U N |VE RS |TA DIPARTIMENTO DI INGEGNERIA

DEGLI STUDI SCUOLA DI DOTTORATO IN
SCIENZE FISICHE APPLICATE ALL’ INGEGNERIA
DI BRESCIA Ciero XXXV

Synthesis and Characterization of Inorganic
Perovskites for Nanophotonics

Sintesi e Caratterizzazione di Perovskiti
Inorganiche per Nanofotonica

Candidate
Giammarco Roini  (ID number 730600)

Thesis Advisors

Prof. Ivano Alessandri
Prof.ssa Anna Vinattieri

Academic Year 2021/2022



Thesis not yet defended

Synthesis and Characterization of Inorganic Perovskites for Nanophotonics

PhD thesis. University of Brescia
© 2022 Giammarco Roini. All rights reserved

This thesis has been typeset by IMTEX and the UniFiTh class.

Author’s email: |g.roini@unibs.it


mailto:g.roini@unibs.it

ii

Abstract

English

In this PhD thesis several aspects of the physics of halide inorganic perovskites are
addressed. In particular I will focus on:

e Intrinsic properties of the material such as the structural and dynamical
disorder by a deep study of the photoluminescence in a large set of CsPbBrs
samples differing for morphology and synthesis protocol. Being the disorder
affecting the spectral line shape of the photoluminescence, and playing a major
role in the carrier transport properties at the band edge, the investigation here
presented is of interest for the large set of optoelectronic applications of halide
perovskites. The results obtained during the PhD activity contribute to clarify
the main characteristics of disorder in this class of semiconductors.

o The interaction between CsPbBrs microcrystals and the substrate/metasurface
where they are deposited. In fact, the integration of halide perovskites in
metasurfaces and photonic structures is a research at the early stage and deep
investigation is required before the implementation of innovative photonic
devices. In particular I will present a set of experimental results concerning
non-linear effects (superlinear and sublinear behavior) in the radiative emission
of CsPbBrjs films deposited by spin-coating on a particular type of metasurface
realized by core-shell microresonators (7-Rez) assembled in an hesagonal
pattern on a silicon substrate. The experimental results evidence the presence
of Amplified Spontaneous Emission (ASE) which, depending on the sample
structure, does or does not show up with a superlinear increase of the emission.
In particular we distinguish between two processes: light amplification by
randomly arranged emitters and amplification by a quite ordered distribution
of nanocrystals around a resonator.

¢ CsPbBrs has optimal characteristics as adsorber and catalyst in the processes
of absorption of pollutants from industrial waste water.

In the final part of my work, in the appendix, I will show preliminary results
concerning the fast adsorption of Methylene Blue (MB), a substance typically used in
the textile industry, dissolved in aqueous solution when CsPbBrg nanopowders (NPs)
are encapsulated inside chitosan bubbles (CH-BB). A significant increase of the
adsorption percentage of MB is obtained in presence of the perovskite nanopowders
respect to the use of empty chitosan bubbles.
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Italian

In questa tesi di dottorato vengono affrontati diversi aspetti riguardanti la fisica
delle perovskiti inorganiche alogenate. In particolare mi focalizzero su:

e Proprieta intrinseche del materiale come il disordine strutturale e dinamico,
approfondito da uno studio della fotoluminescenza in un grande insieme di
campioni CsPbBrjs che si differenziano per morfologia e protocollo di sintesi.
Siccome il disordine pregiudica la forma spettrale della linea della fotolumi-
nescenza e gioca un ruolo importante nelle proprieta di trasporto di carica
al bordo della banda, 'indagine presentata in questa tesi & di interesse per
I’ampio insieme delle applicazioni optoelettroniche delle perovskiti alogenate.
I risultati ottenuti durante I'attivita di dottorato contribuiscono a chiarire le
principali caratteristiche del disordine in questa classe di semiconduttori.

o L’interazione tra i microcristalli di CsPbBrj e il substrato/metasuperficie su cui
sono depositati. Infatti, 'integrazione di perovskiti alogenate su metasuperfici
e strutture fotoniche € una ricerca in fase iniziale e un’indagine approfondita
& necessaria prima dell’implementazione di dispositivi fotonici innovativi. In
particolare presenterod una serie di risultati sperimentali riguardanti effetti non
lineari (comportamento superlineare e sublineare) nell’emissione radiativa di
film CsPbBrs depositati da spin-coating su un particolare tipo di metasuperficie
realizzata da microrisonatori core-shell (T-Rex) assemblati in pattern esagonali
su un substrato di silicio. I risultati sperimentali evidenziano la presenza
di Amplified Spontaneous Emission (ASE) che, a seconda della struttura
del campione, si presenta e non si presenta con un aumento superlineare
dell’emissione. In particolare si distinguono due processi: ’amplificazione
della luce da emettitori disposti in modo casuale e 'amplificazione da una
distribuzione abbastanza ordinata di nanocristalli intorno a un risonatore.

e CsPbBrs ha caratteristiche ottimali come adsorbitore e catalizzatore nei pro-
cessi di assorbimento degli inquinanti dalle acque reflue industriali.

Nella parte finale del mio lavoro, in appendice, mostrero i risultati preliminari
riguardanti il rapido assorbimento del Blu di Metilene (MB), una sostanza tipicamente
utilizzata nell’industria tessile, disciolta in soluzione acquosa quando le nanopolveri
di CsPbBrs (NPs) sono incapsulate all’interno di sferette di chitosano (CH-BB). Un
aumento significativo della percentuale di adsorbimento di MB si ottiene in presenza
delle nanopolveri di perovskite rispetto all’'uso delle sferette di chitosano vuote.
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Introduction

The rapid technological development we have witnessed in recent decades stems from
the enormous advances in material science, which benefits from basic research in
physics and chemistry. The technological sectors that have mostly taken advantage
from the innovative thrust of new materials are the field of renewable energy, in
particular photovoltaics, photonics and sensors. In these areas, the most innovative
devices arise from the use of a class of semiconductors called perovskite. The
term "perovskite' was initially coined to identify calcium titanate (CaTiO3) but
afterwards it was attributed to all compounds having the same chemical formula
as calcium titanate, ABX3, in which A and B are typically metal cations while
X an anion. In these days, the perovskites of interest for scientific and industrial
applications are based on halides and the X ion can be chlorine, bromine or iodine
(X = Cl, Br, I) [117, 60, 43|. Halide perovskites are named organic-inorganic or
inorganic according to the organic or inorganic nature of cation A. What makes
these materials particularly interesting is their versatility: in fact, being able to
use a substantial number of different elements in their synthesis, it is possible to
engineer materials with multiple properties that find applications in numerous fields
of optoelectronics. In addition, the chemical synthesis process is a low cost procedure
when compared with other techniques used for semiconductor fabrication (such as
epitaxial techniques). The control of chemical synthesis also allows to modify the
nanostructuring of the material, thus being able to make bulk crystals, nanowires,
nanoplates and quantum dots (QDs). It is worth noting that halide perovskites can
be realized on different substrates: amorphous as glass or polymer, crystalline as
sapphire, silicon, etc. and also metallic. The role of substrate can be relevant to
determine the overall properties of the material. Since the early 2000s, research has
focused on hybrid perovskites, which are having a significant impact in photovoltaics;
in fact prototype perovskite cells have shown photovoltaic conversion efficiency
comparable to that of traditional silicon cells|66, 63, (144} 15, 76|, with greater ease of
synthesis and lower production costs. However, hybrid perovskites are considerably
sensible to moisture and oxygen [96] [70], which limits their use in applications
being the material stability a fundamental requirement. Starting in 2015, inorganic
halide perovskites (hereafter indicated as IHP) based on Caesium (Cs) were studied,;
they have similar optoelectronic properties as the hybrid counterparts but better
stability over a long period of time. With the synthesis of the first Quantum Dots
(QDs) of C'sPbX3 [103], extraordinary optical properties were observed such as
high luminescence efficiency, relatively narrow emission bands (12-40 nm), when
compared with those of organic QDs or II-VI semiconductors and a wide spectral
range of emission obtainable by varying the halogen or the structuring of the material
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on a micrometer/nanometer scale. In particular, this latter feature makes IHPs
interesting not only for applications to photovoltaics and sensors, but especially for
the realization of light emitters, such as LEDs, which use thin films and QDs [78|
147] and Lasers, made from QDs and Cs-based perovskite micro/nanocrystals [132]
32].

CsPbBrs belongs to the family of IHPs and it is a semiconductor of extreme

interest for the realization of incoherent, coherent light sources, resonators, waveg-
uides and other photonic devices in the green spectral region where the efficiency of
indium nitride emitters is poor|15§].
My PhD work concerns an in-depth study of the optical properties of C'sPbBrs
in different morphologies: micro/nanocrystals and compact polycrystalline films
deposited on different substrates and on metasurfaces. In particular, several aspects
of inorganic halide perovskite will be addressed such as intrinsic properties of the
material (structural and dynamical disorder), and properties related to the deposition
technique and the substrate on which perovskite is deposited.

The thesis outline is as follows:

e Chapter 1: in this chapter I describe the main physical characteristics of
perovskites, focusing on the physical and optical properties of halide-based
inorganic perovskites, going into the details of the physical processes that
characterize this type of material. I also present the main applications to
devices and introduce the concepts behind the interaction between CsPbBrs
and microresonator called T-Rex.

o Chapter 2: I present the main synthesis/deposition techniques used by myself
and collaborators to realize the samples I investigated. In particular I describe
Spin-coating deposition and Radio-Frequency Magnetron Sputtering growth,
making a comparison and enlighting advantages and disadvantages. I also
present the experimental setups used for the analysis of the optical properties
of the samples, describing the various analysis techniques used to perform the
experiments. Moreover I report on some results related to the morphology,
structure and stoichiometry of the investigated samples providing SEM and
SNOM images of the different kind of samples

o Chapter 3: this chapter is devoted to the high resolution (in space and time)
photoluminescence results. In particular I will addressthe topic of disorder,
presenting a detailed analysis of the Urbach tail in bulk and polycristalline
films. This topic is of relevance for all the applications where absorption and
transport are involved.

e Chapter 4: in this chapter I present experimental results that show the tran-
sition between incoherent emission (PL) and amplified spontaneous emission
(ASE) in spin-coated films on a semiconductor substrate and on a metasurface
realized by micro/nanospheres having a core of SiOy and a shell of T'iO,
(hereafter indicated as T-Rex) on a silicon substrate. This topic is of relevance
for the realization of devices aiming to amplify the emission in a waveguided
mode and/or laser microresonators.
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This thesis closes with a concluding chapter that collects and summarizes the most
relevant results of all the experiments I performed and indicates future developments
aimed at engineering these materials for the realization of efficient emitters with con-
trolled properties as polarization, directionality, etc. and efficient sensors/adsorbers.

In particular, in Appendix [A]I present a research which is in progress concerning
the use of CsPbBrs nanopowders as adsorber and catalyst for the photodegradation
of pollutants. In particular I will show results for Methylene Blue (MB), a typical
pollutant that can be found in water as waste of textile industry. I will also discuss
the possibility to circularly reuse perovskites recovered from other applications and
exploit their properties as pollutant adsorbers.

In Appendix [B]I report the list of scientific articles I coauthored and conferences
I attended.



Chapter 1

Halide perovskites: structure
and electrical properties

In this chapter I present the main structural and optical properties of halide per-
ovskites and a brief review of the main application areas. More emphasis is given
to inorganic perovskites which are the subject of study of my PhD. In particular, I
illustrate what are the chemical composition and the main crystalline structures in
which we can find this type of materials, focusing on the optical and electronic char-
acteristics that make halide perovskite materials of interest for several optoelectronic
applications. Then I focus on the main possible application of my work, i.e. the
integration of halide perovskites in metasurfaces for photonics and photocatalysis.

G A
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Figure 1.1. Atomic structure of perovskite ABX3
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1.1 Structure and optical properties of halide perovskites

The term "perovskite" primarily refers to the mineral made of calcium titanate
(CaTiOs3). Discovered in 1839 in the Ural Mountains in Russia by Gustav Rose,
the Perovskite name was attributed in honor to the Russian mineralogist Lev
Aleksevich von Perovski [108]. Currently, the term is associated with all chemical
compounds having the same crystalline structure as CaTi0O3. The chemical formula
of perovskites is ABX3 in which A and B are typically metal cations of different sizes
while X is an anion. In the ideal structure of perovskites, B and X form octahedra
types BXg in which B is placed in the center and X around B, as illustrated in
Figl[l.1} each octahedron is connected to the others by sharing the X ion so as to
form a three-dimensional structure. Cations A fill the cavities formed by adjacent
BXg octahedra to balance the charge of the entire structure. In the elementary
cell of the perovskite, ions A and B are arranged according to a centered cubic
structure, with A ions at the vertices and B ions at the center, while X ions are
arranged in the center of each side of the cube. Recent studies show that perovskites
have mainly a cubic or pseudocubic structure but there are also other symmetries
in which the crystal can be found [2]. Many materials in fact have a distorted
orthorhombic structure at room temperature or even rhombohedral, hexagonal or
tetragonal structures [16]. The perovskites studied in this work and of interest for
the most innovative technological applications in the field of optoelectronics are
perovskites of halides, that is where X can be chlorine, bromine or iodine (X =
Cl, Br, I). From this moment on I will use the generic term perovskite to indicate
only the perovskites of halides (hereafter indicated as HP). HPs are semiconductors
with direct band gap, where the band gap is defined as the difference between the
maximum of the valence band, VB (higher-energy electronic band occupied at T=0
K), and the minimum of the conduction band, CB (lowest energy electronic band
not occupied at T=0 K). Depending on the chemical components (in particular the
halogen anion), the energy of the band gap can vary between about 1.5 eV and 4 eV
[129]. Therefore, many compounds with different optical properties and the same
chemical structure (ABX3) can be made from different elements. This extraordinary
versatility has made HPs very interesting for many applications. Depending on
the nature of cation A, halide perovskites are classified into hybrids or inorganics.
In hybrid perovskites A is an organic group cation, such as methylammonium
(CH3NH3 , MA) or formamidium (HC(NHz)3 , FA), while the most commonly
used inorganic ion is caesium (C's*): the samples studied in this thesis work are
caesium-based inorganic perovskites, in particular C'sPbBrs. Ion B is generally a
bivalent metal (Pb?T, Sn?T, Ge?t) and X a halogen (I, Br, CI ): the choice of the
different elements that make up a perovskite depends on the type of application.
Perovskites in which B is a lead ion, Pb?T, have greater stability compared to
tin, Sn?T, and germanium, Ge?T, although they are not optimized for solar cell
applications; in fact it would be better to use tin as it would reduce the value of the
gap, closer to the optimal values for solar cells (1.2+1.4 eV for MASnX3, 1.4+1.8
eV for MAPbX3) [21]. Among inorganic halide perovskites (hereafter indicated as
IHP), the orthorhombic phase CsSnls could be used in many applications as it has
a band gap energy of 1.3 eV (solar cells, etc.) [22]. However, tin-based perovskites
have lower optical properties than lead-based perovskites and in particular are much
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more sensitive to temperature and humidity [78]. Stability and moisture sensitivity
are two issues that researchers are deeply investigating to reduce the material ageing.
In fact, with just 50% humidity in the air, these materials lose their properties
and a rapid decrease in the performance of the electrical and optical characteristics
is manifested. Carrying out my thesis, I witnessed a rapid degradation of some
samples. In fact, although the right precautions were taken for their preservation in
a controlled atmosphere and away from contaminants, during spectroscopic analysis,
some of the samples showed typical symptoms of degradation. However, this allowed
me to understand how and when these phenomena occur. As already mentioned,
changing the halogen, the energy bandgap and therefore the absorption spectrum of
the material are varied. In particular, proceeding from fluorine (F) towards iodine
(I), that is, going down along the column of the VII group, in correspondence with
the increase of the atomic radius, the absorption edge is moved towards greater
wavelengths. The atomic radius of the elements constituting the perovskite plays a
fundamental role in making an optically efficient and stable material. To predict the
stability of the perovskite structure, two geometric parameters are typically used:
the tolerance factor (t), introduced by Goldschmidt [44], and the octahedral factor
(1) [77]. The tolerance factor is expressed as the ratio of the bond distance A-X to
the distance B-X in a cubic structure, defined as:

t = _ Rat+Rx (1.1)

