
observations on CsPbBrislis NCs[190] under intense optical pumping. The multi-excitonic
dynamics were further investigated following the procedure introduced by Klimov et al.[165],

where the TA curves versus tNawere first normalized to their slow single exciton tail and
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then progressively subtracted from each other. The extracted TA decay curves are shown
in Figure 3.10b together with the X-trace measured for NGL 1 for direct comparison. For
oNG > 1, the differential TA curves are significantly accelerated with respect to the single

exciton kinetics, y i e | xD280g ps. aCondidermg a ibiexziton

f

lifetime[165] Gxrad = x&da/ 4 and a si ngl eraeA@nstwe obtaih thatthet i me

picosecond XX decay is largely dominated by AR, with a biexciton yield 0 xx = x3dxdRrad

D0.08, consistent with similar CsPbBrs materials[191-197]. Further increasing the excitation

fluence to NG > 2 resulted in higher order multi-e x ci t on | i f et iwhie6d psa s

consistent with recent reports on CsPbBrs NCs of comparable size[198].

a b

—_
=

0.5
0.0

T T IIIIIII

braalair el

-

o
o

J|

Normalized -AA/A

1N E
1w [
o f
I N
Ik
o [
o

1000

1.0

T
ey

0.5

e w3 0,0
23 24 25 0 500

| 247 eV

—

(@)
©
T

H\ (N)~1

.,
Codaialoaald

Differential -AA/A

-_—
<
T

C ool ool

—
o o
o

Normalized -AA/A

1.0
0.5

0.0 e ' -3
23 24 25 0 100 0 04 08 2 4

Energy (eV) Time (ps) Time (ns)

mum

(N)=2

AR NENEE

Byl 1yl

I e
S

[

Figure 3.10. a) Transient absorption spectra (in semilogarithmic scale) at increasing time
(t=2,7, 12, 23, 50, 200, 500, 1000, 3000 ps) after the excitation pulse for progressively
larger average exciton population dN& showing the emergence of bi- and multiexciton
spectral contributions[199]. The respective decay traces taken at the energies indicated in
the figure are shown in the right panels highlighting gradually faster decay with increasing
ANa b) TA dynamics at increasing average exciton population dNa(top panel) and Differential
TA curves extracted, as reported by Ref. [165], from the top panel representing single-order
(X), charged-order (X*), bi-order (XX), and higher order exciton dynamics (>XX) (bottom
panel)

s h

e

For intermediate excitation fluence (N6dO 1) , t he bl eaching kDX8etics

ns, matching the intermediate ti) The origimahihie ne nt

component was investigated using pulsed synchrotron excitation at DESY Laboratory
(Hamburg, Germany), by monitoring the evolution of the PL dynamics of the nanocomposite

(0.2 wt.%) at excitation energies significantly exceeding the ionization energy (IE) of
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CsPbBrs (IE = 5.6-5.8 eV see ref. [200-202]). The PL decays excited up to 40 eV and the

corresponding lifetimes, extracted from a single exponential fit, are shown in Figure 3.11.
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Figure 3.11. a) PL decay traces excited by synchrotron light at increasing energy up
to Eexc = 19 eV together with the respective single exponential fitting curves. b)
Corresponding PL decay times vs Eexc. Inset: schematic depiction of the ionization of
CsPDbBr3 NCs upon excitation with the Eexc O | E

For excitation below the IE, the PL kinetics showed an identical D10 ns contribution to the
single exciton decay dynamics. In particular, when the excitation energy reached D5.8 eV,
the PL Iifetime under wermbnsaconsistentaviph the mteremddiate
RL lifetime and TA dynamics for 8N&O (lNote that the IRF for the synchrotron-excited time-
resolved measurements was D800 ps.). For higher excitation energies, the PL lifetime
remained constant. The close agreement between the onset of such an acceleration and
the ionisation energy of CsPbBrs suggests that the D0.6 ns decay component is possibly
due to photocharged NCs following the release of an electron from the top of the valence
band, which occurs by photoelectric effect under ionising excitation or via AR-mediated

photoionisation under intense optical pumping.
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3.4 Conclusions

In summary, a low-cost, low-waste approach suitable for industrial processes has been
developed to fabricate large-scale nanocomposite scintillators with near-unity emission
efficiency, high radiation hardness, and ultrafast scintillation kinetics, driven by the
recombination of charged exciton and multiexciton states formed under ionizing excitation.
These results elucidate fundamental processes in LHP NCs-based scintillators and provide
useful guidelines for future advances in nanocomposite scintillators for radiation detectors

and fast timing applications.
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3.5 Methods

Synthesis of pristine CsPbBrz NCs. To synthesize 8 g of CsPbBrs NCs, PbBr2 (60 mmol,
22.02 g) and Tetrabutylammonium bromide (TBAB, 60 mmol, 19.32 g) were dissolved at 80
°C in a mixture of oleylamine (OLAM, 540 mmol, 177.6 mL), propionic acid (PA, 540 mmol,
40.2 mL) and isopropanol (60 mL). After complete dissolution, the mixture was cooled down
to room temperature. A solution of Cs2CO3 (6 mmol, 1.95 g) in PA (79.8 mmol, 6 mL) is then
prepared and diluted in 3600 mL of a heptane/isopropanol (iPrOH) solution (2:1 in volume).

As the latter is put under turbo-emulsifier homogenization at 15k RPM, the first solution is

swiftly added, inducing a rapid change from colourless to bright yellow. The mixture is let
homogenise for 30 s, then mixing is stopped (Figure 3.12a). The final crude solution is clear
and brightly luminescent, highlighting the formation of well dispersed nanostructures.
Isopropanol (1.8 L) is added to the crude solution and centrifuged at 4500 rpm for 2 min to

precipitate the nanostructures (Figure 3.12b). The supernatant was discarded.

a ﬁ b
PbBr,
TBAB
Oleylamine
Propionic acid
Isopropanol

== 0NV
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Cs,CO4
Propionic acid
Heptane
Isopropanol

Figure 3.12. a) Schematic depiction of the synthesis setup. b) Photograps of turboemulsifier
homogenizer and crude NCs after the washing process

Synthesis of CsPbBrz nanocomposite. To complete the evolution of the NCs and realize the

nanocomposite scintillator, the appropriate concentration of native NCs is dispersed in LMA
(the amount of LMA depends on the size of the nanocomposite, for devices of 50x50x0.3
cm it is 150 mL) and stirred to wet the NCs surface and ensure fine dispersion of the
individual NCs. To the colloidal solution is added the secondary monomer, MMA (MMA/LMA
80:20 wt %) and the radical photoinitiator IRGACUREG51 (0.33 wt %). After stirring the

mixture for 30 min and sonication for 5 min to facilitate NC dispersion, the homogeneous
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mixture was poured into a mould made of two low-roughness pieces of tempered glass
linked by a PVC gasket and irradiated with 365 nm light from an ultraviolet lamp for 2 h to
trigger radical polymerization (Figure 3.13a). The polymerization was then completed by
keeping samples in dark for 2 h while leaving them in the mould to avoid the creation of

cracks. After completion of the procedure, the slabs were removed from the mould.

CsPbBr; NCs

MMAILMA \_ l
! I
| <

[l 1]

Figure 3.13. a) Schematic depiction of the UV-polymerization setup. b) Photograps of the
nanocomposite during and after the polymerization

Recovery and recycle of excess reagents and solvents. Considering a reaction performed

on a 240 mL batch (total solvent volume used: 263 mL), 245 mL of a first fraction distilling
at 75 °C and 20 mL of a second fraction distilling at 83 °C were collected. Since heptane
and isopropanol (iPrOH) 1 the only two solvents employed i form an azeotrope with a
concentration of 46:56 v/v and a boiling point of 76.4 °C (1 atm), a total of 265 mL of
Hept/iPrOH 1:1.3 v/v was recovered. Gas chromatographyi mass spectrometry (GC-MS)
analysis detected no impurities in the recovered solvent mixture, making it suitable for reuse
in further synthesis. The dried, non-volatile, viscous residue (16 g) is initially homogeneous
and then a white solid precipitate overnight. This precipitate can be re-dispersed by heating
the oily residue under magnetic stirring at 80 °C: this solid is therefore probably composed
of [PbBre]* aggregates and CsPbBrs clusters which, due to their very small dimensions,
were not recovered during the previous centrifugation step. The aforementioned synthetic
procedure was repeated on a 120 mL scale using recovered solvents and non-volatile
residue, with only the necessary amount of fresh reactants added. Specifically, 68.8 mL of
distilled recovered solvents (iPrOH/Hept 1.3:1 v/v) were used, to which 51 mL of fresh
heptane was added to achieve the desired Hept/iPrOH 2:1 ratio. Cs2COs3 (62 mg, 0.19 mmol,
instead of 65 mg), previously dissolved in 0.1 mL of propionic acid (1.3 mmol), was diluted
with the solvent mixture.

Additionally, 6.6 mL of the non-volatile recovered mixture (6.27 g) was combined with PbBr2
(438 mg, 1.32 mmol), TBAB (205 mg, 0.6 mmol), OLAM (1.1 mL, 3.3 mmol), and iPrOH (1
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mL). The resulting dispersion was stirred at 80 °C until fully dissolved and then cooled to
room temperature. The two solutions were mixed using turboemulsification and further
homogenized for 30 seconds. The obtained dispersion was diluted with 60 mL of iPrOH and
centrifuged at 4500 rpm for 10 minutes, yielding 282 mg of NCs with morphology and steady-
state optical properties comparable to those obtained from fresh reagents and solvents

(Figure 3.12). In principle, the supernatant from this second reaction could be reused.
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Figure 3.12. a) HRTEM image of CsPbBrz NCs prepared with recovered wastes and b),
normalized absorption (curve) and photoluminescence (shaded area) spectra of the same
in comparison with NCs obtained with fresh reactants

XRD measurements. Powder x-ray diffraction experiments were performed on a Rigaku

SmartLab SE diffractometer equipped with Cu KU radiation, with a Cu kb radiation filter and
a Hy-Pix 400 detector, operating at 40 KV and 30 mA. Data collections were performed in
Bragg-Brentano geometry with a scan range between 10° and 50° 2 theta with a step size
of 0.02° and scan speed of 0.1° min-t . Powdery samples were gently dispersed on a Silicon
crystal sample holder (zero background sample holder).