V2(Rp + Rx)

where R4, Rp and Rx are, respectively, the radii of ions A, B and X. This provides
a range of variability of the ionic radii in which the lattice shape remains cubic (for
IHPs, 0.85 < t < 1 is obtained). In the case of organic-inorganic hybrid perovskites,
since the A ion is an organic cation, there is a variation in the bond length due to
the hydrogen bond interaction and this makes difficult to define an ionic radius. To
solve this problem, a rigid sphere model has been proposed [62, 61] to obtain an
effective ionic radius for the molecular cation (74.7f), defined as:

TAeff = Tmass T Tion- (12)

Table 1.1. Ionic radii (in A) of the most commonly used ions in perovskites. Effective radii
are given for organic cations A (MA, FA) [21}, [77).

A | B | X

MA 217 | Sn 1.1 I 22
FA 253 | Pb 1.19 | Br 1.96
Cs 1.67 Cl 181

In Eq[I.2] 7pass is the distance between the center of mass of the molecule and
the atom, which is not hydrogen, with the greatest distance from the center of mass,
while 74y, is the corresponding ionic radius of the atom. The ionic radii of the ions
most commonly used in perovskites are reported in TabJ[I.1} the effective radii of
the molecular cations are reported for the organic cations A (MA, FA). As for the
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Figure 1.2. Crystalline phases of hybrid perovskite CH3NH3PbI;

octahedral factor (u), this is directly related to the BXg octahedron being defined
as the ratio between the ionic radii of B and X:

= Rx
For the HPs p > 0.442 while for lower values the formation of the perovskite does
not take place as the BXg octahedron becomes highly unstable. However, these
conditions are necessary but not sufficient for the formation of the perovskite to take
place, given that the synthesis process also depends on other factors such as pressure
and temperature which the geometric parameters do not take into account. In many
cases distortions of symmetry are observed, giving rise to different crystalline phases.
The most commonly observed crystalline phases are tetragonal and orthorhombic,
shown in Fig[l.2]in comparison with cubic, for a hybrid perovskite C H3N H3 PbI;.
Depending on the temperature, there are transitions between one crystal phase
and another. In fact, temperature-dependent high resolution X-ray diffraction
measurements have shown that CH3sN H3Pbl3 is in an orthorhombic phase below
160 K; for temperatures between 160 K and room temperature it has a tetragonal
phase while for temperatures above room temperature, the lattice structure is cubic.
In the case of C'sPbBrj, the transition from the orthorhombic phase to the tetragonal
phase was detected at 361 K, while the transition from the tetragonal phase to the
cubic phase at 403 K . Phase changes occur with a torsion of the octahedron BXg
along the direction that minimizes electrostatic energy and maximizes the valence
bond of cation A [151]. Again through diffraction measurements, it has been verified
that these phase transitions are reversible even though they can be incomplete
[150].

The extraordinary interest in the inorganic perovskites of halides stems from
the fact that their band gap energy falls in the visible range. Moreover, as already
mentioned above, the band gap energy can be modified simply by replacing the
halogen that makes up the perovskite, thus allowing to cover the entire visible

p (1.3)
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Figure 1.3. Band gap energies of inorganic perovskites CsPbls, CsPbBrs and CsPbClj
(a). Specifically the perovskite CsPbBrs has a band gap energy of ~ 2.3 ¢V. In (b) the
External Quantum Efficiencies (EQE) are shown in relation to the emission wavelengths
for the compounds of In,Ga;_, N and (Al,Ga1—_)o.52In0.48P. The continuous curve
represents the emission spectrum of a compound C'sPbBry_,1I,.

range, as shown in Fig(a). This makes them very interesting for the realization
of light emitters such as LED and Laser throughout the visible spectrum. With
conventional solid-state light emitters, for example based on InGaN, efficient emission
at wavelengths between 450 nm and 750 nm is unlikely (Fig. [1.3(b)), since for this
type of material, given the low miscibility of Indium (In), it is not possible to obtain
a homogeneous alloy and micro/nano regions are formed in the material where
the InN and GaN compounds are separated. The energy of the InN band gap is
~ 0.8 eV while that of GaN is ~ 3.5 eV. This means that the occurrence of variable
composition aggregates strongly limits the use of In,Ga;_.N, for x > 0.2. With
inorganic metal halide perovskites (IHP) (see Fig. [1.3(a)) an excellent homogeneity
of both ternary and quaternary compounds is obtained, where two different halogens
are used in varying proportions and therefore it is possible to cover the whole visible
spectrum. In particular, CsPbBrs has a band gap energy of ~ 2.3 eV, which makes
it perfect for making light emitters at wavelengths centered around 530 nm.

1.1.1 Band structure

The theoretical Density Functional calculation of the electronic properties of IHPs has
been the subject of several studies in which the band structure is described
by means of models using the method of functional density. In Fig(a) the band
structure calculated for CsPbBrs is shown: the density of states of the valence band
is generated by a hybridization of the Br orbitals, while for the conduction band
the dominant contribution is given by the Cs orbitals. As from Fig(a), CsPbBr3
is a direct band gap semiconductor and the maximum of the valence band and
the minimum of the conduction band coincide in the R point of the Brillouin zone
(Fig[l.4(a)). As mentioned above, if we consider compounds of the type CsPbXj
(X = Cl, Br, I), depending on the halogen X, the energy bandgap E, changes as
reported in TablT.2]
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Figure 1.4. Representation of the band structure with its first Brillouin zone (a) and
density of CsPbBrj cubic phase states TDOS (b).

Table 1.2. Measured band gap energy values (E;) (at 300 K) for inorganic perovskites
CsPbClz, CsPbBrs and CsPbls [111] .

Perovskite E,(eV)

CsPbClg 3.0
CSPbBI'g 2.3
CSPbIg 1.7
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Role of composition

As from Tab. E, decreases changing the halide from Cl to I. This comes from
the increase of the energy of the orbital states p of the halogen ion. Instead changing
the ion A does not directly affect the energy of the band gap: what is altered with
its size it is simply the volume of the lattice [71]. However, as the size of ion A
increases, the structure, ideally cubic, can be distorted, so the strength of the B-X
bond changes. Therefore, there is , indirectly, a variation in the energy gap due
to this effect. In particular, it has been shown that a 3% variation in the initial
parameters of the cubic lattice causes a change in the band gap energy of a few
tenths of eV [45].

Role of temperature

In halide perovskites F, significantly depends on the temperature. In particular, a
peculiar feature of this class of semiconductors is the increase of £, with the increase
of temperature [24], 115, |69} 90, 80, |30, 134], opposite behavior to what commonly
found in semiconductors [130].

In a semiconductor, the variation of E, with temperature is due to two different
contributions: the thermal expansion of the lattice, which produces a variation of
the electronic levels, and the renormalization of the energies of the bands due to
electron-phonon interaction [97]. In particular, the dependence of the band gap
energy on temperature, at constant pressure, can be written as [97]:

E E E l
(5),- (G2),  Gir), (57 ) (4
or ) p or /)y, olnV ) p\ 0T /)p
where the first term is responsible for the electron-phonon interaction and the second

for thermal expansion. The term (%7?/) is the coefficient of thermal expansion

of the volume. In many semiconductors the contribution of thermal expansion is
negligible compared to that of phonon interaction and what is observed is a red-shift
of E, as the temperature increases |72]. On the contrary in HP the second term of
Eq. which can be both positive and negative depending on the structure of the
electronic band, plays a fundamental role as the coefficient of thermal expansion (for
example, ~ 107* K~ for MAPI [115]) is much higher than in other semiconductors
such as silicon (7-1076 K1 [23]) or GaAs (< 107° K ! [118]). Due to the nature
of the valence band, formed by a hybridization between the s atomic orbitals of

the metal cation and the p orbitals of the halogen, the term (%"/) will be
P

positive for the perovskites [152]. Indeed, with the expansion of the lattice there is
a reduction of this hybridization that produces a shift of the valence band towards
lower energies [88] leading to an overall blue-shift of the band gap [24]. By increasing
the temperature, if there are no crystalline phase transitions, the term coming from
the phonon interaction becomes dominant, due to the population of optical phonon
modes. For example, in CsPbBrs, [134] a blue-shift (~ 0.3 meV K1) of the PL from
10 K to 220 K is observed, where the contribution of thermal expansion dominates,
while at higher temperatures, the peak of PL approaches a constant value, due
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Figure 1.5. Wavelength (energy) of the of the absorption band edge and wavelength (energy)
of the MAPI PL peak as a function of temperature extracted from the transmission
spectra (in black) and the PL spectra (in red) [90].

to a much higher negative contribution than the term due to the electron-phonon
interaction.

Role of the crystalline phase

As already mentioned, the energy of band gap also depends on the crystalline phase
of the perovskite |24, 69, 30, 36]. For example, in MAPI it is observed that E; is
greater for the orthorhombic phase than the tetragonal phase, which is stable from
160 K (Fig. . In both crystal phases of MAPI, the band gap energy increases
with temperature (dE,/dT = 0.3 = 0.5 meV K ~1[69]) and near the phase transition
temperature there is a significant red-shift of edge of the band (about 100 meV) in
the transmission spectrum, which marks the transition from the orthorhombic to
the tetragonal phase.

1.2 Optoelectronic applications

The interest of the scientific community towards the perovskites of halides comes
from the possible applications of these materials for the realization of innovative
devices such as high-efficiency and low-cost photovoltaic cells [56], light emitters
such as LEDs and Lasers [82], sensors [113] and radiation detectors [133]. In the
photovoltaic field there has been a dramatic advancement in a short time, going
from a photovoltaic conversion efficiency of ~ 3.8% at the beginning of 2009 up
to values above 22 %, [66, |63, 144], in continuous growth [15, 76]. Therefore, if
we compare the development of perovskites in this field with that of other types
of materials (see Fig. we observe that no other material has ever shown such
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Figure 1.6. Trend of photovoltaic conversion efficiencies for different types of materials
(www.ossila.com). For the perovskites (small black square in legend) the reported period
goes from 2013 to 2018 |15} |76].

a rapid development in terms of efficiency for solar energy conversion. Until now,
research has mainly focused on hybrid perovskites, despite the fact that the first
observation of photoconductive response (1958) concerned an inorganic perovskite
based on CsPbBrs [92]. In 2015, with the chemical synthesis of some CsPbX3-based
nanocrystals (X = Cl, Br, I) [103], the intensive study of inorganic metal halide
perovskites was launched. The interest in these materials stems from the need to
solve some problems regarding the hybrid perovskites, in particular the instability
over a long period due to the interaction with external agents such as temperature,
humidity and light [15]. These problems have been solved in part by the introduction
of inorganic perovskites, which have the same optoelectronic properties as the hybrids
but better stability [82].

1.2.1 Photovoltaic cells

As mentioned above, hybrid perovskites have been very successful in the photovoltaic
field despite presenting a considerable ease of degradation in time [96] and a not
perfect thermal stability [70]. In particular, comparing samples of MAPbBr3 and
samples of CsPbBrs, synthesized with similar processes, the MAPbBrs shows, in
thermal stability compared to the CsPbBrs, a decrease of the short-circuit current,
of the open circuit voltage and therefore of the efficiency on a timescale faster than
the order of the thousand of hours |70, 89]. This behaviour is probably due to the
greater interaction of the organic cation with the surrounding water vapour. Solar
cells based on CsPbls in various geometries were then made [33], which, although
they showed rather low photovoltaic conversion efficiencies (~ 2%), are characterized
by greater stability at room temperature than organic perovskites. Currently cells
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with inorganic perovskites have efficiencies not exceeding ~ 9.8% [125], not yet
comparable to cells based on hybrid perovskites.

1.2.2 Photodetectors

Inorganic perovskites are also used for the realization of photodetectors. In order
to have good detectors it is necessary a high mobility of the charges and a quite
long lifetime to allow the extraction of the charges before recombination. These
properties have been observed in monocrystalline CsPbBrs through measurements
of resistivity and photoconductivity . In particular, the values obtained in these
studies make these materials competitive with those typically used for the realization
of photodetectors. CsPbBrs thin film detectors have achieved efficiencies of ~ 40%
with rise and fall time of the signal in the millisecond range. To my knowledge, the
best result, until now, has been obtained for a planar detector based on CsPbBrg :
the rise and fall times of the signal are of the order of us with a good contrast
between current in the presence of signal and current in the dark (~ 103). This
application field is still in the development phase and the efficient light absorption
and transport properties of these materials are very promising.

1.2.3 Light-emitters

As already mentioned, in halide perovskites it is possible to vary the direct bandgap
energy simply changing the type of halogen that makes up the material, so a fine
tuning of the absorption and emission spectra can be realized to cover the
whole visible range. This aspect makes them particularly suitable for applications
such as light emitters, where they have been most successful.

The emission spectrum of a metal halide perovskite is characterized by a relatively
small spectral width (~ 30 nm) when compared with that of organic compounds
used for OLED (~ 70 nm), with a wide range of wavelengths obtainable and stable
in time : this allowed the development of LED devices . To improve the
performance it is necessary to act on the current injection: this is possible working
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Figure 1.8. Images of laser emissions from inorganic perovskite-based nanowires 32} 38,
139).

on the design of the device and on the charge transport layers, which make up the
device [107] (see Fig. [1.7). In order to obtain a LED device with good efficiency it
is of great importance to limit the non-radiative recombination paths and this is
possible by minimizing the presence of defects inside the material. Different protocols
can be used for defect passivation [148]. LED devices have been manufactured with
polycrystalline films and nanostructures (in particular quantum dots (QDs)) [147].
The use of homogeneous thin films facilitates the carrier transport; for this reason the
research is aimed at the creation of homogeneous and compact films with increasingly
cutting-edge deposition techniques, which we will discuss in the next chapters. In
view of the realization of a light emitter, it is also important to understand the
interaction between the active medium (perovskite) and the substrate on which it is
deposited, as well as to define the thickness of the active medium needed to maximize
the device efficiency. In this work, I present a study concerning the role of the
deposition substrate with a focus on the relationship between substrate and optical
properties. Considering lasers, the first experiments aimed at the realization of this
type of device were conducted on hybrid perovskites, in particular those composed of
methylammonium CH3NHZ [29, 156]. In 2004, the detection of stimulated emission
at 77 K was reported in a sample consisting of a microcrystalline film of CsPbBrj
[68,167]. A review of recent results concerning the amplified spontaneous emission
(ASE) in halide perovskites can be found in ref.[123]

In recent decades we have seen a research strong interest in the development of
nano/micrometric size lasers that can be integrated into other devices. Also in this
case it has been tried to realize this type of devices exploiting the optoelectronic
properties of perovskites, therefore leading to the development of nanowires based on
hybrid perovskites, which have shown a high efficiency [160]. With the rediscovery
of inorganic perovskites, an attempt was made to implement nanowires to exploit
the properties of these types of materials: the first reports refer to CsPbBr3 and
CsPbCl3 [32, 38} [139] (see Fig. [1.8).
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1.3 Light management at the nanoscale

In this section I will provide a brief overview on some aspects of nanophotonics
which is a central topic in this thesis.

1.3.1 Metamaterials and Metasurfaces

In the last decades, Nanophotonics, the science that builds a close connection between
optics and physics at the nanoscale, has received an enormous interest from a large
community of researchers that includes physicists, material scientists and chemists.
In fact, the fundamental requirement is to realise nano-objects where light can be
confined and where light-matter interaction gives rise to new properties/ behaviors of
interest for innovative devices. This ambitious objective requires a large spectrum of
expertise, so explaining the interdisciplinary nature of this research. We commonly
indicate as metamaterials and metasurfaces the proper assembly of nano-objects that
can produce significant modification of the optical response of the material itself[53,
20]. At the initial stage, most of the research on metamaterials and metasurfaces
focussed on metals, because of the presence of the surface plasmon resonances|11].
However, some limitations are inherent to the use of metals, in particular the high
losses and more recently the interest was directed to the realisation of all dielectric
metasurfaces, in particular resonators, because of the high refractive index, low
optical losses, high potential for active functionalities, and large amount of techniques
available for the their realisation. Halide perovskites which already found a lot of
application in photovoltaics, LEDs, lasers and sensors are more and more considered
for the realisation of nano-photonic platforms. In fact their optical properties (in
particular the high luminescence yield and the high index of refraction) allow their
use for realising metasurfaces or integrating them in dielectric metasurfaces [1].
Recent literature already reports on integration of halide perovskites in different
kind of metasurfaces to exploit Purcell effect [§], broadband suppression of reflection
[7], circular dichroism [86], etc. Moreover, non-linear effects are under investigation
for realization of devices as fast modulators and saturable absorbers [159]. In
this thesis I will show the integration of CsPbBrs in a metasurface realized with
MIE microresonators, providing a significant enhancement of PL light diffusion and
Amplified Spontaneous Emission.

1.3.2 T-Rex and related system

All-dielectric materials are emerging as a new class of substrates for enhanced
Raman scattering. As ohmic losses are reduced in the absence of plasmonic metals,
Raman data obtained with dielectrics are very reproducible and reliable. The
system SiOy/TiO2 core/shell beads (T-Rex) are able to exploit the evanescent field
generated by total internal reflection and multiple scattering light at the sphere-to-
sphere interface to multiply the number of Raman photons, improving the sensitivity
of Raman detection and extending the application of surface enhanced Raman
scattering for investigating surface chemical reactions.

T-Rex spheres are made by the following procedure: a solution containing SiO9
spheres is deposited on a Si substrate with drop-casting deposition technique. After
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Figure 1.9. Typical structure of a T-Rez sphere (a, b). The spheres are deposited in
multilayers packed according to a honeycomb pattern (c, d) [3].

solvent evaporation, SiOy spheres are covered by TiOs layer, through Atomic Layer
Deposition (ALD) technique, forming the shell of the T-Rez following a core/shell
Si02/TiO9 configuration. In Figa, b) the T-Rex structure is shown. The size of
the SiO cores can be varied over a wide range (from tens nm to several pm), and
the shell thickness is modulated accordingly, in order to obtain T-Rezx beads with
a given core/shell ratio. Most of the T-Rex beads utilized for Raman analysis are
obtained from 2-pm-sized cores coated with shell layer with thicknesses varying from
25 to 100 nm. This is due to practical reasons, as 2-pm-sized beads can be directly
observed with the optical microscopes that are commonly implemented in typical
micro-Raman setups. As the laser beam size in this kind of apparatus does not
exceed 2 pm, individual beads can be selected and analyzed separately, with major
advantages from the analytical viewpoint. Moreover, core/shell single spheres offer
an important option for exploiting Morphology-Dependent Resonances (MDRs). In
particular, low-refractive-index core/high-refractive-index shell spheres allow the
exciting light to be much more efficiently refocused and internally reflected within
the sphere. As a consequence, intense, yet low-Q evanescent fields interrogate the
surface sphere, giving rise to enhanced Raman signals. This effect can be observed in
core/shell microspheres characterized by a strong refractive-index contrast between
the core and shell. T-Rex represents striking examples of this behavior (Fig.
Examples of the application of T-Rezx beads in detecting and monitoring en-
vironmental pollutants, greenhouse gases, biochemical species, and biochemical
reactions are presented. The use of core/shell resonators for multi-modal analysis
based on the combination of surface enhanced Raman scattering with either mass
spectrometry or refractive index optical sensing is also discussed, suggesting different
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Figure 1.10. Mie-elastic-scattering-based simulations of MDRs for a SiOs/TiO2 core/shell
microsphere [dcore(SiO3) = 2 pm, shell thickness (TiO2) = 100 nm] in air. Top: Qezt VS
A. Bottom: Visualization of a specific MDR excited at 670 nm, indicated by an arrow.
Credits: Dr. Luca Carletti and Prof. Costantino De Angelis (University of Brescia,
Brescia, Italy) [4].
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possible future developments. In particular, one of the most used applications is as
resonators. Coating the low-index dielectric spheres with a high-index shell gives
rise to core/shell systems characterized by a remarkable modification of their optical
properties. The high-index coating induces light trapping within the sphere. Internal
reflections generate optical cavities, whose quality factor (the ratio between the time
averaged energy in the cavity and the energy loss for cycle) depends on the material
utilized for the shell layer and its thickness.

Moreover, T-Rex beads offer a number of opportunities for Raman analysis as
biomedical reaction monitoring, molecular recognition, environmental monitoring,
gas sensing, multimodal analysis, detection of organic pollutants. It is worth noting
that, unlike traditional plasmonic SERS, the main target of all-dielectric Raman
amplifiers is not ultrasensitive detection yet reproducible monitoring of analytes
and chemical reactions in real working conditions. In this regard, T-Rex beads
are valuable complements to metal-assisted SERS, offering an alternative whenever
metals cannot be applied. However, although the use of all-dielectric antennas
for Raman purposes is still at its infancy, and there is still extensive room for
improvement, the results achieved so far are relevant in terms of sensitivity and
reproducibility.

In this thesis I aim to exploit the transport properties and optical conduction
of T-Rezx and combine them with the properties of absorption and emission of light
radiation of perovskites, trying to obtain advantages regarding the spectral emission
when compared with results obtained by the perovskite alone.

Detection of organic pollutants from water by T-Rex beads

It is right to dwell on the application of T-Rez for detection of organic pollutants
from water. This is because the adsorption of pollutants from water is a topic that
will be deepened in ChaplA]and we will see the use of perovskite as adsorbers.

The first application of T-Rex was in detection of some organic pollutants,
including thiazine-dyes such as Methylene Blue (MB), dissolved in water. This
application exploits the high Raman reproducibility (relative standard deviation
(RSD) well below 10%) exhibited by T-Rex beads and the possibility to combine
evanescent field enhancement with the molecular resonances of the analytes. An
important advantage of T-Rex relies on the photo- catalytic activity of the titania
shell layer under ultraviolet (UV) irradiation. This allows to select specific T-Rex
beads loaded with analytes, acquire the Raman spectra without the interference of
plasmonic metals, and irradiate the beads with UV lamps or clean them with an
ozone-UV cleaner treatment, in order to remove the analyte from the beads. Due to
the thermal stability of TiO2, most of the organic compounds can be removed also
by fast thermal degradation without provoking phase transitions in the titania shell.
In any case, at the end of those processes, the same T-Rex bead can be reused for
further Raman analysis. Thus, different analytes or different stages of a reaction
can be investigated using the same platform, which represents a key advantage for
semiquantitative comparisons (Fig[1.11)).
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Figure 1.11. Example of recyclability tests carried out through different soaking-cleaning
cycles. In each cycle 107° M solutions of either MB or ST dyes were alternatively
adsorbed by a T-Rex100 sphere and subsequently removed by UV-cleaning and repeated
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Figure 1.12. (a) Enhanced Raman detection of CO3 adsorbed on T-Rez three-dimensional
colloidal crystals. The COs spectrum for a reference planar sample is shown for compar-
ison; (b) Mie-scattering simulation-based maps of the optical resonance of individual
T-Rex beads as a function of the shell thickness. An example of field distribution at
resonance wavenumber is given in the inset; (c) use of T-Rex three-dimensional colloidal
crystals for monitoring CO, variations as a function of different temperature sweeps.
Adapted from Bontempi et al.[12] Copyright 2017 Royal Society of Chemistry
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(Gas sensor

Another important application is gas sensing. One of the objectives of this PhD thesis
is to understand the interaction properties between T-Rex beads and perovskite in
order to exploit these materials in gas sensing.

T-Rex beads offer interesting perspectives for Raman sensing of gaseous species.
It is well known [3] that the Mie-type resonances of a T-Rex bead can be modulated by
varying the core/shell thickness ratio (or, more practically, by changing the thickness
of the shell layer for a given core size). Most of the gases that are interesting for
environmental monitoring and food industry exhibit molecular vibrations in the
200- to 4,000- cm~! range [58]. A proper adjustment of the shell layer thickness
can tune the specific Mie-type resonances on the vibrational modes of a gaseous
target, allowing to extract its signal from a mixture containing many other species,
even in higher concentration (this is the typical situation of a sample of air, whose
chemical composition is dominated by nitrogen and oxygen). In particular, 7-Rex
beads show a unique sensitivity to environmental carbon dioxide, which is adsorbed
on the TiO5 shell layer and can be easily detected using the Fermi dyads peaks at
1,285 and 1,388 cm™! as a fingerprint (Fig(a)). T-Rex beads outperformed
both titania reference thin films and nano-particles (e.g., P25 aerogels) in terms of
sensitivity in COs9 detection. It was demonstrated that the Raman response does
not increase linearly as a function of the thickness of TiOy shell but follows an
oscillatory trend that correlates with the presence of Mie-type resonances. Useful
maps of these resonances as a function of the shell thickness can be obtained by
Mie scattering-based numerical simulations, enabling the design of COs-sensitive
resonators tailored on the wavelength of the laser utilized as a source for Raman
excitation (Fig[l.12(b)). The simulations of the optical properties are in good
agreement with the experimental results; thus, they can be extended to obtain
qualitative predictions on the Raman response of other gaseous species. The use of
3D colloidal crystals is justified by their superior sensing performances, which are
ultimately related to increased light trapping and multiple scattering. 3D crystals
can be also exploited as sintered monolithic membrane for monitoring CO2 at high
operating temperature/pressure conditions, as those realized in exhaust systems
or industrial plants. Experimental data of COy adsorption sweeps as a function
of the working temperature revealed an excellent stability of Raman data and no
hysteresis over many adsorption/desorption cycles (Fig[l.12|c)). We note that the
possibility to select different individual spheres and to follow their Raman response
in situ upon changing temperature and COs concentration allows to obtain data
characterized by a very low standard deviation (<4%). The same approach utilized
for CO4 detection could be extended to other relevant gases, such as NO,, NHs, SO,
ethylene, and acetone. Considering that T-Rez could be coupled in optical-fiber
Raman sensors, exciting opportunities are envisioned for the selective detection
of gaseous species in environmental matrices. Moreover as many critical reactions
involved in generation of solar fuels (e.g., the photoreduction of COg, water splitting,
and ammonia synthesis) pass through surface reactions of gaseous species adsorbed
on a photocatalysts, T-Rex or analogous systems can be exploited as analytical
platforms to investigate the reaction mechanisms and to monitor intermediate states
and final products.
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Chapter 2

Materials and methods

2.1 T-Rex synthesis

In this chapter I will describe the deposition techniques used in this thesis for
the production of CsPbBrs samples on particular substrates. I will also present
the experimental techniques used for sample characterization and the study of
their properties. To a large extent, this PhD project focused on the integration
and exploration of the properties of CsPbBrs thin films deposited on particular
substrates formed by a metasurface having a core/shell SiO2/TiO2 microspheres
deposited on a Si substrate. This metasurface is called T-Rex (TiO2-based core/shell
resonators) [131]. In particular, T-Rex beads are formed by a SiOg core with a TiOq
shell. Starting from a Si substrate, 100/200 pl of SiO2 microspheres are deposited
by drop casting on the substrate and, once the solvent is dried, we can deposit
a thin film of TiOs, that form the shell of the beads, by means of Atomic Layer
Deposition, hereafter indicated as ALD. In fact the TiOq layer surrounds the SiO»
spheres forming the core/shell beads.