Transmission electron microscopy. The High-Angle Annular Dark Field (HAADF) images in
scanning TEM (STEM) mode and the high-resolution TEM images (HRTEM) of powdered
NCs were acquired in a JEOL JEM-2200FS transmission electron microscope equipped with

in-column Omega filter, operating at 200 kV. For TEM imaging in bright-field (BF) mode,
anular dark-field imaging in scanning transmission electron (ADF-STEM) mode and for
energy-dispersive X-ray spectroscopy (EDS) on polymer matrix nanocomposites, the
samples were sectioned with an ultramicrotome (Ultracut EM UCB6, Leica) equipped with a
diamond knife (Diatome). Sections of 70 nm in thickness were collected on a Cu TEM grid,

200 hexagonal mesh; the grid was coated with a thin layer of carbon to preserve the
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nanocomposite sections and avoid charging problems. BF-TEM imaging was carried out
with a JEOL JEM 1011 transmission electron microscope operated at 100 kV. ADF-STEM
and EDS analyses were performed using a JEM-1400Plus, with thermionic source (LaBs),
operated at 120kV. The EDS data have been acquired using a JEOL Dry SD30GV silicon-
drift detector (SDD), with 30 mm? effective area and using an analytical double tilt sample

holder. In the EDS analyses the Cu signal is attributable to the TEM grid.

gray irradiation _experiments. Similar portions of the same nanocomposite sample were

placed in individual polypropylene sealed vials whose gamma ray attenuation is negligible
(Eppendorf Tubes), one for each dose. The vials were irradiated in a pool-type gamma
irradiation chamber equipped with a %°Co (mean energy ~1.25 MeV) g-source rods array,
uniformly irradiating the composite at 3.05 kGyair/h dose rate value. Nanocomposite
samples were irradiated at different cumulated absorbed doses up to 1 MGy by varying the
irradiation time. The irradiation has been carried out at the CALLIOPE Gamma Irradiation
Facility at ENEA Casaccia Research Centre (Rome). Throughout the chapter, the given

dose is in air.

Optical Measurements. Optical absorption measurements were measured in hexane with a

Cary 50 UViVis spectrophotometer. Photoluminescence quantum yield measurements
were performed using and an integrating sphere coupled to a spectrometer and a charge-
coupled device. The PL spectra were excited using a laser source at 3.06 eV (405 nm); the
emitted light was collected using a custom apparatus featuring a liquid nitrogen-cooled,
back-illuminated, and UV-enhanced charge-coupled device detector (Jobin-Yvon
Symphony 1) coupled to a monochromator (Jobin-Yvon Triax 180) with 100 lines/mm
gratings and corrected for the spectral response of the system. Time-resolved PL were
carried out using 3.06 eV (405 nm) ps-pulsed diode lasers (Edinburgh EPL405, D70 ps
pulses); the emitted light was collected with a phototube coupled to a Cornerston 260 1/4 m
VIS-NIR Monochromator (ORIEL) and a time-correlated single-photon counting unit (time
resolution D400 ps).

Ultrafast transient absorption spectroscopy. Measurements were performed on Ultrafast

Systems' Helios TA spectrometer. The laser source was a 10 W Hyperion amplified laser
operated at 2.142 kHz producing ~260 fs pulses at 1030 nm and coupled with an

independently tunable APOLLO-Y optical parametric amplifier from the same supplier that
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produced the excitation pulses at 2.69 eV. After passing the pump beam through a
synchronous chopper phase-locked to the pulse train (1.071 kHz, blocking every other pump
pulse), the pump fluence on the sample was modulated from 1.5 £ Jcm to 600 eJcm™2 . The

probe beam was a white light supercontinuum.
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Figure 3.13. Pump-fluence dependence of the single exciton TA amplitude (black circles)
evaluated from the late-time TA amplitude (~4 ns), when there are virtually no contributions
from short-lived multiexcitons and each photoexcited NC is populated with a single exciton
independent of its initial occupancy. This is further corroborated by the linear growth rate
with &NJ(dashed blue line) before single exciton state filling occurs. The amplitude of the
multi-excitonic component (red diamonds) is obtained by subtracting the TA amplitude
relative to single excitons from the total TA intensities at early times following the method
introduced in Ref.[190] . At low pump fluences (&NJ< 0.5), the multi-excitonic component
follows a quadratic scaling with &N&? , as expected for biexcitons (dashed red line). The solid
lines represent their respective fits assuming a Poisson statistic of the NC occupancy with
the same absorption cross-section value for both fits (i = 1.2x1024 cm? ). The obtained
value for ( is also in good agreement with previous reports on CsPbBr3; NCs the of similar
size (14x14x9 nm?3 , as extracted from Figure 3.4a), consistent with the linear scaling of (i
with NC volume.

Radioluminescence measurements. CsPbBrs-based composites were excited by unfiltered

X-ray irradiation using a Philips PW2274 X-ray tube, with a tungsten target, equipped with
a beryllium window and operated at 20 kay. At
spectrum is produced by a Bremsstrahlung mechanism superimposed to the L and M
transition lines of tungsten, due to the impact of electrons generated through thermionic
effect and accelerated onto a tungsten target. The RL was collected using the same custom

apparatus used for the PL measurements.

Light Yield measurements. The LY values were evaluated using relative and absolute

methods. The relative LY is obtained by direct comparison of the RL response of
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nanocomposites and commercial EJ276D plastic scintillator of the same size used as
reference, with a LY of 8600 photons/MeV. The RL is collected using the setup described
above. The absolute LY measurements were performed exposing the samples to an X-ray
generator (model XRG3D from Inel) operated at 25 kV and equipped with a molybdenum
anode and a zirconium filter (100 um thickness). Under the experimental conditions, the
integrated flux is 1.10x10° photons/mm?/s and the average energy is 15.4 keV. The samples
were coupled to a sSCMOS sensor with a fiber optic plate (FOP) coupling (model Zyla5.5 HF
from Andor). The images were acquired in binning 4x4 and an exposure time of 30 s and
converted into scintillating photons per incoming X-ray based on a pixel size of 6.5 um, an
electronic gain of 0.46 e/ADU and a quantum efficiency of 17 %. The light collection was
done from the face opposite to the X-ray beam. The X-ray absorption efficiency of the
samples was estimated by imaging the samples with a scintillator fully absorbing the X-ray
beam (500 um thick Csl). The ratio between the acquired images without samples (flat-field
images) and the ones acquired with samples partly blocking the X-ray beam estimates the
fraction of transmitted X-rays. The average energy deposited in the sample is then obtained
by combining the average energy of the X-rays and the X-ray absorption efficiency of the
samples. The previously described measurement estimates the scintillation light emitted in
the forward cone, the refraction index of the sample then permits estimating the light emitted
isotropically. A reference sample BGO (500 um) was also measured to help the comparison

Time-resolved luminescence spectroscopy with synchrotron excitation. Time-resolved

photoluminescence measurements were carried out in ultra-high vacuum with synchrotron
radiation at the Superlumi experimental station at DESY (Hamburg, Germany). The selected
excitation energies spanned from 3.7 eV to 40 eV using 0.3 nm bandwidth, 130 ps pulse
width, and 16 ns interpulse. The emitted light was collected with a Hamamatsu H8259-01
phototube coupled to time correlated single-photon counting unit (time resolution ~400 ps)
and an Andor Kymera 328i monochromator equipped with 300 lines/mm and 500 nm blaze

grating.

Time-resolved scintillation _experiments. Samples were excited with a Hamamatsu XRT
N5084 pulsed tungsten X-ray tube operating at 40 keV, where a PicoQuant PDL 800-B

pulsed diode laser with 40 ps pulse width (full-width-at-half-maximum - FWHM) acts as
excitation source of the X-ray tube. The energy spectrum of the produced X-rays ranges

from O to 40 keV with a pronounced peak between 9 and 10 keV, due to tungsten L-
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characteristic X-ray, and mean energy of about 15 keV. The X-rays hit the sample after
crossing a brass collimator. The scintillation light is collected in TCSPC by a Becker & Hickl
HPM 100-07 hybrid photomultiplier tube (HPM). The signal of the HPM was processed by
an ORTEC 9237 amplifier and timing discriminator and acted as stop signal at a Cronologic
XxTDC4 time-to-digital-converter (TDC). The start signal was given by the external trigger of
the pulsed laser. The overall impulse response function (IRF) of the system was obtained
as the analytical convolution between the measured IRF of the laser together with HPM and
the IRF of the X-ray tube, resulting in around 160 ps FWHM. The RL was spectrally selected
using an optical bandpass filter at 500 nm with 40 nm FWHM mounted to the HPM that

removed parasitic contributions due to air excitation by X-rays.
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- /. Effect of polyacrylate encapsulation of Lead

Halide Perovskite Nanocrystals

The previous chapter highlighted how encapsulation within a polymer matrix enhanced the
optical and electronic properties of CsPbBrs NCs synthesized via turbo-emulsion. This
improvement was attributed to the evolution of an ensemble of nanostructures toward a
homogeneous population within the nanocomposite. In the present chapter, attention is
directed toward investigating the effects of the encapsulation procedure itself.

To achieve this, cubic NCs with a side length of 14 = 3 nm were synthesized via the Ligand-
Assisted Reprecipitation (LARP) method[203] and subsequently encapsulated in a PMMA
matrix using the solvent evaporation technique[130] (see Methods for synthesis details of

NCs and nanocomposites).
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Figure 4.1. a) Photographs of a toluene solution of CsPbBrs NCs and of a PMMA
nanocomposite under ambient and UV light. (b) Optical absorption (dashed black lines) and
PL (solid lines) spectra of CsPbBr3 NCs in toluene solution and nhanocomposite. ¢) STEM-
HAADF and HR-TEM images of CsPbBr3 NCs

As shown in Figure 4.1, the absorption and PL spectra remain unchanged after
encapsulation. However, the quantum yield decreases from 34 + 5%, typical of CsPbBrs
NCs synthesized via this method, to 17 + 5% following encapsulation, a degradation due to
the polar host[134, 204-210].