Typically T-Rex are used as micro-resonator [3], so the idea is to exploit the
absorption/ emission/adsorption properties of perovskite and combine them with the
transport properties of T-Rez to possibly enhance optical/sensing response of the
perovskite itself. I have deposited CsPbBrs thin films on different substrates realized
with different diameters of the T-Rex and with different deposition techniques in
order to find the best match between perovskite crystals and the beads and to
understand the optimal growth conditions. In particular, I have studied samples
with spheres of different sizes. In Tab2.1]the dimensions of T-Rex used are indicated,
each of which has been deposited in 3 different dilutions on a silicon substrate, in
order to obtain more or less concentrated single layer samples, and multilayer samples.
Therefore, starting from the basic solution of SiOs beads, these were deposited in
base concentration (D3) to obtain a multilayer; dilute 1:10 in water (D2) to obtain
a concentrated single layer and dilute 1:100 (D1) in water to obtain a single layer.
Then I deposited, by ALD, a TiOs film of different thicknesses (25+100 nm) to
form the shell of the T-Rex. Finally I deposited on top a film of CsPbBrs. Different
samples were prepared using spin-coating deposition, with dilution of precursor
salt PbBry of 0.17 M and 0.017 M, and Radio Frequency-Magnetron Sputtering
(RF-MS). This also allowed us to understand which is the best deposition technique
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Figure 2.1. Image of a 6 pm diameter T-Rex sphere in which core, shell and CsPbBrj
perovskite crystals can be observed.

and for which application to use it. The fig[2.1] shows the different parts of the

Table 2.1. Bead diameter (nm) and TiOz thickness (nm) of T-Rex nano/micro-spheres of
the sample studied during my PhD.

Bead diameter (nm) | 105 | 117 | 235 | 411 | 503 | 755 | 2000 | 6000
TiO; thickness (nm) | 100 | 25100 | 25+-100 | 25--100 | 100 | 25+100 | 100 | 100

T-Rez sphere for a sample with 6 pm diameter spheres, 100 nm TiO2 shell on which
CsPbBr; was deposited by Spin-coating. The layer of TiOs is perfectly adapted
to the shape of the sphere of core (SiO3) creating precisely the T-Rex sphere; the
perovskite crystallizes in nano/micro-crystals on and around the sphere. We will see
later the differences in synthesis that occur depending on the deposition technique
used for realizing the perovskite.

2.1.1 Atomic Layers Deposition ALD

Atomic layer deposition (ALD) is a thin-film deposition technique based on the
sequential use of a gas-phase chemical process; it is a subclass of chemical vapour
deposition. ALD is a key process in fabricating semiconductor devices, and part of
the set of tools for nanomaterials synthesis. The majority of ALD reactions uses two
chemicals called precursors (also called "reactants"). These precursors react with the
surface of a material one at a time in a sequential, self-limiting, manner. A thin film
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Figure 2.2. Schematic illustration of one reaction cycle of the ALD process, using the
Tetrakis(dimethylamido)titanium TDMAT-water process to make thin titanium oxide
films.

is slowly deposited through repeated exposure to separate precursors. Differently
from chemical vapor deposition, the precursors are never present simultaneously in
the reactor, but they are inserted as a series of sequential, non-overlapping pulses. In
each of these pulses the precursor molecules react with the surface in a self-limiting
way, so that the reaction terminates once all the reactive sites on the surface are
consumed. Consequently, the maximum amount of material deposited on the surface
after a single exposure to all of the precursors (a so-called ALD cycle) is determined
by the nature of the precursor-surface interaction. By varying the number of cycles
it is possible to grow materials uniformly and with high precision on arbitrarily
complex and large substrates.

The growth is epitaxial so the deposition times can be very long: for this reason,
this type of tool is typically used to deposit very thin layers. ALD is considered
a deposition method with great potential for producing very thin, conformal films
with control of the thickness and composition of the films possible at the atomic
level.

By way of example, in fig[2.2] I show the operating diagram of ALD for the
deposition of TiO9 on the substrate. Our substrate, in this case, is Si on which
the SiO9 spheres have been previously deposited, with a certain dilution; each SiO»
sphere will form the core of the T-Rex bead. The starting surface contains hydroxyls
(OH groups) as reactive sites; step 1 is the reaction of TDMAT; step 2 is a purge or
evacuation step, step 3 is the reaction of water, and step 4 is a purge or evacuation
step. Then we choose the material to be deposited and place the sample inside a
vacuum chamber (~ 5.5- 107! Torr in our case), we adjust the temperature of the
chamber, precursors and system and we choose the exposure times of the precursors.
The process takes place cyclically, opening and closing the exposure valves of the
precursors for a few milliseconds (0.1 s for TiO2 and 0.015 s for water). Between
one step and another it is necessary to wait a few seconds so that the reaction takes
place on the surface of the sample and the chosen material is deposited, in our case
TiO3. Based on the reaction cycles we can quantify the nm of material deposited on
the sample and the process time.

What we get from this technique is the shell of the T-Rex spheres observed in
fig[2.1] as the material during ALD deposition is perfectly adapted to the surface.
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Figure 2.3. Morphology of some organic and inorganic perovskite samples used for solar
cells, LEDs or Lasers and sensors.
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Figure 2.4. Thin film deposition techniques of hybrid or inorganic perovskite from precursor
salts dissolved in solution.

This type of deposition technique returns a much higher quality and homogeneity
of the film than the common deposition techniques used for thin films. Of course
the price to pay for this quality is the very long deposition time. In our case,
the deposition of 25 nm of TiO2 took 2 hours and a quarter (373 cycles) and for
deposition of 100 nm of TiO9 the process took almost 9 hours.

2.2 Samples preparation

The morphology of the sample has a fundamental role in the applications: depending
on the device I want to realize, the perovskite has to have a very precise nano/micro
structuring, as seen in Fig[2.3] for solar cell applications, LED, Laser and sensors.
For this reason, the type of technique used for the sample realization is extremely
important, as it defines its morphology. In the following paragraph I discuss a
few techniques used in my PhD work for the realization of thin films of CsPbBrj
deposited on different substrates and on different sizes of T-Rez beads, analysing
their advantages and disadvantages compared to other deposition techniques.

2.2.1 Growth and deposition techniques

In order to realize a perovskite-based device, the choice of the growth and depo-
sition technique is fundamental because different morphologies can be obtained
(nano/microcrystals of different shapes, bulk crystals, nanowires, homogeneous films,
etc.) each of which is used for different applications. In general, when we think
of a device, the most commonly required morphology is that of a homogeneous
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100:50:0. 100:50:5

Figure 2.5. SEM images of a thin film of CsPbBrs deposited on glass-ITO through the spin-
coating technique with perovskite concentrations:additives equal to CsPbBr3:PEO:PVP
= 100:50:0 (a) e CsPbBr3:PEO:PVP = 100:50:5 (b) [81].

thin film. There are many aspects to consider when making a film to be used
for device applications. Surely there is a need to check the characteristics of the
material in terms of thickness, roughness, uniformity, distribution of crystalline
grains, stoichiometry and the presence of defects. For device applications there is
also a need to make homogeneous films over large areas. In addition, it would be of
interest for the implementation of an optoelectronic device if the deposition technique
allowed the doping of the material and the deposition of multilayers of different
materials, in addition to the active layer, such as metals, layers used for the charge
carrier collection/transport and electrodes. So far the most used techniques for the
deposition of thin perovskite films are based on solutions of the precursor salts: for
perovskites ABX3, the precursor salts are AX and BXs dissolved in a solvent, for
example DMSO (Dimethylsulfoxide). Starting from the solutions of the precursor
salts, the film is made by deposition for Blade-coating, Spray-coating, Dip-coating,
Spin-coating (see Fig. . In the case of CsPbBrs the precursors are
CsBr and PbBry dissolved in DMSO. Spin-coating is currently the most widely used
technique for laboratory sample preparation: the morphology and homogeneity of
the film depend on the evaporation rate of the solvent and the wettability of the
substrate. In particular, even if it is possible to obtain film thicknesses of tens
of nanometers, the homogeneity of the film on macroscopic areas (mm?) is very
poor. Moreover, since deposition occurs normally in an uncontrolled atmosphere,
the presence of defects can be significant. The samples in this case require further
treatment of thermal annealing or the addition of polymer additives to improve their
quality. Spin-coating remains a good technique for small laboratory samples. In
Fig we can observe the SEM (Scanning Electron Microscopy) images of a thin film
of CsPbBrj3 deposited on glass-ITO, obtained by the spin-coating technique with the
addition of additives PEO PolyFEthylene Ozide) and PVP (PolyVinyl Pyrrolidone) in
different concentrations. In particular, it is observed that the surface of the sample
in the absence of PVP additives (Figa)) is strongly non-homogeneous while with
the addition of PVP (Figl2.5(b)) it is more uniform. This last sample was used for
the realization of an LED device with External Quantum Efficiency EQE = 5.7 %
based on CsPbBrjs, currently the best in the literature .
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Figure 2.6. Section of the deposition chamber showing the working principle of an RF-MS
process.

2.2.2 Radio-Frequency Magnetron Sputtering

The Radio-Frequency Magnetron Sputtering (RF-MS) technique was used for the
realization of some samples in this PhD project. Sputtering ia a physical deposition
technique well known for the deposition of metallic films but used for the first time
for the deposition of thin perovskite films by the research group of Prof.ssa Anna
Vinattieri at the laboratories of the University of Florence together with researchers
of the Department of Chemistry of the University of Florence [46} 14|, with whom I
collaborated on my PhD project. The homogeneity of the samples resulting from the
use of this technique is higher than that obtained by deposition by other deposition
techniques. The advantages of this technique are many:

o allows the production of homogeneous samples over large areas

o allows to grow high quality multilayers with nanometer control of the thickness
and roughness of the surface

o the samples are deposited inside a controlled atmosphere chamber, thus limiting
contamination by external agents

o deposition takes place at room temperature limiting the stress between material
and substrate

o allows a remarkable ease of doping of the material through the possibility of
depositing from multiple targets of different material

o also allows deposition by reactive sputtering, that is in the atmosphere of
nitrogen or oxygen reacting with the material.

RF-MS is classified as a Physical Vapor Deposition (PVD) and is mainly used to
deposit metals, alloys, composite fabrics and other materials with a thickness up to 5
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Figure 2.7. RF-MS used for the realization of the samples studied in this thesis work (a);
Argon ion plasma (Ar™) created inside the chamber of the RF-MS (b); Example of a
sample of CsPbBr3 obtained through the technique of the RF-MS (c) at the University
of Florence.
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um. In textile coatings, it is used to coat fabrics with metals to provide antimicrobial,
antistatic and electroconductive properties. In Fig[2.6] the working principle of the
Magnetron Sputtering Radio-Frequency is shown. Inside a low-pressure controlled
atmosphere chamber, a target or precursor metal (target), which we want to deposit
on a substrate, is bombarded with inert gas energy ions (e.g. Argon or Helium),
which form a plasma inside the chamber, accelerated through a collision process
with electrons themselves accelerated by an electric field. The applied electric field
can be continuous or a radio frequency, but it is preferable the application of a
radio-frequency field to avoid that near the target a spatial charging region is created.
For dielectric deposition the use of the radio-frequency is mandatory. The collision of
the ions with the target produces the expulsion of the atoms of the target, which are
projected throughout the chamber and in particular on the substrate, thus forming
a film. During the process it is advisable to maintain the correct pressure and
temperature conditions in order to maximize the energy of the ions of the inert
gas, which act as a real chisel, but avoiding that these are implanted in the target
reducing the extraction efficiency and introducing defects in the deposited material.
In particular, the pressure inside the chamber and the energy of the ions play a
fundamental role: in fact, the nanometric or micrometric grain of the film (fine
or coarse) and the adhesion to the substrate are based on these two factors. The
presence of the magnetic field allows to act on the electrons through the Lorentz
force, making them spatially confined in an area close to the target, thus increasing
the density of interaction between electrons and ions, then between ions and target.
This increases the efficiency of the whole process compared to the classic Sputtering,
in which there is no magnetic field. A wide range of film materials can be used, such
as metals and/or semiconductors including silver, copper, brass, titanium, silicon,
silicon nitride and carbon nitride.

Experimental details of the RF-MS deposition

To obtain the film of CsPbBrs, the target is prepared from the precursor salts (CsBr
and PbBrs) in equimolar ratio. These salts are finely ground and compressed to form
a tablet a few millimeters thick (3+6 mm) and 5 cm in diameter. The deposition of
the samples was performed in a single step, with a single target, with a Korvus HEX
Magnetron Sputtering equipped with a radio frequency source working at 13.56 MHz
(see Figa)). The deposition was performed at room temperature, on a rotating
substrate, with a working pressure of 0.2 Pa and the power of the radio frequency
source was set to 20 W. The deposition rate was adjusted to 0.07 nm s~! and the
final thickness of the samples has been fixed and monitored through a micro quartz
crystal balance. In general, the instrument is equipped with three inputs in which it
is possible to insert metal arms on which is placed the material to deposit. Two of
the three inputs work with direct current while one in radio frequency. In our case
only the radio frequency source was used. In Figb) the plasma of Ar™t that is
created inside the chamber during the deposition is shown. With this deposition
technique, CsPbBr3 was deposited directly on different substrates as soda lime glass,
amorphous quartz, silicon and sapphire. Besides, a film was also deposited on a
T-Rex substrate showing a good homogeneity of the film, as reported in fig[2.§
where the SEM image refers to a sample with 2 pym T-Rex, covered with CsPbBrs.
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Figure 2.8. SEM image of 2 pm 7-Rex sample with CsPbBr3 deposited by RF-MS.
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Figure 2.9. Diagram of the operation of a spin-coating.

With RF-MS the perovskite crystallizes in small crystals on top of the spheres
covering the whole surface. This growth of crystals is different from that obtained
with other types of deposition techniques such as Spin-Coating, as I will show in
the followings. Therefore the deposition/growth technique used is of considerable
importance depending on the application of interest.

2.2.3 Spin-Coating

Spin-coating is a procedure used to deposit uniform thin films onto flat substrates.
Usually a small amount of coating material is applied on the center of the substrate,
which is either spinning at low speed or not spinning at all. The substrate is then
rotated to spread the coating material by centrifugal force. The solvents used are
usually very volatile, so the film thins during the process also due to the evaporation
of the solvent. The higher the angular speed of spinning, the thinner the film. The
thickness of the film also depends on the viscosity and concentration of the solution,
and the solvent. Rotation is stopped as soon as the desired thickness is reached,
which can go below 10 nm. The machine used for spin-coating is called a spin-coater,
or simply spinner.

The substrate on which we want to deposit the solution is anchored to the
rotating disk of the spin coater, the pressure is lowered by a small vacuum pump
and everything is then covered to avoid solution dispersion in the environment. In
particular, the spin-coating process is generally divided into five main phases:

¢ Deposition of the solution on the substrate: this can be done by using a
pipette that deposits a few drops of the solution or by spraying it onto the
substrate surface first or during the rotation. Usually an excess amount of
solution is used because during the rotation of the spinner a lot of material is
expelled.

¢ Substrate acceleration up to the chosen rotation speed: this phase is
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characterized by the expulsion of excess liquid.

« Rotation of the substrate at constant speed: the solution layer gradually
thins due to the centrifugal force, which is counteracted by the force due to
viscosity. The fluid motion on the substrate is now laminar with a low flow
rate. The thermal conduction within the fluid occurs mainly by convection.

o Evaporation: at this point, the forces of the viscous type increase rapidly
due to the gradual evaporation of the solvent, until they counterbalance the
centrifugal force and the film thinning ends.

e Substrate deceleration: the deposition process has taken place and all the
excess material has been expelled, the rotating disc on which the substrate is
anchored decelerates gradually until it stops.

The parameters that can be set in the spin-coater are the rotor acceleration and
deceleration (rpm/s) of the plate, the rotation speed (rpm) that represents the
constant speed at which the anchor plate rotates, and the time (s) within which to
rotate the plate. All these parameters allow to define the thickness of the deposited
film.

The advantages in using this deposition technique are:

o Production costs, in addition to those of buying/operating a spin-coater are
relatively low.

o Fast growth procedure respect to epitaxial growth techniques (like ALD) used
for semiconductors and respect to RF-MS.

o Easy control of the chemical composition of the material. Unlike RF-MS, there
is more control over where to deposit material as well as less material waste.

o Deposition parameters (solvent, temperature, spinning velocity /acceleration,
substrate wettability, etc.) define the sample morphology. So by adjusting the
parameters we can directly act on the deposition of the material.

Compared to other deposition techniques however, the spin-coater also has disad-
vantages:

« Scarce control of the homogeneity over several cm?. In fact, being the deposition
rather rapid with respect to the deposition for epitaxial growth or to the RF-
MS, this rate of growth results in poor control of the homogeneity of the
deposited film.

e Significant presence of traps and defects requires annealing. As already stated,
the lack of homogeneity control leads to the inexorable emergence of defects in
the sample.

Therefore, all this implies that the choice of the deposition technique used is
of considerable importance both depending on the quality of the film we want to
obtain, and with regard to the choice of timing that we should necessarily take into
account for the realization of the samples. It is all about understanding what kind
of application the material is designed for.
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Figure 2.10. SEM image of T-Rez sample (diameter 755 nm; TiOy shell 100 nm) with
CsPbBrjs crystals.

2.2.4 Sample preparation

I now describe the protocol used for the deposition of CsPbBr3 on T-Rex spheres
using the spinner. I will discuss the preparation of films by magnetron sputtering
in Chapter |3l Once the T-Rex substrate has been obtained, deposited on Si and
fixed a suitable shell thickness ranging between 25 nm and 100 nm, the perovskite is
deposited directly on the substrate. For the synthesis of CsPbBrs we start from the
precursors PbBry and CsBr dissolved respectively in Dymethilformammide (DMF)
and Methanol (MeOH). In particular, 0.17M of PbBr; is dissolved in DMF and
heated to 75 °C. By pipetting, 100/200 nul of PbBrs are deposited on the substrate
once it is anchored to the vacuum system of the Spin-coater. Then, the chamber
is closed and the Spin-coater is activated by inserting the parameters (speed of
spin 2500 rmp, acceleration of spin 300 rpm/s, time 40 s). After deposition of the
precursor PbBro/DMF, the sample is dried at 75 °C for 30 min in a heater. It is
then immersed in a solution of 0.035 M CsBr, dissolved in MeOH at 50 °C, for 15
min and then rinsed in 2-Propanol and dried at 150 °C for 30 min. In this way, the
crystallization of perovskite is in crystals of different sizes that settle between and
above the T-Rex spheres, creating a connection between the spheres as show in Fig.
for a T-Rex sample (diameter 755 nm; TiO2 shell 100 nm) on which CsPbBr3 was
deposited by spin-coating.

2.2.5 Samples morphological and structural characterization

Several are the techniques that can be used to characterize the sample morphology
and structure. It is also worth mentioning that it can be necessary to verify the
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Figure 2.11. SEM image of a 140 nm film of CsPbBrs deposited by RF-MS on a soda lime
glass (a). XRD of the same sample in two configurations (in black grazing incidence)
compared with the XRD card (b). From ref..

sample stechiometry and X-ray Photoemission Spectroscopy (XPS) is a commonly
used technique, even though it provides only information on the first few nanometers
below the surface. All samples presented in Chapter [3| were studied by XPS: the
experiments were done by coworkers in the Department of Chemistry of the University
of Florence. X-Ray spectra were measured by collaborators at the University of
Florence and Trento to assess the crystallinity of the samples. SEM analysis was
performed at the University of Florence and by collaborators at the Institute for
Microelectronics and Microsystems (IMM) in Bologna.

In Fig[2.10)a SEM image of a sample where CsPbBrs has been spinned on the
T-Rex beads is presented.

In FigI report the SEM image (a) of a CsPbBrj3 thin film prepared by
radio-frequency magnetron sputtering along with the XRD spectrum (b) realized in
a standard 6-26 configuration and in a grazing incidence condition (red line): in this
case the broad peak comes from the amorphous substrate. The comparison with the
XRD card for CsPbBrs is shown.

2.3 Photoluminescence spectroscopy

The study of the optical properties of samples, presented in the thesis, was carried
out using photoluminescence spectroscopy (PL). In this section I will introduce this
technique explaining what physical information can be obtained. In the following
section I will present the experimental setups used for the different experiments of
photoluminescence.

Photoluminescence spectroscopy is an experimental technique widely used to
investigate the optical properties of a semiconductor. It consists of exciting the
sample by photons having energy E,j, equal to or greater than the band gap energy
(Eg) of the semiconductor and in detecting the light emitted from the radiative
recombination of the photoexcited carriers. In the case of non-resonant excitation
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(Epn>Ey) electrons and holes are excited with an energy greater than the minimum
(maximum) of the conduction (valence) band. These carriers are in an excited
state and typically relax towards the bottom of the band before recombining, losing
their energy through phonon emission and capture by defects, if present. The
carrier relaxation can be described by four regimes that occur at different time
scales. The Coherent regime (time-scale typically shorter than the picosecond) is
characterized by a well-defined phase relationship between the polarization produced
by the excitation and the electromagnetic field that creates the excitation. The
carrier-carrier scattering is the main responsible for the phase relaxation, which
typically occurs in a very fast time scale (sub-picosecond), and which leads to the
non-thermal regime in which the carrier distribution is nonthermal, therefore not
describable by means of an equilibrium statistics. The non-thermal regime, which
takes place on time scales varying between a few ps and tens of ps, is characterized
by processes of carrier-carrier scattering and optical electron-phonon scattering that
leads the non-thermal distribution to a thermal distribution (hot carriers regime). In
this regime (duration 10100 ps) the carriers are thermalized, but the temperature
is higher than that of the lattice. Finally, the carriers reach the lattice temperature
by losing energy through scattering processes with acoustic and optical phonons;
all carriers will be in thermal equilibrium with the lattice, but there will be an
excess of electrons or holes with respect to thermodynamic equilibrium. During the
relaxation path carriers can form excitons and also be captured by defects. Once
reached the isothermal regime (typically longer than 100 ps) the free carriers and
excitons recombine and return the semiconductor to thermodynamic equilibrium. It
should be noted that there is no clear separation between the different regimes which
also occur in a shorter or longer time frame than previously discussed depending on
the type of semiconductor (e.g. carrier-phonon interaction strongly depends on the
semiconductor and it can be different for bulk and nanostructures).

2.3.1 Recombination processes

The recombination of charge carriers can be either radiative or non-radiative. Non-
radiative recombination processes are generally due to lattice defects that act as
capture centers and do not lead to photon emission. On the contrary, radiative
recombination processes lead to the emission of photons, giving rise to the photolu-
minescence signal.

The most important radiative recombination processes in a direct band gap semi-
conductor are:

¢ Recombination of electron-hole pairs. If the recombination between electrons
and holes occurs at the bottom of the bands, the photon energy will be
equivalent to the band-gap energy (E;).

¢ Recombination of free excitons. Excitons are electron and hole pair bounded
by the Coulomb interaction: in this case the energy of the emitted photon is:

hv = By — E, (2.1)

where E, is the exciton binding energy. In halide perovskites the exciton
binding energy is few tens of meV, therefore excitonic effects are relevant also
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near/at room temperature. Moreover when nanostructures are considered, due
to confinement, E, increases. [6].

o Bound exciton recombination. Excitons can bound to defects/impurities:
therefore another contribution has to be considered due to the localization
energy. In this case

hv = E,— E, — E (2.2)

where Ej is the exciton binding energy to the impurity. Typically E; is few
meV when shallow impurities are considered.

¢ Recombination of carriers bounded to defects.

e Phonon replicas of the various types of recombination listed above, which
are due to radiative recombination, assisted by the emission of one or more
longitudinal optical phonons (LO). These emissions are at lower energies than
the main recombination and are equally spaced by an amount equal to the LO
phonon energy (hwro). So the energy of the n-th phonon replication (E,r0)
is:

E.ro = FEy— nhwro (2.3)

where Eg is the main energy and n the number of photons emitted in this
process. Phonon replica are mainly observed at low temperature in polar
materials where the carrier-phonon interaction is strong.

Non-radiative recombination, generally due to defects or Auger processes, becomes
dominant as the sample temperature increases. Therefore, from low temperature
to high temperature we commonly observe a thermal quenching of the PL. This
quenching stays commonly with a decrease of the PL lifetime as measured by time-
resolved PL spectra. It is worth noting that the quenching of PL can originate
from: 1) a loss of population in the radiative states that not produce a change in the
PL lifetime if carriers are lost in the relaxation path before recombination, 2) non-
radiative recombination channels which act in parallel to the radiative recombination.
In Chapter [3]T will present a detailed investigation of the dependence of the main PL
characteristics ( lineshape, intensity, time decay) obtained for the samples studied
during my PhD with a specific focus on the characteristics of the Urbach tail in thin
films. In Chapter 4] PL spectroscopy is used to investigate the radiative emission
when CsPbBrs microcrystals are coupled to the T-Rex resonators.

2.4 Experimental Setup

In this section I will describe the experimental setups used to measure the optical
properties of perovskite samples through macro-photoluminescence experiments
(macro-PL), including time-integrated photoluminescence measurements (TI-PL),
time-resolved photoluminescence (TR-PL) and measurements in transmission, and
then the setup used for micro-photoluminescence measurements (micro-PL), useful
for the study of sample homogeneity and the diffusion of the light emitted from
the perovskite crystals between the T-Rex beads. These techniques differ for the
excitable portion of the sample, 50100 um for macro-PL measurements and the
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Figure 2.12. Diagram of the experimental setup used for macro-PL measurements.

order of pum for those of micro-PL. In each of these setups the sample is mounted in
a vacuum chamber (10~ mbar) inside a helium cryostat with closed cycle or cold
finger flow. The minimum achievable temperature is 10 K and is measured with
a semiconductor diode near the sample. The temperature in the cryostat can be
varied between 10 and 300 K with an appropriate heater.

2.4.1 Macro-PL measurements
TI-PL measurements

In TI-PL measurements, the PL signal is measured by exciting the sample with
continuous or pulsed laser sources, but the signal detection is carried out in such a way
that the detected photons are measured in fixed time intervals, without any reference
to the temporal evolution of the signal in case the excitation laser is impulsive. This
allows the spectrum of photoluminescence to be studied by varying parameters such
as the location of the excitation laser spot on the sample, the excitation power
and the temperature of the sample. Each of these measurements provides different
information on the homogeneity on large scale, the presence of intrinsic/extrinsic
emission (linked to defects), the processes of thermal quenching, that is the decrease
in the intensity of PL as the temperature increases. The excitation of the sample
occurs by focusing the laser on the sample through the use of a lens system: in
particular, in our measurements the beam waist of the laser beam on sample was
about 100 microns in diameter, typical size that is obtained by using a lens with
a focal length between 150 mm and 200 mm and a source with the same spatial
characteristics of the one that has available.

In Fig[2.72] we can see the experimental setup used for TI-PL measurements.
The excitation sources used are continuous laser (CW) (at 405 nm and 450 nm) or
pulsed (at 266 nm and 360 nm) with an energy equal to or greater than the band
gap of the sample under analysis. The beam at 360 nm was obtained by the II
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Figure 2.13. Operating diagram of a Streak Camera, instrumentation used in TR-PL
measurements.

harmonic generation of the beam from a mode-locked Sapphire:Ti laser (700 <+ 850
nm, 1.2 ps pulses at a repetion rate of 81.3 MHz). A list of the laser sources used
for both TI-PL and TR-PL measurements is shown in table Tab[2.2]

Table 2.2. Laser type used for TI-PL and TR-PL measurements.

LASER Mode Wavelength
(nm)

Teem Photonics SNU-20F-100 300 ps pulse; rep. rate 20 kHz 266

Diode laser MLL-ITI1-405 CW 405

Diod laser MLL-IT1-450 CW 450

Thorlabs CPS520 CW 515

Thorlabs CPS532 CW 532

Spectra Physics Ti:Sapphireﬂ 1.2 ps pulse; rep. rate 81.3 MHz 700850

The resulting light emitted by the sample (Photoluminescence) is collected
through a system of lenses, collimated and focused on the inlet slit of a spectrometer
(Acton Spectra Pro 2500i), which is connected, on the flat field output, to a CCD
(Charge Coupled Device). The spectrometer used for TI-PL has a focal length of
500 nm and is equipped with three diffraction gratings. For TI-PL and transmission
measurements the 1200 lines/mm grating, with 750 nm blaze wavelength, was used.
The PL is revealed by the CCD Andor DU420-BU, composed of an array of 1024 x 256
pixels: the size of each pixel is 26 mum. The CCD detector needs to be cooled to
a temperature of -70 °C to reduce noise from thermionic emission. The spectral
resolution of this setup in my measurements is about 1 meV. Both the CCD and
the spectrometer are interfaced to a computer and through a suitable software the
spectrum of PL is acquired by controlling the positioning of the spectrometer grating.