Despite this reduction in QY, the inspection of PL decay dynamics (Figure 4.2, panel a)
reveals a decrease in trap-related losses. Specifically, polymer encapsulation slows the fast

decay component, allowing the emergence of a single excitonic recombination process from
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band states, while also reducing the contribution of the slow componentd associated with
band-edge luminescence delayed by trapping[26, 182, 211, 212]d from 50% to 25% by
weight (see Table in Figure 4.2, panel b).
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Figure 4.2. a) Normalized PL decay curves measured at the PL maximum by exciting with
3.05 eV light CsPbBr3 NCs in toluene solution and nanocomposite. Fitting curves are
reported as lines. b) . Fit parameters, decay time and relative weight, employed to analyze
the time-resolved PL intensity decay reported in a)

These results suggest a dual role of the PMMA matrix: (i) it induces ultra-fast "static"
guenching of a subpopulation of NCs prior to radiative decay, without accelerating the
overall emission kinetics, and (ii) it enhances surface passivation of the remaining NC
fraction[213, 214], resulting in slower emission free from the contributions of trapped exciton

recombination. A schematic representation of this effect is provided in Figure 4.3.

Pristine NCs PMMA matrix
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Figure 4.3. Schematic representation of the effects of embedding in PMMA on the excitonic
recombination of LHP NCs
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As a control, NCs incorporated into polystyrene (PS), which lacks acrylic functionality, exhibit

PL dynamics identical to those of NCs in solution (Figure 4.4).

= CsPbBr;NCs 10°
= CsPbBr;-PMMA
= CsPbBr;-PS

10° 3

107"

M |

PL intensity

1072 F

1 1

0 200 400 600 800
Time (ns)

Figure 4.4. Normalized PL decay curves measured at the PL maximum by exciting with 3.05
eV light CsPbBr3 NCs in toluene solution, after the embedding in PMMA and PS, as reported
in the legend

The room-temperature RL spectra (Figure 4.5) of both the NCs and the nanocomposite
show a slight shift compared to their respective PL spectra. This shift is attributed to the
contribution of attractive biexcitons[34] and trapped excitons, likely located in bromine
vacancies on the NC surfaces[215]. These vacancies are preferentially populated by
electrons resulting from the thermalization of high-energy carriers generated during the initial

interaction with X-rays[182].
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Figure 4.5. PL (solid lines) and RL (shaded areas) spectra of CsPbBrs NCs spin-casted onto
an Al,Os3 substrate (pink) and PMMA nanocomposite (green) as a function of temperature
from 290 to 20 K (from bottom to top as indicated in figure)

Additional evidence of the PMMA-induced passivation of surface defects in NCs, beyond
the PL dynamics, comes from low-temperature PL and RL spectra. These spectra
demonstrate the suppression of RL contributions from surface defects in the nanocomposite
(Figure 4.5). Conducting these spectroscopic measurements at low temperatures (down to
20 K) inhibits thermal release from trap centers[216], thereby allowing a more detailed
investigation of defect states.

Upon cooling, the PL spectra of bare NCs shift gradually and narrow (Figure 4.5) due to
lattice contraction and reduced phonon coupling[217]. At the same time, the PL quantum
yield increases by a factor of three, indicating that at 20 K, the PL process becomes almost
entirely radiative (Figure 4.6, panel a). Consistent with previous findings on CsPbBrs NCs
synthesized via hot-injection, the RL spectrum of bare NCs shows an increasingly stronger
contribution from shallowly trapped excitons upon cooling. This is reflected in the
progressive redshift of the corresponding PL spectrum and its increasingly multicomponent
nature, attributed to a distribution of shallow emissive defects[26, 182] (Figure 4.6, panel b).
The RL intensity exhibits a marked enhancement (Figure 4.6, panel a), further emphasized

by the temperature-dependent evolution of the RL-to-PL intensity ratio (IrL/IpL) shown in
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Figure 4.6, panel c. This suggests that the RL process is affected by non-radiative pathways,

such as the trapping of free carriers in deep trap sites. These traps, which also contribute to

the previously discussed RL-PL redshift, are suppressed at cryogenic temperatures.
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Figure 4.6. a) Spectrally integrated total PL (filled symbols) and RL (hollow symbols) of
CsPbBrs NCs as a function of temperature. b) Shift in energy between the PL and RL peaks
as a function of temperature for the CsPbBrz NCs (purple symbols) and nanocomposite
(green symbols). c) RL intensity normalized to the PL intensity variation with temperature
for the CsPbBrs NCs (purple symbols) and nanocomposite (green symbols)

The evidence of shallowly trapped excitons at low temperature indicates that the
improvement in optical properties upon polymer encapsulation is not due to restricted
degrees of freedom of the surface ligand shell causing non-radiative losses, as these would
also be suppressed at T < 50 K. Notably, the incorporation of NCs into PMMA restores band-
edge scintillation (Figure 4.5), which now overlaps with the corresponding PL spectrum,
except for a low-energy shoulder attributed to biexcitonic contributions in scintillation[34,
131].

These observations support the hypothesis of partial passivation of surface defects through
the coordination of electron-rich acrylic groups in PMMA with under-coordinated Pb sites on
the NC surfaces[208, 218].

To explore the effect of surface defect density on the interaction between the beneficial and
detrimental effects of PMMA, CsPbBrs NCs with a high density of defects were prepared
following the modified LARP protocol described in the Methods section of this chapter.
These NCs were encapsulated in PMMA using the same procedure outlined above. Notably,
in this case, the emission efficiency increases significantly from tprL = 2 £ 1% for the bare
NCs to 20 £ 5% in the nanocomposite, confirming the strong surface passivation effect of
PMMA.
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This finding is supported by temperature-dependent PL and RL measurements reported in
Figure 4.7. Upon cooling, the PL and RL spectra of the defect-rich NCs become largely
dominated by broad emission around ~2.25 eV, attributed to nearly complete emission from
trapped excitons. However, after encapsulation in PMMA, band-edge emission is restored

even at low temperatures.
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Figure 4.7. a) PL (left panel) and RL (right panel) spectra at 10, 100, and 300 K (from top to
bottom) of defect-rich CsPbBrs NCs. Dashed black lines are the two Gaussian functions to
emphasize the excitonic and defect contributions to the RL spectrum. b) same as a) for
PMMA nanocomposite. c) Spectrally integrated total PL and RL intensities as a function of
temperature for defect-rich CsPbBrs NCs. d) same as a) for PMMA nanocomposite

Figure 4.8 shows the decay dynamics of the emission under X-ray irradiation and the
radiation stability, up to 1 MGy, of the NCs and nanocomposites and shows results in line
with the recent reports[24, 34, 131, 219]. Regarding the emission rate, it is shown that these
nanocomposites also exhibit ultrafast kinetics with a (rr of 1.81 ns due to the decay of multi-
exciton (Prompt part limited by the time response of the setup D 75 ps), charged exciton (D
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600 ps) and single exciton (D 7 ns). Concerning the radiation stability, in agreement with the
previous chapter, an extreme radiation hardness of these materials is demonstrate. Taken
together, the results shown in Figure 4.8 indicate that the scintillation behaviour, timing and
stability of CsPbBrs NCs prepared by the LARP method are comparable to those of NCs
from hot injection synthesis[182] ( e x cept f or t h eL value pbservad i the
absence of surface post-treatments) and from the synthesis reported in the previous
chapter, which is promising for mass scaling purposes, and that polymer embedding could
be exploited as a possible strategy to reduce the defect density at the particle surfaces.
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Figure 4.8. a) RL decay trace (symbols) for the PMMA nanocomposite measured at the RL
maximum. Fitting curve is reported as a solid line. b) RL intensity of CsPbBrz NCs and
PMMA nanocomposite as a function of cumulative irradiation dose up to 1 MGy. Dashed
lines are guides for the eyes

In conclusion, this spectroscopic study highlights the effect of polymer matrix encapsulation
on LHP NCs, not only for scintillation applications but also for displays, lighting, and related
technologies. The combined use of temperature-dependent PL and RL techniques sheds
light on the thermal equilibrium between photo-generated excitons and surface trap states.
This approach could be further extended to characterize nanocomposites based on NCs
beyond LHP materials.
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Methods

Standard LARP synthesis of CsPbBr3 NCs. an optimized LARP protocol based on the work

by Li et al.[203] was used as a CsPbBrs reference sample. Briefly, the precursor solution is
prepared by dissolving 84.8 mg of CsBr and 146.8 mg of PbBr2 in 10 mL of anhydrous N-N
dimethylformamide (DMF) (0.040 M of CsBr, 0.040 M of PbBr2). Subsequently 1 mL of oleic
acid (OA), and 0.5 mL of OLAM are added, and the solution is heated at 80 °C for 30 minutes
until a clear, homogeneous solution is obtained. The LARP synthesis is then performed by
quickly adding 1 mL of the precursor solution into a vigorously stirred anhydrous toluene
solution at room temperature. Immediately after the injection, a quick swift of the solution
color from transparent to bright green is noticed, confirming the correct formation of CsPbBr3
NCs. The solution is kept under stirring for 20 minutes to ensure complete NCs formation.
Finally, the CsPbBrs NCs are isolated through a multi-step centrifugation procedure without
the use of any additional anti-solvent. Specifically, the solution is centrifuged at 8000 rpm
for 10 min, the supernatant, containing small NCs, is discarded and the precipitate is
collected and re-dissolved in 2 mL of clean toluene. Subsequently, the toluene solution is
centrifuged at 3000 rpm for 5 minutes to remove any residual larger impurities: the
precipitate (mainly composed by poorly capped NCs and unreacted reagents) is discarded,
while the supernatant, containing the correctly formed NCs is taken for further

measurements and stored under ambient conditions in the dark.

Modified LARP synthesis of defect-rich CsPbBrz NCs. In a 5 mL anhydrous DMF solution
are added 42.6 mg of CsBr and 73.4 mg of PbBr2z and the solution is kept under vigorous

stirring. 0.5 mL of this solution is taken and 100 uL of OLAM are added and kept under
stirring at 60°C for 5 mins. LARP synthesis is performed by adding the whole OLAM-DMF
solution drop by drop into a vigorously stirred toluene solution (10 mL of total volume). The
toluene solution progressively shifts from transparent to green during the addition of
precursors solution. Finally, the isolation of CsPbBrs NCs was performed without the use of
any additional antisolvent, centrifugating the crude solution at 3000 rpm for 5 mins to remove
larger NCs and unreacted reagents and keeping the supernatant. Subsequently, the
supernatant solution is centrifuged at 7000 rpm for 15 min and the precipitated is collected

and re-dissolved in toluene to perform the optical characterization.
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Preparation of polymeric _nanocomposites. The nanocomposites were fabricated by

evaporation of a PMMA or PS solution with dispersed CsPbBr3 NCs. In a vial, 0.5 ml ofa 1
mg/ml solution of CsPbBrs NCs in toluene was added to 1 ml CHCI2 containing 100 mg of
PMMA or PS. On evaporation at 20 °C for 22 h under an almost saturated atmosphere of
CHCI2, smooth and homogeneous polymeric nanocomposites (0.3 mm thick, 12 mm

diameter) were obtained.

Optical measurements. optical absorption spectroscopy was carried out using a Perkin

Elmer Lambda 950 UV/VIS double beam spectrometer equipped with a Spectralon coated
integrating sphere in order to collect scattered light. PL quantum yield measurements were
performed on the same solutions using an integrating sphere coupled to a spectrometer and
a charge-coupled device. The same solutions were spin casted on Al203-coated aluminum
substrates and were mounted in the variable-temperature insert of a closed-cycle He
cryostat with optical access for PL and RL measurements as a function of temperature. The
PL spectra were excited using a frequency-tripled pulsed Nd:YAG laser source at 3.49 eV
(355 nm) operated at 10 kHz; the emitted light was collected using a custom apparatus
featuring a liquid-nitrogen-cooled, back-illuminated and UV-enhanced charge-coupled
device detector (Jobin Yvon Symphony Il) coupled to a monochromator (Jobin Yvon Triax
180) with 100 and 600 lines mmi 1 gratings. Time-resolved PL measurements were carried
out using 3.06 eV (405 nm) picosecond pulsed laser diodes (Picoquant LDH-P series, D70
ps pulses); the emitted light was collected with a phototube coupled to a Cornerstone 260
1/4 m visiblei near-infrared monochromator (ORIEL) and a time-correlated single-photon

counting unit (time resolution, D400 ps).

RL measurements. CsPbBrs NCs spin casted onto Al2Os-coated substrates and

nanocomposites were excited by unfiltered X-ray irradiation using a Philips PW2274 X-ray
tube, with a tungsten target, equipped with a beryllium window and operated at 20 kV. At
this operating voltage, a continuous X-ray spectrum is produced by a Bremsstrahlung
mechanism superimposed to the L and M transition lines of tungsten, due to the impact of
electrons generated through thermionic effect and accelerated onto a tungsten target.
Cryogenic RL measurements are perfor med

temperature and using the same closed-cycle He cryostat used for the PL studies. The

acquisition system is the same as the temperature-controlled PL measurements.
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Time-resolved radioluminescence. The time response of scintillation light is measured in the

microsecond timescale using a pulsed X-ray source composed by a 405 nm ps-pulsed laser
(Edinburgh Instruments, EPL405) hitting the photocathode of an X-ray tube from
Hamamatsu (N5084) set at 40 kV. The emitted scintillation light was collected using a
FLS980 spectrometer (Edinburgh Instruments) coupled to a PicoHarp 300 hybrid
photomultiplier tube working in time-correlated single photon counting (TCSPC) mode (time
resolution D150 ps).

o-ray irradiation experiments. The same amount of NCs powders and four identical

nanocomposite samples were placed in individual polypropylene sealed vials whose o-ray
attenuation is negligible (Eppendorf Tubes), one for each dose of NCs. The vials were
irradiated in a pool-type 2-ray irradiation chamber equipped with a 8°Co (mean energy, ~1.25
MeV) o-source rod array, uniformly irradiating the NCs at 3.05 kGyairh'* dose rate. CsPbBr3
NCs and nanocomposites were irradiated at different cumulative absorbed doses up to 1
MGy by varying the irradiation time. The irradiation has been carried out at the gamma
irradiation Calliope facility at ENEA-Casaccia Research Centre. No o-ray-attenuating
material was interposed between the source and samples. Throughout the chapter, the

given dose is in air.
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The previous chapters demonstrated the potential of using CsPbBrs NCs as scintillators with
optimal properties for various applications, ranging from the monitoring of radioactive
materials to detectors for high-energy physics experiments. This is made possible by their
radiation resistance, scintillation performance comparable to commercially available plastic
scintillators, ultra-fast emission, and certain intrinsic advantages of the perovskite structure,
such as defect tolerance and process benefits like the high scalability of synthesis and
nanocomposite fabrication.

In the literature, in addition to green-emitting perovskite-based systems with bromine as the
halide[23, 34, 123, 130, 131, 182, 203], studies also explore red-emitting systems based on
iodine[25, 220-222], primarily in the form of single crystals or thin films. However, it is
surprising that no results are available on the scintillation properties of chlorine-based LHP
NCs. These NCs are particularly interesting due to their extremely fast photoluminescence,
typically in the range of 1i 2 ns, and their emission in the UV-blue region of the spectrum[223,
224], an essential range that aligns with the peak spectral response of various ultra-fast
photodetectors commonly used in HEP experiments (Figure 5.1)[37, 38].
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Figure 5.1. Quantum efficiency of photodetector Hamamatsu R9880U-210, a common
photodetector used in HEP experiments, green and blue are the emission area of bromide
and chloride lead halide NCs
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Furthermore, CsPbCls NCs can function as high-Z sensitizers[42] for molecular secondary
emitters in the green region of the spectrum, which typically exhibit higher radiation
resistance compared to their blue counterparts. The primary reason these NCs are not
widely employed lies in their propensity for degradation[225-227] and low photon emission
efficiency, typically with quantum yields in the 1 10% range, due to the presence of defects
states that facilitate non-radiative dissipation of the excitation energy.

Currently, time resolutions below 100 ps are achieved using light emitted by devices based
on the Cherenkov effect, with extremely low light efficiencies of the order of 20 photons per
event[228-231], or by cross-luminescence-based scintillators with core-valence transitions
emitting photons of wavelengths below 250 nm[232], where the efficiency of photodetectors
is very low.

This work aims to explore the application of CsPbCls NC-based nanocomposites in the field
of scintillators. These nanocomposites were synthesized by adapting the method reported
in the previous study[34], and, to address the issue of low quantum yield, a post-synthesis
treatment with CdCl2 was performed to achieve surface passivation of cubic NCs with an
emission at 3.01 eV and a QY close to unity. Every step, from synthesis to the fabrication of
nanocomposites, was carried out with a view toward future integration into established
industrial processes.

In addition to investigating scintillation properties, such as their exceptional radiation
resistance and further confirmation that even this class of LHP NCs exhibits ultra-fast
radioluminescence decay due to multiexciton generation. This work also presents an
analysis of the emission behaviour under UV and X-ray excitation at low temperatures[23,
26], which provides indication of the presence of crystalline defects, as described in chapter
4, that affect the emission properties of these nanoparticles by introducing deep trap states
within the band gap. Density functional theory (DFT) calculations link the existence of these
defect states to under-coordinated chlorine ions on the surface, which are subsequently
passivated by replacing lead with cadmium after CdCl: treatment.

In summary, the results of this study will include an initial comparison between pristine NCs
analysed directly after synthesis and those subjected to post-treatment. The scintillation

properties of the latter will then be characterised in detalil.
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5.1 Synthesis, resurfacing and characterization

For the large-scale production of CsPbCls NCs, the synthesis procedure for turbo-
emulsification described in the previous chapter was modified replacing PbBrz2 with PbCl..
The precipitation of these NCs was slower compared to CsPbBrs NCs. After turbo-
emulsification for 30 seconds, 24 hours were required to allow the complete natural
precipitation of the NCs from the reaction environment. The details of the synthetic approach

are provided in the Methods section of this chapter.