TR-PL measurements

TR-PL measurements were made using a Streak Camera (Hamamatsu C5680) which,
coupled to the ps pulsed laser, provides a temporal resolution of up to a few ps. This
detector allows to measure the evolution of the photoluminescence signal in the first
ns after excitation and to obtain information about the processes of relaxation and

!The laser is optically pumped from the second harmonic of a CW Nd:YAG laser.
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Table 2.3. Temporal dispersion, temporal resolution and the factors limiting resolution for
the 4 time scales of the camera streak used in the TR-PL experiments.

Temporal Dispersion Resolution Limiting factors

Scale (ps/px) (ps)

1 0.26 5 Asymchronism between detector and ex-
citation source

2 1.42 15 Spatial dimension of the image

3 2.44 25 Spatial dimension of the image

4 3.7 40 Spatial dimension of the image

recombination. It is also able to simultaneously acquire the spectral and temporal
evolution of the photoluminescence signal. The streak camera is positioned at the flat
field output of a spectrometer (focal length 300 mm, grating 300 lines/mm grating,
blazed at 500 nm). The sample is excited by the II harmonic of a mode-locked
Ti:Sapphire Spectra Physics Tsunami laser (Tab, pumped by the II harmonic of
a CW Nd-YAG (Millennia, Spectra Physics). The Ti:Sapphire laser emits pulses of
duration ~ 1.2 ps with a repetition rate of 81.3 MHz. The wavelength of emission
can vary in a range between 700 and 850 nm. To obtain photons of energy higher
than the band gap of CsPbBr3 (~ 2.3 eV), the Ti:Sapphire beam is duplicated in
frequency through a nonlinear crystal of Barium Beta Borate (BBO), obtaining an
excitation wavelength of ~ 360 nm.

The principle of operation of the streak camera, which can be defined as an "optical
oscilloscope", is shown in Fig[2.13] The photons emitted by the sample are dispersed
spectrally by the spectrometer and reach the entrance slit of the streak camera in
different horizontal positions, depending on their energy. A photocathode converts
the photons into photoelectrons which are accelerated towards two vertical electrodes
to which an oscillating voltage is applied. This voltage is synchronous, both in phase
and in frequency, with the excitation laser: consequently, photoelectrons generated
at different times will be deflected in different vertical positions. Then the deflected
photoelectrons are multiplied through a micro channel intensifier (MPC), and then
reach the phosphor screen, where they are converted into light. This light is finally
revealed by a CCD consisting of 768 x 572 pixels. Then a two-dimensional image is
generated with energy/wavelength on the horizontal axis and temporal evolution
on the vertical axis. The streak camera I used has four time scales that correspond
to different deflection speeds by the deflector electrodes. The streak camera can
also be used in focus mode, without temporal dispersion of photoelectrons, thus
obtaining a spectrally integrated spectrum (TI-PL). The time resolution of this
instrument depends on the time scale used during the measurement, as shown in
tab[2.3] The time resolution in this kind of experiments is evaluated as the full width
at half-height (FWHM) of the laser time profile as detected by the streak camera.
In fact, if we consider the laser pulse equal to a delta in time (in our case the pulse
lasts 1.2 ps), the temporal broadening, measured when the laser light elastically
diffused from the sample surface is detected, depends exclusively on the temporal
resolution of the streak camera. This resolution is determined by the temporal jitter
between the instrument electronics and the laser oscillator and the finite spatial
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Figure 2.14. Diagram of the experimental setup used for micro-photoluminescence mea-
surements.

dimension of the PL source focused at the input of the instrument.

2.4.2 Micro-PL measurements

In the experimental setup used for macro-PL measurements, the laser beam is
focused through a long focal length lens and the sample is excited with a spot of the
order of 100 pm in diameter. As a result, the PL signal we measure will be an average
emission over a large area of the sample. In contrast, micro-PL measurements allow
us to excite the sample with a spot of a few pum, allowing us to investigate the
emission properties of the individual microstructures of the sample. In particular, in
the setup used for micro-PL measurements (see Fig a confocal microscope is
used to drastically reduce the illuminated portion of the sample, thus reaching the
diffractive limit (~ 1 pum).

The excitation source used are several (see Tab including the Ti:Sapphire
laser (Spectra Physics Tsunami) duplicated in frequency to obtain an excitation
wavelength of ~ 365 nm. In addition, the sample can also be illuminated with a
white light from a lamp; the reflected light is collected from a camera that captures
the image of the sample.

The apparatus has a confocal geometry, in which the excitation light and the
produced PL signal follow the same way. To eliminate the laser light in the collection
path, a dichroic mirror is placed inside the experimental scheme that reflects the light
at the wavelength of the laser and transmits that of the luminescence to be detected.
As shown in Fig[2.14] the laser beam, having passed the dichroic, is focused by means
of an objective on a cold finger helium flow cryostat in which the sample is placed.
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(@)

Figure 2.15. (a) Diffusion photoluminescence effect (532 nm) of a 6 pm 7-Rex sample
as detected with the micro-PL setup after excitation of a large portion of the sample
with a laser at 405 nm. (b) The PL as detected exciting and collecting the light by the
confocal microscope.

The objective Mitutoyo 100x, with numerical aperture NA = 0.7, is mounted on a
piezoelectric translation stage coupled to a micrometric translation stage that allows
a first focus that can be adjusted finely later thanks to the piezoelectric translator.

The cryostat is mounted on two motorized translations controllable from the
outside through dedicated software, through which we can move the sample along
the X-Y plane with a resolution of 100 nm: this allows to acquire spatially resolved
PL maps by moving the laser spot to different points in the sample and capturing
the PL spectrum at each of these points.

The luminescence of the sample is collected from the objective and then focused
on the input slit of a Acton Spectra Pro 2300i spectrometer (focal length 30 cm) via
an achromatic doublet with a focal length of 2 cm, leading to a total magnification of
10x. As in the macro-PL apparatus, the spectrometer has two outputs, one of which
is flat field on which is placed a CCD PIXIS 100f, Princeton Instruments equipped
with a matrix of 1340 x 100 pixels. On the second output instead is mounted an
avalanche photodiode ID quantique ID100MMF50-ULN (APD) for the measurement
of decay times (temporal resolution of 60 ps and sensitive area diameter of 50 pm)
which is coupled with a fiber to the output slit.

Inserting a kinematic beam splitter before the lens, as shown in Fig[2.14] we
can illuminate the sample with the white light lamp and collect the image with the
camera.

The spectral resolution of this apparatus is about 1 meV.
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Diffusion measurements

The experimental apparatus of micro-PL also allows measurements of the diffusion of
photoluminescence on the sample. By exciting the sample laterally, then shining the
sample with a beam laser not in a confocal way but at an angle of about 60 degrees,
and collecting the PL through the microscope Fig[2.14] and the camera, we get
information on the diffusion of the photoluminescence emitted by the sample. In Fig.
[2.15]I show an image of this effect obtained for a sample having T7-Rex beads with a
diameter of 6 pm, having a shell of 100 nm of TiOs, on which a film of CsPbBrj
has been deposited by spinning. The effect will be better explained in Chapter [4]
concerning the discussion of the results obtained for this type of samples. It clearly
appears that the emitted light spreads between the spheres clearly highlighting
the pattern of the substrate and in particular the link that is created between the
perovskite crystals and T-Rex microspheres.
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Chapter 3

HP thin films: the Urbach tail

In this Chapter I will present a detailed analysis of the Urbach tail, which is a charac-
teristic feature that semiconductors with a degree of disorder show in the absorption
spectrum. I will show that quantitative information on the Urbach tail in halide
perovskites can be extracted by a deep analysis of the photoluminescence in different
experimental conditions. Several samples of CsPbBrs grown with different synthesis
techniques, namely bulk crystals, spin-coated thin films, and layers of nanometric
thickness grown by RF-MS were investigated. By means of time-integrated (TI)
and ps time-resolved (TR) PL measurements, as a function of the temperature and
the excitation power, we elucidate the role of both dynamic and static disorder in
the exciton/carrier recombination dynamics and in the spectral characteristics of
CsPbBr3, as well we highlight the role of strain in determining the band-gap energy.
The results here presented have been published in ref.|35].

Structural and dynamical disorder in semiconductors is a topic of fundamental
relevance. In fact it contributes to the spectral line shape of the photoluminescence
and it has a significant role in determining the carrier transport properties at the
band edge. Halide perovskites show a peculiar degree of disorder and disorder affects
the optical/electrical properties that make HPs of interest for numerous innovative
optolectronic applications. In a semiconductor, it is important to distinguish between
structural disorder and dynamical disorder. Structural disorder is related to defects.
Inorganic halide perovskites are commonly considered “defect tolerant” |59, |17} |18,
98] being the cross section of defects small. Their defects originate from the presence
of elements different from the constituent ones and from structural disorders like
vacancies, deviation from stoichiometry, domains formation, and lattice distortion,
possibly combined with local strain. The dynamical disorder comes from the
structural instability of these perovskites around room temperature [122, [57, 65, [143]
and it has been experimentally investigated [94} 75, |100] and theoretically modeled
[41,1109]. However many aspects are still controversial as the presence of a dynamical
Rashba effect [93, [55]). Both kind of disorder affects the carrier dynamics and the
overall properties, as recently reported in two-dimensional lead halide perovskites
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[127]. In fact, independently from its nature, it can give rise to a reduction of the
carrier lifetime and mobility, with the consequent quenching of the PL intensity, and
a spectral broadening of the PL spectrum. The shallow states in the gap related
to the static and/or dynamic disorder affect both the carrier dynamics and the
spectral shape; on the contrary the states deriving from the static disorder, such
as recombination centers and deep traps, affect only the recombination lifetime.
Excluding a few single nanocrystals of outstanding quality that exhibit very long
carrier lifetimes and mobility [50] and/ or very narrow PL linewidths |37} [106], at
low temperatures, for most of the samples lifetimes of the order of a few hundreds of
ps and PL linewidths of few meV [104] are reported. If we analyze the PL lineshape
we can evidence a main excitonic peak and two tails, at higher and lower energy.
The low energy contribution represent the Urbach tail (UT): its slope as well as the
width of the main PL peak depends on the degree and nature of the disorder. Many
studies have found a direct relationship between UT and performance in photovoltaic
applications [28, |73].

3.1 Sample preparation

Different CsPbBr3 samples were prepared and investigated: a macro-crystal sample
(bulk), with a mm size along each axis, was grown by the antisolvent vapor-assisted
crystallization (AVC) [154], and methanol was used as antisolvent. The bulk shows
the presence of a few differently oriented crystalline domains detected in the XRD
pattern [40]. Using a laser excitation spot (~ 1072 mm?), much smaller than the
domain size, the sample response to the optical excitation can be considered as
that of a single crystal. Microcrystals were realized by spin-coating, on a soda lime
glass (SLG) or silicon (Si) substrate, starting from a CsPbBrs solution prepared by
dissolving equal molar quantity of the precursors (CsBr and PbBry) in dimethyl
sulfoxide [54]. The solution was stirred overnight to obtain a clear liquid. After
the spinning, the samples were dried and annealed at 120 °C for 10 min. Thin
films of CsPbBrs were also realized by RF-MS following the procedure describes in
Chap[2] [13]; several samples were investigated with thickness in the range 50<-500
nm deposited on different substrates: the main focus will be on samples deposited
on SLG and Si. The typical size of crystals in spin-coated and magneto-sputtered
samples ranges between few tens of nm to 1 pm and the main differences between
the two kinds of samples are the homogeneity and compactness of the film. It is
worth mentioning that all the samples investigated did not present evident material
decomposition/aging over months, having kept them in controlled dry ambient for
the time duration of the whole set of experiments.

The analysis of the samples, then of the characteristics of the Urbach tail, have
been realized by means of the set-up of micro-PL (nPL) and macro-PL (MPL)
introduced in the Chap (Fig and Fig respectively). As mentioned above,
the distinction between these two setups lies in the spot excitation laser used, 1074
cm? for MPL and 1+2 pm? for pPL. All MPL experiments were performed in a
quasi-back scattering geometry, placing the samples in a closed-cycle cryostat and
changing the temperature in the range of 10+-300 K. The experiments of pPL were
realized using the home-made confocal microscopy setup of Fig[2.14] equipped with
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Figure 3.1. PL spectra as a function of T for a CsPbBrs spin-coated film on a soda-lime
glass substrate.

a Mitutoyo 100x objective (378-806-3, NA = 0.7) or a Mitutoyo 50x objective
(378-818-4, NA = 0.42), providing a spatial resolution of about 500 nm or 1 pm
depending on the objective. Samples were kept in a low-vibration Janis ST-500
cryostat, which was mounted on a Physik Instrumente x—y translation stage for
scanning the sample surface. The spectral resolution was < 1 meV in both MPL and
pPL experiments. A frequency-doubled mode-locked ps Ti-Sapphire laser, operating
at 81.3 MHz repetition rate with 1.2 ps long pulses, was used for TR-PL experiments;
in this case, the maximum excitation intensity was about 10 W/cm?, corresponding
to an estimated excitation density of about 2x 10'® cm™2 carriers per pulse. TR-
PL measurements were carried out only in the macro-scale configuration using a
synchro-scan streak camera (time resolution 5 ps) after spectral dispersion of the
detected signal through a 25 cm monochromator, equipped with a 300 gr/mm (blaze
500 nm, spectral resolution 2 meV). It is relevant to point out that we did not
find changes in the PL spectral characteristics, particularly in the Urbach tail after
several temperature cycles in the range 10+300 K.