Figure 5.2. STEM-HAADF images (left panel) of pristine CsPbCls NCs. Top right panel:
single particle fast Fourier transform (FFT) patterns corresponding to electron diffraction of
cubic CsPbCls. Bottom right panel: HR-TEM images

As shown in the STEM-HAADF images in Figure 5.2, conducted at IMEM-CNR Institute
(Parma, Italy), the precipitated NCs exhibit a homogeneous cubic shape with an average
edge length of 9 £ 1 nm and a cubic crystalline structure. Figure 5.3 displays the
characteristic sharp absorption peak at 3.05 eV and a narrow PL spectrum peaked at 3.01
eV (FWHM = 10 nm). In agreement with various synthetic approaches reported in the
literature, these NCs experience significant non-radiative losses, resulting in a quantum yield
(A pL) of approximately 3%, consistent with previous literature[225-227]. The presence of
non-radiative losses also manifests in the PL decay, which is accelerated and exhibits a
multiexponential dynamic (Figure 5.3, panel b).
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Figure 5.3. a) Optical absorption (dashed lines) and PL (solid lines, excitation energy 3.35
eV) spectra of pristine NCs Inset: photographs of the monomeric solution of NCs under UV
light. b) PL decay traces collected at 3.05 eV of pristine NCs

Various postsynthesis strategies are known in the literature[146, 224, 233-240] for improving
the optical properties of LHP-NCs using inorganic salts or organometallic ligands capable of
passivating surface vacancies or by inserting isovalent or heterovalent ions into the soft
perovskite lattice[241, 242]. In this work, to enhance the optical properties and
simultaneously facilitate encapsulation in a polymer matrix, the CdClz treatment[243] was
performed directly in a monomeric solution of LMA/EGDM (80:20 %Vol) containing dissolved
NCs. LMA was selected for its non-polar nature (see Figure 3.3) while EGDM for cross-
linking the polymer chains giving rigidity to the composite. Specifically, a known amount of
NCs, up to 10 wt%, was dissolved in the monomeric solution with an excess of CdCl2 and
stirred for 3 hours. At the end of the treatment, the salt was discarded by mildly
centrifugation, and the Cd-treated NCs were recovered. For the acquisition of TEM images,

the same treatment was carried out in toluene.
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Figure 5.4. a) STEM-HAADF images (left panel) of treated CsPbCls NCs. Top right panel:
single particle fast Fourier transform (FFT) patterns corresponding to electron diffraction of
cubic CsPbCls. Bottom right panel: HR-TEM images. b) EDX map of cadmium in the treated
NCs

As shown in Figure 5.4, both the shape and the crystalline structure of the NCs remain cubic,
with an edge length of 9 £ 1 nm. Additionally, the energy dispersive X-ray spectroscopy
(EDX) map highlights the presence of cadmium within the NCs, suggesting either lead
substitution, as proposed in Ref. [243], and/or passivation of cationic vacancies.
Consistent with the substantial invariance of the structural properties upon treatment, both
the optical absorption and PL spectra of the NCs remained unchanged (Figure 5.5, panel
a). Perhaps more importantly, QY underwent a 30-fold increase to A pL = 93 + 6%, indicating
effective passivation of non-radiative defects. Consistent with this, the decay dynamics of
the pristine particles (Figure 5.5, panel b) changed from strongly multiexponential with a
lifetime U84 250 ps (measured as the time after
e) to single exponential with a lifetime U= 2.4 ns. This change in decay time was
accompanied by an increase in the zero-delay PL intensity, suggesting the passivation of a
many-fold defect state, which is also responsible for PL quenching faster than the time

resolution of our streak camera (D12 ps).
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Figure 5.5. a) Optical absorption (dashed lines) and PL (solid lines, excitation energy 3.35
eV) spectra of pristine (black lines) and CdCI2 treated (blue lines) NCs. For clarity, the PL
of pristine NCs has been scaled up by 10 times. Inset: photographs of the monomeric
solution with the same amount of pristine and treated NCs under UV illumination. b) PL
decay traces collected at 3.05 eV
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5.2 DFT Simulation of defect passivation

To investigate the origin of the improved optical properties in CdClz-treated NCs, both
pristine and Cd-treated CsPbCls NCs were modelled in collaboration with Prof. Infante's
group. For the pristine system, defects were introduced following the approach reported by
Bodnarchuk et al.[244] where trap states are created by removing ion pairs such as CsCl or
PbCl2 from the surface. This is based on the low QY of pristine crystals where it is logical to
expect a large decap of the surface. The removal of these ion pairs exposes lead atoms with
a 4-coordinate (4c-), 5-coordinate (5c¢-) and 6-coordinate (6c-Pb). Some of this ions induces
deep trap states due to the orientation of the outermost Cl ions, which experience very low
dicoordination (2c-Cl) introducing localized states into the gap, resulting in the quenching of
the luminescence properties of these systems. For the Cd-treated system, the replacement
of Pb ions on the surface by 4c-Cd atoms was assumed to eliminate these trap states. In
particular, this bandgap rectification is attributed to the replacement of angular 6¢-Pb atoms
by 4c-Cd atoms, which optimises the position of the previous 2c-Cl atoms in 3c-Cl ions. This
adjustment stabilises the energy of the chlorine states, shifting them into the valence band
and thus improving the quantum efficiency. These results are presented in Figure 5.6, which
shows the modelled system of the two NC types and the corresponding DOS. This study
therefore suggests the importance of the cadmium ion in the treatment and a direct
correlation between the coordination geometry of the atoms at the NC corner and the

efficiency of PL.
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Figure 5.6. Sketches of the pristine (a) and treated (b) models with their respective
compositions. Density of states (DOS) for the pristine (c) and treated (d) models. Each
horizontal line corresponds to a molecular orbital (MO). The length of the colored line
segments indicates the contribution of each element to a MO. Levels below the dotted line
are filled with two electrons; levels above the line are empty. Inverse participation ratio (IPR)
and crystal orbital overlap population (COOP) for the pristine (between Pb and Cl atoms)
and treated (between Pb and Cl atoms and Cd and Cl| atoms) models are reported next to
the respective DOS. For IPR, values close to 0 indicate delocalized MOs, while values close
to 1 indicate localized MOs. COOP values less than 0 indicate antibonding MOs, values
greater than O indicate bonding MOs, and values equal to O (red vertical line) indicate
nonbonding MOs
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5.3 Scintillation Properties

The scintillation properties of the NCs mirror the photoluminescence behavior following
treatment with CdClz, as illustrated in Figure 5.7. This figure presents the radioluminescence
spectra of both the pristine and treated systems, obtained under identical conditions and
excitation. The RL spectrum of the treated system reveals a sharp excitonic peak at 3.05
eV, which perfectly overlaps with the corresponding PL peak, suggesting negligible
contribution from shallow defects. In contrast, the RL spectrum of the untreated system is
red-shifted by approximately 80 meV relative to the PL. This shift, consistently observed in
certain CsPbBrz NCs[23, 182], is attributed to the recombination of excitons trapped in
shallow surface states that are preferentially populated under ionizing radiation, as
mentioned in the previous chapter. In line with the PL data, the RL intensity of the treated
NCs was more than 20 times higher than that of the pristine particles, further confirming the

complete passivation of surface defects.

[JRL Pristine NCs |
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Figure 5.7. right panel shows the RL of Pristine (enhanced by a factor x10 for clarity) and
treated NCs. Left panel shows normalized Room-temperature PL (solid line) and RL (shaded
area) spectra of pristine (top panel) and treated (bottom panel) CsPbCls NCs drop-casted
onto a inert PMMA substrate. The dashed line is a guide for the eye indicating the position
of the PL peak of pristine NCs.
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Notably, the treated NCs demonstrated remarkable radiation stability under intense 2
irradiation from a ®Co source. Specifically, to assess radiation resistance, the
nanocomposite with this NCs were irradiated with increasing doses up to 1 MGy at the ENEA
facility in Casaccia (Rome, Italy), and the resulting RL spectrum was compared to that of
non-irradiated samples. The sample maintained the same RL intensity (Figure 5.8),
indicating exceptional radiation resistance, as previously reported for CsPbBrs NCs in the
preceding chapter. Additionally, by monitoring the RL intensity of the treated NCs during

continuous X-ray exposure, the emission intensity remained perfectly stable up to a dose of

3 kGy (Figure 5.8).
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Figure 5.8. a) Absorption spectra. b) PL decay traces. ¢) Normalized RL intensity of treated
CsPbClz NCs embedded into a PLMA-EGDM nanocomposite before (light blue curves/bars)

and after (dark bl ue cur yraysdbsk asinga)®Ce soyrae.sThet i o n
more pronounced absorption in the UV of the sample exposed to 1 MGy is given by the

partial degradation of the PLMA-EDGM matrix. d) RL spectra of treated CsPbCls NCs during
continuous exposition to X-rays. e) Corresponding to integrated intensities vs dose

To further investigate the impact of CdCIF treatment on potential deep intragap defects in

the NCs (e.g., point defects related to Pb), temperature-dependent PL-RL and Thermally

68



&DEGLISTUDL  SCUOLADI DOTTORATO

i =
TE E UNIVERSITA DEGLI STUDI DI MILANO -BICOCCA
= =
z z
BICOCCA

Stimulated Luminescence (TSL) experiments were conducted. Upon cooling, the RL of
pristine CsPbCls NCs exhibited a gradual red shift and narrowing of the peak (Figure 5.9,
panel a), attributed to lattice expansion and reduced phonon coupling[245, 246].
Simultaneously, a defect-related emission at 1.8 eV (denoted as DEF-RL) progressively
intensified under X-ray and UV excitation, reaching a plateau at D100 K (Figure 5.9, panel
b). An Arrhenius fit to the equation below yielded a thermal quenching activation barrier of
Ea = 140 meV, where (1) is the RL intensity, lo is the RL intensity approaching 0 K, A is a

normalization factor, and ko is Boltzmann's constant.

oy 3)

Interestingly, the band-edge RL (BE-RL) exhibited the same enhancement as the
corresponding PL (BE-PL) upon cooling (Figure 5.9, panel b), suggesting that thermal
guenching of BE luminescence is the primary cause of RL loss at room temperature, and
that the quenching of BE and defect emissions occurs via unrelated channels. Furthermore,
the treated NCs (Figure 5.9, panel ¢) showed no defect-related emission at 1.8 eV, indicating
effective passivation of deep defect states. It is further observed that the BE-RL peak of the
treated NCs is superimposed on a featureless contribution at approximately 2.5 eV, which
is not detected in PL but corresponds to the broad TSL signal observed in both pristine and
treated particles. This suggests the presence of additional emissive centers excited
exclusively by ionizing radiation. The absence of such a signal in the pristine NCs implies
that the corresponding trap might participate in the excitation of the main defect peak at 1.8
eV. Note that the threefold enhancement of the PL of treated NCs upon cooling is due to the
suppression of thermal losses in the NC solid film (necessary for cryogenic measurements),
which featured a G pL of 30%, as commonly observed (Figure 5.9, panel d)[247, 248].
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Figure 5.9. a) RL spectra of pristine CsPbClz NCs as a function of the temperature from 290
to 10 K. b) Spectrally integrated PL (top panel) and RL (bottom panel) as functions of
temperature for pristine NCs. BE-PL and BE-RL refer to the emission at 3 eV. DEF-PL and
DEF-RL refer to the integrated emission in the range 1.551 2.25 eV. The red solid line is the
Arrhenius fit with equation 3. ¢) Same as a) for treated NCs. d) Spectrally integrated PL (top
panel) and RL (bottom panel) as a function of temperature for treated NCs

The picture emerging from the RL measurements as a function of temperature is further
enriched by cryogenic TSL experiments, which offer an independent perspective on the
trapping and de-trapping processes, including those involving optically dark states that could
be responsible for the nonradiative quenching of the BE emission. A typical TSL
measurement involves an initial X-ray irradiation at low temperature to populate metastable
states within the band gap. After the irradiation is stopped, the temperature is gradually
increased at a linear heating rate (0.1 K/s), while monitoring the delayed emission caused
by carrier de-trapping. The TSL signal of untreated CsPbCIf NCs (Figure 5.10, panel a)
showed no trace of the BE excitonic peak and came mainly from the defect state emitting at
1.8 eV, already observed in RL with a shoulder around D2.5 eV that was not detected in the
low-temperature RL spectra. This suggests that the corresponding defects might be

responsible for populating the lower-lying states emitting at 1.8 eV. After CdCIF treatment,
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the TSL intensity drastically decreased (see the x10 label in Figure 5.10, panel b), the peak
at 1.8 eV is no longer visible, while the one at 2.5 eV remains observable. In line with the
substantial suppression of surface defects.

From the TSL spectrum (Figure 5.10, panel c) for the pristine samples extracted at 45 K, a
peak at 1.8 eV is visible, and as the temperature increases, a shoulder at 2.5 eV appears.
In contrast, for the treated samples (Figure 5.10, panel d), the shoulder at 2.5 eV is always

visible at low temperature, and as the temperature increases, the BE emission emerges.
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Figure 5.10. a) Contour plot (logarithmic scale) of the spectrally resolved TSL as a function
of temperature for pristine CsPbClz NCs after X-ray irradiation at 10 K. b) Same as a) for
treated NCs. c) TSL spectra extracted from a) at 45 and 120 K. d) TSL spectra extracted
from b) at 20, 65, and 230 K

Overall, the TSL results confirmed the effective passivation of deep defects associated with
the 2c-Cl atoms linked to the octahedrally arranged Pb atoms situated at the corners. These
defects are likely responsible for the intragap state emitting at 1.8 eV that dominates the
TSL of pristine CsPbCls.
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5.4 Realization of the Cd-treated NCs based-nanocomposites and timing

performances

Once the effect of CdCIFtreatment on the optical and scintillation properties of CsPbClf NCs
was clarified, the next step was the fabrication and the testing of solid polyacrylic
To this end, 0.33 wt%
photoinitiator was added to the colloidal suspension of both pristine and treated NCs in
LMA/EGDM. After 15 min of UV irradiation at 365 nm, optical-grade PLMA/EGDM (80:20)

nanocomposites. of 2,2-dimethoxy-2-phenylacetophenone

nanocomposites were obtained without macroscopic phase segregation. The treated NCs
exhibited stable optical properties after encapsulation, fully preserving the original PL
spectra (Figure 5.11), efficiency and dynamics. In contrast, the untreated NCs experienced
significant PL quenching, resulting in negligible emission efficiency and an effective lifetime
of only 110 ps.
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Figure 5.11. a) Normalized PL spectra of treated CsPbCl3 NCs (top panel) and pristine
CsPbClz NCs (lower panel) measured in LMA/EGDM solution side-by-side with the
corresponding nanocomposite. Insets: photographs of the final nanocomposites embedding
the same amount of pristine and treated CsPbCls NCs under UV light. b) Energy- and time-
resolved PL decays of pristine and treated CsPbClz NCs in LMA/EGDM before and after
polymerization of the nanocomposite matrix ([NC] = 0.8 wt %). c) PL decay traces extracted
from (b) together with the corresponding monomer solutions

A series of five hanocomposites containing 0.2, 0.6, 0.8, 3 and 10 wt% NCs were prepared
and characterised based on the promising results for the treated particles. Due to the
competitive absorption of the UV curing light by the NCs, which inhibited the complete

polymerisation of thick, heavily doped polymer composites, the three low concentration
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samples were polymerised to a thickness of 3 mm, whereas the more heavily doped
nanocomposites (3 and 10 wt %) wstanding gheees.pifleer ed a
RL spectra are shown in Figure 5.12, and show concentration-independent RL profiles that
closely match the peak spectral sensitivity of alkali-based photodetectors commonly used in
NA62 experiments[38] (Figure 5.1). The scintillation yield was measured by direct
comparison under identical conditions with a sample of the plastic scintillator EJ-276D of the
same thickness as the respective composites (hamely3mmand 150 em) and denmn
a linearly increasing efficiency up to about 2100 ph/MeV for the most concentrated sample

(see inset of Figure 5.12).
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Figure 5.12. Normalized RL spectra of treated CsPbClz nanocomposites at increasing NCs
loading concentrations. The spectra have been vertically shifted for the sake of clarity. Inset:
measured light yield values for the nanocomposites. The same color scheme applies
throughout the panel

Next, the timing performance of the nanocomposites was evaluated by performing
scintillation kinetic measurements using time-correlated single-photon counting under X-ray
excitation. The scintillation decay curve of a representative nanocomposite ([NC] = 0.8 wt%)
is shown in Figure 5.13, along with the instrument response function (IRF, fwhm = 120 ps).
Importantly, in line with the findings reported in the previous chapter, the RL decay trace
revealed a substantial ultrafast component, attributed to the recombination of multiexcitons
generated by X-ray excitation, followed by a slower decay tail attributed to the recombination
of charged and neutral excitons, as highlighted by transient absorption (TA) measurements.
To quantify the timing contributions, the experimental decay curve was fitted, as reported in

the previous chapter, using a convolution of the instrument response of the detection chain
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and a triple-exponential function accounting for the decay of single, charged, and biexcitons.
The effective scintillation lifetime ((rr) was calculated as the harmonic mean of the
scintillation components weighted by their respective time-integrated relative contributions,
as reported in chapter 3 equation (2). The best fit resulted in a biexciton lifetime of 30 ps
(20% weight), followed by a 320 ps charged exciton decay (10%), and a single exciton
lifetime of 2.3 ns (70%). This fit, shown as a red line in Figure 5.13, aligns well with both the
time-resolved PL data and TA dynamics.

To avoid over-interpretation of the biexciton contribution exceeding the instrumental
response function, the fitting procedure was performed by constraining the biexciton lifetime
to a maximum of 60 ps, close to the response function fall time. The resultin g erFJanged
between 210 and 300 ps, significantly faster than the values reported in the previous chapter
(1.13 - 4.1 ns) and in the literature for Br-based lead halide nanocrystals and UV-emitting
rare earth-doped crystal scintillators, as well as the sub-nanosecond decay times of core-
valence transitions in cross-luminescent scintillators[249-251]. This ultrafast timing
capability has considerable potential for time-tagging technologies. To evaluate the time
resolution achievable with the nanocomposites in TOF-PET, the coincidence time resolution
was calculated using the formula reported in Chapter 1. This gave an estimated CTR of 14.7
ps, which is very promising for pushing the 10 ps limit in fast timing applications.
Furthermore, the potential to increase the scintillation yield of ultrafast scintillating NCs for
improved performance positions them as strong candidates to overcome the limitations of

current technologies.
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Figure 5.13. Time-resolved RL decay of the 0.8 wt % loaded nanocomposite. The
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To confirm the attribution of the various kinetic components to the decay of excitonic species
generated under high-energy excitation, ultrafast transient absorption (TA) measurements
were conducted. A detailed analysis of TA dynamics, demonstrating the progressive
emergence of faster components with increasing average excitonic population (N9, is
shown in Figure 5.14, where the components of each excitonic order were extracted through
the sequential subtraction of lower dNacontributions[165, 190]. In the single-exciton regime
(denoted as X, corresponding to an average exciton occupancy oNGL 1), the TA spectrum
is dominated by the bleach signal of the 1S band edge transition at 3.05 eV, observed at all
times, with a bleach recovery lifetime of (k = 2.3 ns. This lifetime closely resembles the PL
lifetime measured at low excitation power and aligns well with the slowest contribution
observed in radioluminescence kinetics. At higher pump fluences, as a result of the
statistical filling of excitonic states, the TA dynamics revealed the ultrafast decay
components characteristic of biexcitons (kx = 33 ps) and higher-order excitons (Uix = 6.8
ps), alongside an intermediate component (xx@ 300 ps) attributed to
photocharged excitons, as previously reported for nanocomposites containing CsPbBr3
nanocrystals.