3.2 PL analysis

3.2.1 CW PL

We performed MPL measurements, exciting the PL with a 405 nm (3.062 eV) CW
diode-laser; the photon energy is well above the band-gap energy of CsPbs; the
excitation density was < 10 W/cm?. In this experimental conditions the PL spectrum
is dominated by the exciton emission (central peak) and two exponential tails are
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Figure 3.2. Low temperature PL spectrum of different CsPbBr3 samples: bulk sample (red
curve), spin-coated thin film (blue curve), and 500 nm thick film obtained by RF-MS on
silicon (green curve). The dashed lines are fits of the high energy tail and the effective
temperatures are reported
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Figure 3.3. Low temperature PL spectra of a spin-coated CsPbBr3 sample on a Si
substrate as a function of the excitation power. The step in the power follows the

sequence 1-3-10



3.2 PL analysis 48

present that change with the temperature (Fig. At low temperature the PL peak
has a central Gaussian shape with a shoulder on the low energy side, more or less
pronounced depending on the sample, due to localized or bound exciton emission.
The Gaussian shape indicates the presence of disorder and the PL broadens when
the sample temperature increases. The tail on the high energy side, whose slope
changes with T, is often observed in the PL: it comes from the thermal distribution
of the excitons and, when the thermal energy promotes the exciton dissociation,
from recombination of the free carriers population. The broadening of the exciton
emission on the high energy side should be absent in a perfect semiconductor; it
takes origin from processes (i.e. disorder, impurity scattering, localization) that,
breaking the wavevector K selection rule, allows radiative recombination of excitons
with K # 0. The spectral profile of the excitonic tail depends on the exciton density
of states (DOS), the K-vector indeterminacy, due to disorder, and the temperature
that determines the population of the high energy states [110]. In a non-degenerate
case (this is our experimental condition with a low excitation density), the exciton
population can be described by a Boltzmann distribution. Therefore the slope of the
high energy exponential tail can be used to evaluate the temperature of the excitons.
If we assume a complete relaxation of the K selection rule, with a step-like density of
states ( 2D-system), the high energy tail slope directly provides the temperature of
the exciton gas. In 3D systems, with a DOS having a square root dependence on the
energy, the slope gives an effective temperature T¢sy no more than 10% higher than
the real excitonic temperature. In Fig[3.2] we compare, at low temperature for the
different samples prepared, the PL spectra normalized at the peak intensity. The
PL of the bulk sample is dominated by the bound exciton emission at around 2.298
eV, while the free exciton emission is at 2.323 eV [111]. Increasing the temperature
the bound exciton emission is suppressed. The sputtered and the spin coated films
have a similar PL peak at 2.309 eV. All of them exhibit similar spectra with a high
energy exponential tail, which corresponds to an exciton temperature Ts; higher
than the lattice temperature Tp.

At low lattice temperature Ty, it is not surprising to find an exciton temperature
Ters higher with respect to the lattice [40, 48, |145]; gradually T, ;s and Tr, get equal
at higher Ty. The difference between the two temperature values indicates that the
exciton gas does not thermalize with the phonon reservoir in the time scale of the
exciton lifetime [112].

The low energy tail of PL in Figf3.2]is nearly bi-exponential at low T and rising
T gradually becomes mono-exponential; this relevant tail in PL is related to the
Urbach Tail (UT), so it is correlated to disorder.

We performed experiments varying the excitation density to obtain information
on the nature of disorder.

The results obtained for the spin-coated sample at Ty= 10 K changing the
incident power over four order of magnitude (30 nW + 1 mW) are shown in Fig
At the lowest power, the PL is dominated by defects and the excitonic contribution is
negligible. Increasing the excitation density, we observe a saturation of the emission
arising from defects and the excitonic contribution to PL becomes dominant; at the
same time, the low energy tail increases and acquires an exponential constant slope:
this is a clear evidence of its close correlation with the exciton emission. As discussed
in previous chapters, samples present a certain degree of spatial inhomogeneity which
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Figure 3.4. Comparison between pPL (1 pm spot) and MPL spectra (100 pm spot) at
a lattice temperature of 10 K for the bulk sample (a) and for a spin-coated sample on
SLG (b). P1, P2, and P3 are different points of the samples.

is correlated to the static component of the disorder. To investigate this aspect, we
performed pPL at low T so to provide a distinction between disorder acting on a
macroscale, i.e., over lengths exceeding a micrometer, or on a submicrometer scale.

In Fig[3.4] we report a comparison at T, =10 K between the PL of the bulk
sample (a) and a spin-coated film on SLG (b) detected with the macro-PL setup and
a set of measurements in different points of the samples detected by the confocal
pPL setup. For the bulk sample, it is quite remarkable that the bound exciton
emission at around 2.3 eV and the free exciton emission at 2.32 eV have a very
similar broadening irrespective of the spatial scale of the detection setup. This
result is a strong indication that the broadening originates from a disorder on a
submicrometer length scale below the resolution of the pPL setup. Moreover, the
free exciton line PL has different weight respect to the bound exciton region (F ig
(a)): this aspect arises from the static disorder. Most likely, the emission results
from excitons bound to vacancies and, as expected, it disappears increasing
the lattice temperature. Therefore, it is not unexpected that the observed changes
depend on the detection spot. In the case of the spin-coated sample [Figb)], we
found slight differences in the exciton energy with no major change in the PL line
shape; this is again evidence of a disorder acting on a submicrometer scale. The
graph in log scale [Fig helps in showing the very same characteristics of the low
energy tail, irrespective of the detection (MPL/pnPL).

This last result helps us in understanding the contribution of the static disorder.
In fact if static disorder dominates the Urbach tail, we would expect to detect
changes in the low energy tail, depending on the excited spot in the sample. On
the contrary, as shown in Fig. [3.4] the lack of significant changes in the low energy
exponential tail of the PL is a result that supports the negligible contribution of the
static disorder in the Urbach tail.
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Figure 3.5. (a) Time resolved PL spectra at T, = 10 K of a 70 nm thick film deposited
on SLG by means of RF-MS. (b) PL decays at two energies in the Urbach tail and at
the exciton energy. (c) Absorption extracted from (a) as discussed in the text [35]

3.2.2 Time-resolved PL analysis

TR PL measurements allow to extract more information about the kind of disorder
(static/dynamic) at the origin of Urbach tail. In fact, while CW PL measurements
return similar effects regarding static or dynamic disorder, TR PL spectra, giving
direct access to the population dynamics of the states contributing to the radiative
emission, can bring evidence of the different nature of disorder. In particular, on a
picosecond time scale, we expect that an exponential tail due to dynamic disorder,
being closely related to the exciton-phonon interaction, will follow the exciton
dynamics without major changes in the spectral shape. On the contrary, if a carrier
thermalization occurs within an exponential tail of real states, which originate from
static disorder, the time scale of the process is of several tens of ps and different time
evolutions inside the PL band are found. In fact, the exciton and carrier localization
typically produces a characteristic spectral diffusion [114, 49| and a marked variation
of the dynamics inside the PL band; this different dynamics is also observed in
the PL rise time/decay time at different energies inside the PL spectrum [40]. In
Fig[3.5| we compare normalized TR PL spectra of a 70 nm thick sample prepared by
RF-MS on SLG. The high energy exponential tail has a slope which decreases with
time delay as a consequence of the exciton gas cooling whose temperature gradually
approaches that of the lattice [40]. The signature of the complete thermalization
of the excitons is the constant slope of the high energy PL exponential tail. If we
consider the time evolution of the low energy side of the PL, we detect the absence
of an internal dynamics and a decrease of the exponential slope during the excitons
cooling until their temperature gets stabilized. Therefore, the same dynamics, as
shown in Fig(b) for different energies, i.e. the exciton and two energies in the low
energy side, characterizes the Urbach tail and the exciton emission, and this is the
signature of the intrinsic nature of the Urbach tail, arising from a dynamic disorder.

3.3 Results discussion

From the results obtained through the measurements previously presented, all the
samples we analyzed show a spatial inhomogeneity that, in the case of the bulk
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sample (Fig mainly affects the contribution of the free and bound exciton
emission and does not produce any relevant change in the free exciton linewidth and
in the low energy tail. Referring to spin-coated and magnetron sputtered samples,
we find that the PL obtained from MPL measurements shows only a few meV (nearly
2 meV) increase in the line broadening with no change in the shape when compared
to pPL spectra. Therefore, at low temperature, in all the investigated samples, we
conclude that the main PL broadening is a consequence of a static disorder in a
sub-micrometer scale while on the macro-scale we observe a limited randomness of
the free exciton energy.

Moreover, we have shown that in both CW and TR experiments the excitons and
carriers population is thermalized in a few ps. The presence of a thermalized distri-
bution at a temperature Tcys , higher than Ty, at low T and gradually approaching
this latter rising T, allows to extract the absorption a(F) from PL spectra given
the relation [9} [141]:

—F

Ipr(E) = B*a(E)e~ets (3.1)

a(FE) is the absorption coefficient and T¢sy is the effective temperature of the
excitons/carriers population we extract from the high energy tail of the PL spectrum.
As previously noted, using in our experiment a low excitation density ( < 106 cm =3
) we can assume a Boltzmann distribution for the population (non-degenerate case).
It is worth mentioning that in several cases the direct measurement of the absorption
coefficient and in particular its spectral dispersion is a difficult task, for instance
when nanometric thin films or thick samples are studied, and when the substrate is
an absorbing material unless to resort to techniques as etching. Therefore the use
of the PL spectrum is a very efficient way to retrieve a(E); moreover we can have
an high sensitivity and cover an extended dynamic range as it will be shown in the
following figures.

By means of equation a(F) is extracted from the spectra of ﬁg and it
is shown in ﬁg Using a log scale representation (ﬁg(a)) we can appreciate
the extended UT over ten orders of magnitude, while in linear scale (figure [3.6|b))
the free exciton resonance is visible and we also observe the Stokes Shift (SS) of the
PL (dashed lines) respect to the absorption.

However, in TR experiments, the hypothesis of thermal equilibrium has to be
verified so to extract a(F). Therefore we have to exclude the first few picoseconds
needed to the exciton gas to reach a quasi-equilibrium thermal distribution. Then
we can extract «(F), having evaluated T, ys, from the high energy tail of the PL
spectrum. In ﬁg(c) we show the absorption as extracted from the spectra of
ﬁga) at different time delays, correspondingly the effective excitonic temperature
changes from 81 K (delay +14 ps) to 51 K (delay > 300 ps). It is worth noting the
presence of the exponential tail covering more than ten orders of magnitude and
how this slope follows the decrease of T, s; this is a marked evidence of the strong
correlation between such slope and the exciton dynamics. The main consequence of
this result is the proof of the intrinsic nature of the Urbach tail, which comes from
the dynamic disorder due to the exciton-phonon interaction; instead the contribution
of the static disorder is negligible.

In fig[3.7] the absorption of the spin coated sample on soda lime glass is shown
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Figure 3.6. (a) Absorption in log scale as extracted from PL spectra of ﬁg (b) PL
spectra of fig[3.2] in linear scale (dashed lines) and absorption (continuous lines) in linear
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Figure 3.7. Absorption as a function of T: a) low T range. b) high T range.
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Figure 3.8. (a)Ey vs Ty, for the whole set of investigated samples. The solid lines are fits
as discussed in the text. (b)Ejp vs Tr, for the whole set of investigated samples [35].

at different temperatures as extracted from PL spectra of fig[3.1]

A fit of the low exponential tail provides the value of the Urbach energy Ey and
we want to enlighten a correlation, if present, with the exciton energy Ej . We note
that in disordered systems the PL peak energy, due to the Stokes shift, does not give
directly the value of Ejp; therefore we have estimated FEj in an approximated way. In
fact, we have evaluated, for each temperature, the quantity E}* as the energy of the
intercept, on a log scale, of the line determined by the almost horizontal DOS and
the line determined by the exponential tail, as shown in ﬁg(b). Being the shift of
FEy* with respect to the exciton energy Fj independent of the temperature, i.e. from
Ey, we can assume Ep=FE}* as long as we are interested to its variation with the
temperature with no loss in generality. In fig[3.8 the Urbach energy Ey and Ej are
reported as a function of the lattice temperature for the whole set of investigated
samples.

It turns out that the Urbach energy Epy increases monotonously with 77, and
almost linearly at high temperature; instead the dependence of Ej on 17, changes
around 100-150 K, showing a marked flattening as commonly reported in literature.
This latter behavior, which comes out to be sample dependent, indicates that other
processes, in addition to the intrinsic ones due to the exciton-phonon interaction,
contribute to determine the temperature dependence of the band gap energy.

Similar results are found for all the investigated samples and in fig[3.9] the
relationship between the value of the energy Ej and the Urbach energy Ey is
reported for each temperature.

All samples show a similar behavior in the temperature range 10-270 K; in
particular, apart from the bulk, the same dependence of Ej on Ej; is almost linear
at low T, below Th; ~ 110 K. Instead, above T}, the relation between E, and Ejy;
deviates from linearity and it depends on the sample under study. It is also worth
noting that similar values of the Urbach energy, as the ones here found, are reported
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in literature for halide perovskites nanocrystals and quantum dots |74} 85}, 52]: this
finding suggests that the origin of the tail in this class of materials does not involve
relevant contribution from the crystal surfaces.

To understand the experimental results, we have to consider that the exciton/carrier-
phonon interaction is responsible for the band gap shift with the temperature, as a
consequence of the T-dependent phonon occupation number n, and it also accounts
for the increase of the Urbach tail slope due to its growing fluctuation with T. Both
processes have the same dependence on n. Cody and others [23, |116] stated an
almost linear dependence of Ej on Ejy if the same phonons are involved, which in
our case explains the results of fig[3.9 below Tys. For temperature 7' > Ty, we find
a behavior which cannot be reproduced by a competition between phonon modes as
already invoked by ref.[19], and it is rather sample dependent. It has to be noted
that the lattice thermal expansion accounts only in part to the band-gap energy shift.
In fact, on the basis of the few experimental data at room temperature concerning
the volumetric expansion coefficient « , the bulk modulus B[105] and the pressure
coefficient of the band-gap[137], we can estimate a value of % =5.84x 1072 meV /K
at room T. Even considering the variation of a with T, in the framework of the
Einstein-Debye model with a phonon energy of 12 meV, the estimated change in
the band-gap energy is around 14 meV in the range 10-300 K (with a negligible
dependence on the phonon energy): this value does not account for the results of
ﬁgb). Moreover, above 50 K the energy shift of the band-gap due to the lattice
expansion results linear, which is very different from the data of ﬁgb). Therefore
the experimental findings of figs (b) and require an extrinsic mechanism,
sample dependent, which could be a release of the strain in the bulk of the crystal
or at the interface between the film and the substrate.

The experimental data of ﬁg(a) can be reproduced according to the expression
reported by Cody and coworkers [23]

_hwph (1+X) 1

E
v o0 2 + exp(hwpn/kpT) — 1

(3.2)

where hw,y, is the average phonon energy, og is the steepness parameter and X
is the static disorder contribution normalized to the zero-point fluctuations. The
solid lines in fig[3.9(a) are two different fits with the same X value of 0.01, and two
different values of the average phonon energy, and steepness parameter; the black
(red) line corresponds to fiwp, = 9 (13) meV, in agreement with the phonon energies
in CsPbBrj [83, 42] and 0p=1.3 (1.8) 1073, respectively. The other experimental
data can be fitted with values of hwy), and oq intermediates between them and the
same value for X.

So, our experimental results bring clear evidence that in CsPbBrs the Urbach
tail has an intrinsic origin, related to the exciton-phonon interaction, and that the
contribution of the static disorder is quite small. Noting that the values of the
Urbach energy reported in literature [27] 74] for other types of halide perovskites are
comparable to the ones here discussed, our conclusion is that the intrinsic nature of
the Urbach tail is a common characteristics of this class of materials.