75



EDLGLISTUDL  SCUOLADI DOTTORATO

é E UNIVERSITA DEGLI STUDI DI MILANO -BICOCCA
> e

z 7

BICOGCA

Normalized -AA/A

Differential - AA/A

PR T WP T :I.l. 1 .I
02 03 04
Time (ns)

1.02.03.04.0

Figure 5.14. Top panel: TA dynamics at increasing average exciton population d&N& The TA
traces have been normalized over the single excitonic long-lived tail (between 2-3 ns) to
emphasize the emergence of faster components upon increasing the excitation fluence.
Bottom panel: Differential TA curves extracted from the bleaching signal of the band-edge
excitonic states at increasing pump fluences, representing single (X), charged (X*), bi- (XX),
and higher order multiexciton (MX) dynamics. The colored lines are the fit with single-
exponential decay functions

76



&DEGLISTUDL  SCUOLADI DOTTORATO

i =
TE E UNIVERSITA DEGLI STUDI DI MILANO -BICOCCA
= =
z z
BICOCCA

5.5 Conclusions

In conclusion, the scintillation properties of CsPbCls nanocrystals have been fabricated and
characterized for the first time, both in their as-synthesized form and following defect
passivation treatment with CdCl.. The resurfacing treatment, conducted directly in the
monomeric solution prior to polymerization, significantly enhanced the optical properties by
suppressing Pb-related defects and stabilizing the NCs during the living radical
polymerization of the polyacrylate host, thereby preserving their optical properties. DFT
calculations, in agreement with experimental data, demonstrate that deep hole trap states
in CsPbCls NCs, primarily caused by undercoordinated chloride ions (2c-Cl), are effectively
eliminated through the substitution of Pb with Cd. This substitution optimizes the
coordination of Cl atoms, stabilizing their energy states below the valence band edge and
eliminating intragap states within the band gap. A direct correlation between the coordination
geometry of the more exposed regions of the NCs (corners) and the emission yield is thus
established. Steady-state and time-resolved radioluminescence experiments reveal purely
excitonic scintillation in the treated particles, with no slow intragap contributions, and
ultrafast scintillation resulting from single and multiexcitonic species. The findings presented
in this chapter address a critical gap in the understanding of nanoscintillators based on lead
chloride perovskite NCs and offer a potential pathway toward the development of
nanocomposite scintillators emitting in the UV-blue spectral range by aligning well with the
spectral response of ultrafast photodetectors commonly used in scintillation applications and
provide a promising alternative for effective sensitization of secondary emitters in the visible

spectral range.
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5.6 Methods

Synthesis of CsPbCl3 NCs. Solution A is prepared dissolving Cs2COs (97.5 mg, 0.3 mmol)

in propionic acid (0.3 mL, 3.99 mmol) and then and diluting with 180 mL of
heptane/isopropanol (2:1 V/V). Solution B is obtained by dissolving PbClI2 (834 mg, 3 mmol)
with magnetic stirring in a mixture of oleylamine (8.9 mL, 27 mmol), propionic acid (2 mL, 27
mmol) and isopropanol (2 mL) at 80 °C. After complete dissolution of the precursors, the
mixture is allowed to cool to room temperature. Solution A is then stirred into a 250 mL
beaker with a turbo-emulsifier homogenizer (15k rpm) and Solution B is quickly added. The
mixture is allowed to develop under homogenization for 30 seconds. Stirring is stopped and
60 mL of isopropanol is added to the crude solution to precipitate the NCs. The whole
process takes about 24 hours. After this time, the product is collected by centrifugation at
4500 rpm for 2 min. The supernatant is discarded and the precipitate dried, weighed (210
mg) and finally stored in solid state under argon atmosphere.

PbCl,
Oleylamine
15K RPM
e
30s
Dissolved in
LMA with

excess CdCIz
3h

Tae .
=2 D

Cs,CO 3
Propionic acid
Heptane / IPA

Figure 5.15. Schematic depiction of the synthesis and post-treatment setup. along with
photograps of monomeric solution of pristine (top) and treated (bottom) NCs

Cadmium chloride treatment of CsPbCls NCs. Pristine CsPbCls NCs (4 mg) are dissolved in

a 8 mL mixture of dispersed in LMA and EGDM (80:20 %Vol). Subsequently, an excess of
CdClz in powder (100 mg) is added and the prepared solution is vigorously stirred for 3 hours
while PL is constantly monitored to follow the evolution of NCs upon the treatment. Once

the treatment is completed (revealed by the end of the NCs PL increase), the stirring is
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stopped, the solution is mildly centrifugated (500 rpm 1 minutes) and the clear solution
containing Cd-treated NCs is separated from the precipitated excess of CdClz.. The same
treatment was also performed directly in toluene to obtain samples of Cd-treated NCs that

could be deposited on TEM grids for structural/morphological studies.

Fabrication of polymer nanocomposites. The polymerization is performed directly on the

same solution which underwent the Cd-treatment. 2,2-dimethoxy-2-phenylacetophenone
photo-initiator (0.33 wt%) was added to the colloidal suspension of NCs in LMA/EGDM. The
mixture is then transferred into a sealed mold formed by two plain glass slabs divided by a
silicon gasket and is then transferred into a polymerization chamber with continuous 365 nm
light After 15 min under UV irradiation, optical grade nanocomposites without macroscopic

phase segregation were obtained.

Transmission electron _microscopy. High-Angle Annular Dark Field (HAADF) images in
scanning TEM (STEM) mode and the high-resolution TEM images (HRTEM) of powdered

NCs were acquired in a JEOL JEM- 2200FS transmission electron microscope equipped

with in-column Omega filter, operating at 200 kV and coupled with an EDX Oxford Xplore
silicon-drift detector, with 80 mm? effective area.

Optical spectroscopy measurements. Optical absorption spectra were measured in toluene

with a Cary 50 UV1 Vis spectrophotometer. The PL spectra were excited using a laser source
at 3.50 eV (355 nm); the emitted light was collected using a custom apparatus featuring a
liquid nitrogen-cooled, back-illuminated, and UV-enhanced chargecoupled device detector
(Jobin-Yvon Symphony Il) coupled to a monochromator (Jobin-Yvon Triax 180) with 100
lines/mm gratings and corrected for the spectral response of the system. Temperature-
controlled PL measurements were performed in the 10-300 K range by lowering the
temperature with a closed-cycle He cryostat and controlling the temperature with a
Lakeshore 330 temperature controller. Time-resolved PL measurements were carried out
using frequency-doubled 250-f s pul ses from a 78 MHz Ti

emitted light was collected with a Hamamatsu str eak camera (ti me

Ultrafast transient absorption spectroscopy measurements were performed on Ultrafast
Systems' Helios TA spectrometer. The laser source was a 10 W Ytterbium amplified laser
operated at 1.875 kHz producing ~260 fs pulses at 1030 nm and coupled with an

independently tunable optical parametric amplifier from the same supplier that produced the
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excitation pulses at 3.5 eV. After passing the pump beam through a synchronous chopper
phase-locked to the pulse train (0.938 kHz, blocking every other pump pulse), the pump
fluence on the sample was modulated from 1.3 €J cm2 to 170 €J cm? . The probe beam

was a white light supercontinuum.

Radioluminescence measurements. The excitation source was unfiltered X-ray radiation

generated by a Philips PW2274 X-ray tube, with a tungsten target, equipped with a beryllium
window and operated at 20 kV. At this operating voltage, a continuous X-ray spectrum is
produced by Bremsstrahlung mechanism superimposed to the L and M transition lines of
tungsten, due to the impact of electrons generated through thermionic effect and accelerated
onto a tungsten target. The RL was collected using the same custom apparatus used for the
PL measurements. The light yield values were evaluated using a relative method by direct
comparison of the RL response in the same experimental conditions of Cd-treated CsPbCls
nanocomposites and commercial EJ-276D plastic scintillator of the same size used as
reference, with a LY of 8600 photons/MeV. Cryogenic RL measurements are performed in
the 101300 K interval by | owe rcycle ¢le arybseat ahde mp e r

controlling the temperature with a Lakeshore 330 temperature controller.

TSL measurements. Wavelength-resolved TSL measurements at cryogenic temperatures

are carried out by using the same detection system as for RL measurements on the same
pristine and Cd-treated CsPbCls NCs drop-casted onto an inert polymethylmethacrylate slab
used for the RL experiments vs T. Cryogenic TSL measurements are performed in the
101300 K interval , wilsafter ¥rayhreadidtionatdO K up toadosef 0. 1
of 5 Gy. The dose values for X-ray irradiation were obtained with a calibrated ionization
chamber and evaluated in air. The shape of the TSL signal vs T (the so-called glow curve)
has been corrected for the variation of the RL emission intensity vs T, to decouple the trap

contribution to the emission from the other mechanisms involved in the scintillation process.

Time-resolved scintillation experiments. Samples were excited with a Hamamatsu XRT
N5084 pulsed tungsten X-ray tube operating at 40 kV, where a PicoQuant PDL 800-B pulsed
diode laser with 40 ps pulse width (fullwidth-at-half-maximum - FWHM) acts as excitation
source of the X-ray tube. The energy spectrum of the produced X-rays ranges from 0 to 40
keV with a pronounced peak between 9 and 10 keV, due to tungsten Lcharacteristic X-ray,
and mean energy of about 15 keV. The X-rays hit the sample after crossing a brass
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collimator. The scintillation light is collected in TCSPC by a Becker & Hickl HPM 100-07
hybrid photomultiplier tube (HPM). The signal of the HPM was processed by an ORTEC
9237 amplifier and timing discriminator and acted as stop signal at a Cronologic XTDC4
time-to-digital-converter (TDC). The start signal was given by the external trigger of the
pulsed laser. The overall impulse response function (IRF) of the system was obtained as the
analytical convolution between the measured IRF of the laser together with HPM and the
IRF of the X-ray tube, resulting in around 160 ps FWHM. The RL was spectrally selected
using an optical bandpass filter at 500 nm with 40 nm FWHM mounted to the HPM that

removed parasitic contributions due to air excitation by X-rays.

o-ray irradiation experiments. CsPbCls NCs were placed in a polypropylene sealed vial

whose gamma ray attenuation is negligible (Eppendorf Tubes). The vial was irradiated in a
pool-type gamma irradiation chamber equipped with a 8°Co (mean energy ~1.25 MeV) 2-
source rods array, uniformly irradiating the NCs at 3.05 kGyair/h dose rate value up to 1
MGy. The irradiation has been carried out at the CALLIOPE Gamma Irradiation Facility at
ENEA Casaccia Research Centre (Rome). No significant o-ray attenuating material was
interposed between the source and the sample. Throughout the chapter, the given dose is

in air.

Computational details. Geometry optimizations were carried out at the DFT level with a PBE

exchange-correlation functional[252] and double-g basis set, as implemented in the CP2K
guantum chemistry software package[253]. Relativistic effects were considered using
effective core potentials. The IPR and COOP were computed as in the main reference83,
using the workflows implemented in the Nano-QMFlows package[254]. To simplify the
analysis, the size of our nanocrystal models is 3 nm of edge length. The composition of each
nanocrystal is kept in such a way that the overall system is charge neutral and charge
balanced, with each of the ions in their most stable oxidation state, i.e. Cs as +1, Pb and Cd
as 2+, Cl as -1.
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Radical Thermal Polymerization of Efficient

Ultrafast Polyvinyl Styrene Nanocomposite

As discussed in the previous chapters of this thesis, LHP NCs offer several advantages
applicable to the field of scintillation; however, they also present certain challenges
associated with the strong ionic character of the lattice, including poor thermal stability[255-
257]. This drawback limits their compatibility with polymerization protocols commonly used
for scintillating matrix composites. In fact, polymers such as polystyrene (PS) and polyvinyl
toluene (PVT) serve as the basis for high-performance plastic scintillators and contribute
actively to scintillation emission, both as direct emitters and as sensitizers for encapsulated
dyes[42, 258, 259]. Unfortunately, polymethacrylates like PMMA or PLMA, which can be
photopolymerized at room temperature[142, 151, 260, 261], have poor scintillation
properties. In contrast, PS derivatives must be polymerized at elevated temperatures,
typically above 60 °C, to avoid stabilization of the radical through the aromatic rings present
in the monomer[262, 263]. This stabilization issue inhibits the onset of polymerization by
preventing radical propagation. These relatively harsh thermal conditions negatively impact
the perovskite-like structure, leading to a phase transition to a hon-emissive allotrope or a
decrease in emission efficiency[112, 226]. Currently, this issue has been addressed through
proof-of-concept studies based on PS nanocomposites obtained via solvent evaporation, a
method that is, however, not adaptable for large-scale industrial protocols[23, 129, 264].
This processing limitation is not only critical for radiation detection, but also represents a
general challenge for optical and photonic technologies that require highly emissive
nanocomposites, such as displays or artificial light sources. Therefore, strategies to improve
the compatibility of LHP NCs with thermal polymerisation could provide a general solution
for various photon management applications.

In this chapter, | will present the first example of bulk PVT composites based on CsPbBrs
NCs that have undergone surface passivation with dodecyl dimethyl ammonium fluoride
(DDAF) and demonstrate stability at polymerisation temperatures (65 °C). The stability is

confirmed by experimental measurements and classical molecular dynamics calculations,
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showing how DDAF protects the NCs. | will report the development of various
nanocomposites containing up to 10% by weight of NCs, achieving a light yield of 10,400
ph/MeV and a scintillation time of 1.1 ns. In addition to the challenge of fabricating the
nanocomposites, this chapter will address the study of the scintillation properties, such as
emission dynamics and radiation resistance, as the perovskite loading increases, and the

interaction of the PVT matrix with the NCs.
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6.1 Synthesis, resurfacing and PVT-embedding of NCs

As a pristine system, NCs of CsPbBrs were chosen, with a 7 £ 0.8 nm side, capped with
oleate/oleylammonium obtained by the high-temperature hot-injection method[113, 146,
182, 265], which is reported among the classical syntheses of these nanosystems. The
resurfacing of these systems was carried out by exchanging ligand at room temperature with
DDAF[146]; the procedure for synthesizing the NCs, DDAF ligand and exchange on the
surface is given in the Methods section of this chapter. As can be seen from the TEM images
and absorption/PL spectra shown in Figure 6.1 the resurfacing treatment does not cause
any morphological or structural changes.

a

Absorption / PL

400 450 500 550 600
Wavelength (nm)

Figure 6.1. a) HR-TEM images of pristine CsPbBr3. b) same as a) for and DDAF-treated
CsPbBrs. ¢) Absorption (dashed lines) and PL (continuous lines) spectra of pristine and
DDAF-treated CsPbBrs NCs

A comparison of the NCs size distribution before and after treatment, as well as the
diffraction patterns, is provided in Figure 6.2a, b. There are no significant differences in size
and crystal structure. Energy-dispersive X-ray spectroscopy (EDX) maps of the DDAF-
treated samples confirm the presence of fluorine, which is homogeneously distributed
across the NCs (Figure 6.2, panel c).
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Figure 6.2. a) size distribution calculated over 100 NCs of pristine (top) and DDAF treated
CsPbBrs (bottom). b) diffraction patterns of pristine and DDAF-treated CsPbBrs. ¢) EDX
maps of a DDAF-treated CsPbBrsz samples, highlighting a higher fluorine signal in
correspondence of NCs

Lattice spacing measurements were conducted on multiple of individual DDAF-treated
DDAF-treated CsPbBrs NCs, with a representative STEM-HAADF image shown in Figure
6.3. Within the resolution limits of the technique, no significant differences were observed

across different regions of the NCs, suggesting that fluorine is confined to the surface.
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Figure 6.3. STEM-HAADF image of two representative DDAF-treated NCs with the
corresponding line profile intensity along the small green rectangles highlighted in images.
No significant variation in lattice parameter was found between the peripheral and central
zones of the particles

In contrast to the morphological characteristics, the optical properties of the pristine and
DDAF-treated NCs change significantly in terms of efficiency. As shown, the absorption
edge (500 nm) and PL peaks (510 nm, FWHM = 22.5 nm) does not change in terms of
spectral shape and position, indicating no modification of electronic structure after treatment,
but the PL efficiency increases from A pL = 45 + 3% to 83 * 5%, leading to a slowdown in PL
dynamics compared to pristine NCs, induced by the suppression of traps states associated
with surface defects in pristine NCs by the displacement of weakly surface-bound
oleate/oleylammonium ligand pairs[182, 227, 244, 266] (Figure 6.4).

86



&DEGLISTUDL  SCUOLADI DOTTORATO

i =
Z =z  UNIVERSITA DEGLI STUDI DI MILANO -BICOCCA
= E
= Z
BICOGCCA
10° &
2
‘0 -~ -
[
%101 - \ Pristine DDAF- -
5 . CsPbBr; treated ]
o CsPbBr;
102 F !
0 10 20 30 40 50
Time (ns)
Figure 6.4. PL decay curves of the same samples excitedat4 0 5 n m. l nset: pho

the colloidal solutions under room light and 365 nm illumination

Based on these promising results, the CsPbBrs NCs were incorporated into a PVT-based
nanocomposite to investigate their optical properties. For this purpose, dried NCs were
dissolved in vinyltoluene/divinylbenzene (VT/DVB) (95:5% v/v, with 1000 ppm of dilauroyl
peroxide as thermal initiator) by mild sonication. The resulting mixture was poured into
cylindrical molds, sealed under an inert atmosphere, and subsequently polymerized
thermally in a bath at 65°C for 24 hours. The DDAF treatment, which enhanced resistance
to high temperatures, allowed the nanocomposites to maintain their optical properties with
negligible changes, as evidenced by the preservation of the PL spectrum (Figure 6.5, panel
a) and a quantum yield (A pL) of 76%, retaining over 90% of the initial value (Figure 6.5, panel
b). Similarly, the PL decay profile remained largely unaffected, with the exception of a minor
slow tail (<10% relative weight), attributed to trapping in shallow surface defects[23, 26,
182], possibly due to slight surface ligand detachment caused by the high radical reactivity
at these temperatures[77]. In contrast, nanocomposites prepared using pristine NCs under
the same conditions exhibited significant degradation in optical properties, with a drop in A pL
exceeding 80%. This degradation was accompanied by an acceleration in the initial PL
dynamics, due to the increased trapping losses, a pronounced redshift in the emission
spectrum, and a more marked slow decay tail, ascribed to the recombination of shallow

trapped excitons (Figure 6.5, panel c).
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Figure 6.5. a) Comparison between PL spectra of DDAF-treated and pristine NCs in solution
(lines) and in PVT nanocomposites (shaded areas) and respective b) A pL-values and c¢) PL
decay curves. All measurements were excited at 405 nm. Green curve or area is for DDAF-
treated NCs while gray curve or area is for pristine NCs

To further investigate the origin of the enhanced thermal stability of DDAF-treated NCs, a
classical molecular dynamics (MD) study was conducted on both DDAF-capped NCs and
pristine NCs with oleate and oleylammonium as native ligands (see Methods for details).
Figure 6.6 presents the statistical analysis of the distances between the average position of
the anchoring groups of the ligands and the center of mass of the NCs during MD simulations
at room temperature and at 65°C. This analysis was based on monitoring a 50 ns
equilibrated trajectory. As illustrated by the time-averaged data in Figure 6.6, the DDAF
ligands exhibit minimal broadening around their initial positions, indicating stable capping.
In contrast, the oleylamine ligands in the pristine NCs display a significantly larger standard
deviation in their distance distribution, suggesting lower stability and potential partial
detachment from the NC surface. This effect is more pronounced for oleylammonium
compared to oleate, as the latter is directly bound to the underlying Pb atoms. These findings
align with the lower quantum yield (A pL) observed in pristine NCs compared to DDAF-treated
NCs and are consistent with previous reports[23, 146, 182] linking surface halide
undercoordination to photoluminescence decay dynamics in similar NCs.

Notably, when evaluating this mechanism at 65°C, the temperature used for the
polymerization of PVT-based nanocomposites, the behavior of the surface ligands diverges
further: DDAF ligands maintain stability comparable to that observed at room temperature,
while pristine ligands exhibit even more pronounced detachment, correlating with the

degradation of optical properties during nanocomposite fabrication.
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Figure 6.6. Right panel: Time evolution of the average distances between the anchoring
group of the ligands and the center of mass of the NC of pristine and DDAF-treated CsPbBrs
NC at 25°C (grey and light green curves) and 65°C (black and dark green curves. The
average distance was calculated over 220 ligands. Left panel: Time-mediated statistic of the
data shown on the right panel.

These results are further supported by the root mean square deviation (RMSD) analysis,
which assesses ligand detachment by tracking positional deviations over time relative to a
reference position set at the start of the MD simulation (Figure 6.7). In this case, DDAF
ligands remained stably attached to the NC surface as can be seen from the minimal
fluctuations of the RMSD curves (light green and dark green) in Figure 6.7, while oleylamine
fluctuations are higher, which could lead to the detachment of part of an oleylammonium
bromide complex, effectively removing bromide ions from the NC surface. This behavior is
consistent with the previously described mechanism[267-269]. The oleylammonium-
bromide complex may also undergo a neutralization process, not captured in the MD
simulation, potentially leading to the formation of HBr and neutral oleylamine, thereby

rendering the detachment process essentially irreversible.
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