However it is difficult to identify the intrinsic mechanism which rules the de-
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pendence of Ey on temperature in semiconductors. In fact, different models have
been proposed. In presence of a strong exciton-phonon interaction as in ref.[124] we
can have exciton self-trapping. The fluctuations of the band-edge due to thermal
phonons can possibly originate the Urbach tail as in ref.[116]. Finally electric field
at the micro-scale due to phonon thermal excitation has been proposed in ref.|31].
However, in all these different theoretical frameworks, the dependence of Ey on T is
the same as in ref.|23] and equation : this makes hard the identification of a
specific mechanism between the different proposed.

Now we can try to answer a question: given the impressive advances in opto-
electronics based on halide perovskites in the last decade can the UT represent a
limitation to the performance of a device? If the UT comes from intragap states
that eventually affect the transport mechanism and the carrier recombination, we
expect consequences on a device efficiency. Instead, on the basis of the results
here discussed and literature data, we can conclude that in halide perovskites the
presence of the Urbach tail will not represent a limit to the performance of a solar
cell or a light emitting device, which are presently the most interesting devices
under study. In fact, investigations on the correlation between the UT and the
photovoltaic conversion efficiency [27, |136] and recent results [128| 91] bring to the
conclusion that the intrinsic origin of UT can account for the large values of the
open circuit voltage in solar cells. Instead, the limitation in the power conversion
efficiency mostly originates from the high content of defects at the interfaces between
the active layer and the charge transport layer, so requiring a proper engineering of
such interfaces [128] 91]. In halide-perovskites LEDs the overall performance has
been improved by material engineering [64] (controlling the grain size, optimizing
the injection of carriers, etc.); presently the major problem seems to rely on the light
extraction efficiency due to the large refractive index mismatch, so that photonic
structures have been recently used to improve the external efficiency [157]. This
specific topic will be addressed in chap/] In fact, the experimental results that I
present in the following chapter, concerning the light diffusion and ASE in samples
where CsPbs microcrystals are integrated with 7-Rex beads (Chapter , suggest a
way to improve the light extraction.
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Chapter 4

Coupling HP to T-Rex

In this chapter I will show the experimental data obtained for the samples under
analysis, going into detail regarding the synthesis of CsPbBr3 and its integration
with T-Rex spheres. Our results show how this integration leads to Light Diffusion,
Random Lasing and Amplified Spontaneous Emission (ASE) phenomena. First of
all, to proceed to the integration of CsPbBrs with the beads, it was necessary to
identify the most suitable deposition technique, between the two we used (spin-
coating and magnetron sputtering) enlighting advantages and disadvantages. This
preliminary activity led to the refinement of the synthesis of T-Rex and perovskite.
Then, based on the photoluminescence analysis, we tried to understand how the
diameter and thickness of the shell of the T-Rex affected the interaction between
spheres and perovskite. To this aim we investigated a large set of samples listed in
tabJ2.1] comparing the results obtained by PL spectroscopy. This allowed to define
a protocol for the CsPbBrs deposition, thereby fixing the dilution of the T-Rex
and the thickness of the shell. Samples prepared with the refined protocol showed
random lasing and ASE effects.

4.1 Sample preparation: morphology and homogeneity

Samples were prepared depositing on a Si substrate SiO9 spheres of different diameters
covered by a 100 nm TiO layer by ALD. A TiOs layer surrounds the spheres and
this leads to spheres with a SiOy core and a TiOz shell (7-Rezx) |[131].The TiO2 layer
is applied to exploit its photocatalytic properties of interest for different applications
[3]. An exagonal 2D lattice of spheres is formed on the substrate, constituting the
metasurface which is then decorated by spinning the CsPbBrs solution o depositing
it by RF-MS. Samples with different 7-Rex microsphere diameter were realized as
reported in tab[2.1]

The preliminary work consisted in the deposition, by means of Radio Frequency-
Magnetron Sputtering (RF-MS), of thin films of CsPbBr3 (200 nm thickness) on
different substrates (fig. , with and without T-Rez, in order to understand how



4.1 Sample preparation: morphology and homogeneity 58

Figure 4.1. First T-Rex/PVK samples made using RF-MS. The samples shown differ in
the type of material used as substrate and the layers of which they are composed. (see

tab

Table 4.1. T-Rexz/CsPbBr; samples made using RF-MS. Sample 1 is the sample with all
layers as discussed in the text. Sample 2 has only CsPbBrs deposited on a soda lime
glass substrate. Sample 3 does not have the SiO5 spheres that form the core of T-Rex
but CsPbBrjs is deposited on a TiOs over a Si substrate. In Sample 4 the beads are not
covered by the TiOg shell . The bead diameter is 2 pm.

Sample 1 | Si + T-Rex (SiO2 + TiOz) + PVK
Sample 2 | Soda Lime Glass + CsPbBrs
Sample 3 | Si + TiOz + CsPbBr3
Sample 4 | Si + SiOy + CsPbBrg
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Figure 4.2. Micro-PL map of sample 1 (50 pm x50 pum; step 1 pm; P=500 pW; laser=366.9
nm). On the right the PL spectra acquired in two different points are shown.

perovskite and T-Rex interfaced. In tabf4.I] a summary table of the substrates used
for the perovskite deposition is reported: the different samples were deposited at
the same time in order to highlight the differences between them. Sample 1 is the
complete sample, i.e. formed by the silicon substrate on which TiOs and the T-Rez
and finally CsPbBr3 are deposited; sample 2 is composed of a thin film of CsPbBrj
deposited on a soda-lime glass: this sample is used as reference regarding the optical
properties of CsPbBrs; sample 3 is the sample without SiO2 spheres that form the
core of T-Rex while sample 4 is the one without the TiOgy layer. The differences
in the substrates allowed me to evaluate the role of each layer in determining the
optical properties of the sample.

By means of a setup of micro-PL and macro-PL spectroscopy (fig. and
respectively) I studied the sample homogeneity concerning the main PL characteris-
tics. The micro-PL setup allowed me to appreciate the quality and homogeneity of
the samples with a spatial resolution of the order of 1 pm: the samples showed a
good degree of homogeneity, indicating that the RF-MS technique is ideally suited
for homogenous deposition of perovskites especially for large area samples.

In Fig{f.2]T report a micro-PL map of sample 1 at room temperature: the color
scale refers to the PL intensity integrated in the spectral range 2.2826-2.5729 as it can
be seen, there are no strong differences regarding the intensity of photoluminescence,
index of a good degree of homogeneity. More information concerning the spectral
variations in the sampled area are shown in Fig[4.3] where for each point of the map
the PL peak energy is reported.

Previous results prove that this technique allows to obtain samples with a good
degree of homogeneity and that anyway there is affinity between spheres T-Rex and
perovskite crystals. A further step was necessary to understand: a) the optimal
sphere diameter to couple to CsPbBrs, b) which dilution has to be used to deposit
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Figure 4.3. Micro-PL map of sample 1 (50 pmx50 pm; step 1 pm; P=500 nW; laser =
366.9 nm). The PL peak energy is reported in the map. On the right the image of the
sampled region is shown.

the spheres on the substrate of Si, c¢)the thickness of TiOy most suitable for the
sphere T-Rex d) the deposition technique that best suits our applications between
RF-MS and Spin-coating. For this reason it was necessary to prepare the samples
of tab2.1] with the different dilutions D1, D2 and D3 introduced in the Chap.2.
Depending on the dilution of SiOs spheres, we end up with a multi-layer or mono-
layer substrate and this can affect the coupling with perovskite microcrystals. Our
result indicates that the dilution D3 (1:100 in water) leads to a mono-layer of beads,
with regions without spheres. The dilution D2 (1:10 in water) instead guarantees a
substrate totally covered by SiOs spheres, which we remember will form the core of
the T-Rex spheres, with some multilayer regions where we find an overabundance
of spheres. On the other hand, with regard to dilution D1 (1:1), there is an excess
of SiO9 spheres that do not allow interaction with perovskite, since it does not
penetrate between the spheres but remains on the surface. For these reasons we
conclude that the dilution, that best suits our applications, is the dilution D2. To
achieve this conclusion it was necessary to make a set of samples differing exclusively
for the dilution and compare the results by means of of micro-PL and macro-PL
measurements that we will discuss in the followings. The samples I prepared are
summarized in tab[2.1] with different dilutions. I deposited, by ALD, a TiO; film of
different thicknesses (25+-100nm) to form the shell of the T-Rex. Finally I deposited
on top a film of CsPbBrs by the Spin-coater, with dilution of precursor salt PbBry of
0.17 M and 0.017 M. For spinned samples, CsPbBrs was synthesized by the following
technique: the precursor salts PbBro and CsBr were dissolved in DMF at 75 °C
and methanol at 50 °C respectively. Then 100 puL of PbBry/DMF was deposited
by spin-coating on the metasurface and dried at 75 °C for 30 minutes. At the end
of this process, the sample was immersed in a C'sBr/methanol solution kept at
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Figure 4.4. SNOM maps of a spin-coated (a) and a RF-MS (b) CsPbBrs sample on a
soda lime glass substrate.

50 °C for 15 min and rinsed with 2-propanol afterwards. Finally, to evaporate the
solvent, the sample was dried at 150°C for 30 minutes. I also investigated samples
prepared by Radio Frequency-Magnetron Sputtering. CsPbs powder was obtained
the grinding of the two precursor salts (CsBr and PbBrj) in equal molar ratio in
a mixer mill (Retsch model MM400). The sputtering target (5 cm diameter disk)
was realized by pressing the perovskite powder by means of a pneumatic press (11.5
MPa working pressure) for 24 h at 150°C. The deposition was performed at room
temperature with an RF power of 20 W and argon gas flow of 20 sccm. In these
conditions,the deposition rate resulted to be in the range from 5 to 7 - 1072 nm/s.
The film thickness was monitored during the deposition by using a quartz crystal
nanobalance until it reached the desired value. The comparison of samples realized
with the two techniques allowed us to understand which is the best deposition
technique depending on the application we have in mind. In fact, the deposition
technique (spin-coating/RF-MS) determines a peculiar CsPbBr3 crystallization on
the substrate.

In fig[d:4] 1 report the topography maps, realized by the use of a Scanning Near-
field Optical Microscope(SNOM) (spatial resolution ~ 100nm), of a CsPbBrs film
deposited on glass by Spin-coater (a) and by RF-MS (b); the perovskite forms a
more compact network of crystallites with a minor spread in size in (b) while using
the spin-coating deposition (a) the perovskite crystals are more separated and with
a greater size distribution [34].

When CsPbBrj is deposited on T-Rezx substrate, what is obtained for the two
different deposition techniques is shown in fig[4.5] From the SEM images of CsPbBrs
films deposited on T-Rex, it can be seen that the perovskite forms microcrystals
between the microspheres in the case of Spin-coating (figlt.5|(a)), while if it is
deposited through RF-MS (ﬁgb))) nanocrystals are observed above the spheres.
These nanocrystals are of about the same size, and they are placed above the T-Rex
spheres in a rather homogeneous way. This is a rather different behavior from the
deposition with Spin-coater that shows crystals of larger dimensions, different from
each other, not very homogeneous, mostly placed between the spheres. The main
consequence of the different arrangement between crystals and spheres when spin-
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Figure 4.5. SEM images of a spin-coated (a) and a magnetron-sputtered (b) CsPbBr;
sample on T-Rex (2 pm diameter; 100 nm TiOs).

coating or sputtering is used shows in the light diffusion as I will discuss in the
followings.

In Figa,b) typical SEM images for spinned samples with 2 pm and 6 pm
T-Rex diameters are reported respectively, showing the presence of nanometric
crystals of CsPbBr3 whose distribution in size and position on the substrate is
not homogeneous. From the SEM images (Fig we can observe how perovskite
crystallizes between the T-Rex spheres. In particular, for samples with T-Rex,
nanocrystals are formed mostly between the spheres ((Fig. (a,b). We report the
images of samples with 2 and 6 pm 7T-Rex diameters, but a similar situation is
also found for the other samples studied (tab, provided that the perovskite
was spinned, as we have seen in fig[2.10] On the other hand, if we observe the
morphology of sample without the presence of the T-Rex spheres, in which the
perovskite is deposited directly on the TiOs layer on the silicon substrate (Fig. [4.6
(c)), the CsPbBrs film is more compact with a density of microcrystals at least one
order of magnitude higher respect to samples with beads. Also the CsPbBrj crystal
size is greater respect to what found in (a) and (b). Therefore, it turns out that,
despite the same procedure used in the spin-coating deposition, the presence of the
spheres modifies the perovskite assembly. In Fig. (d) a SEM image of different
parts of the T-Rex bead is shown.

A room temperature optical characterization of the samples was performed
detecting the PL by the use of the SNOM in a illumination/collection configuration
and a home-made confocal microscope (hereafter indicated as micro-PL). By means
of the SNOM setup the sample was excited with a diode laser at 405 nm coupled
into a chemically etched optical fiber. By a spatial scan of the sample, the PL
spectrum was acquired in each tip position through the same probe, and the PL
dispersed by a spectrometer was detected by a liquid nitrogen cooled CCD camera
with a spectral resolution of 0.4 nm. In Fig[4.7 we report the results of a 6 pmx6pm
SNOM scan performed on a sample with 2pum T-Rex beads: the spatial step is 100
nm. The sample topography shown in Fig(a), and overlapped with the PL map
integrated in a [506--550] nm wavelength range, confirms the SEM analysis with a
localized emission around the spheres which appear in dark-blue. In Figb) it is
reported a typical SNOM PL spectrum acquired in the point of maximum intensity
of the map. Even though the high SNOM resolution allows to explore in great detail
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Figure 4.6. SEM images of samples with 2 pm (a) and 6 pm (b) T-Rez diameters. Same
image of the sample without T-Rex (c). SEM image of the parts of sample with 2 pm
T-Rex microsphere (d).

PL Intensity ( arbitrary units)

22 2.25 23 2.35 24 245 25
Energy (eV)

Figure 4.7. (a) SNOM PL map of sample with 2 pm 7-Rez beads. The color map provides,
for each pixel, the spectrally integrated PL intensity in the range 2.2+2.5 eV. (b) typical
PL spectra as from the SNOM map.
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(@)

Figure 4.8. (a) Micro PL image of the sample with 6 pm 7T-Rex beads after excitation of
a large spot on the sample with a 355 nm laser. The image is collected with a camera
filtering the PL with a low pass filter at 500 nm. (b) Micro PL image of the same sample
after excitation of a micron-sized spot with a 405 nm laser. The image is collected with
a camera filtering the PL with a low pass filter at 500 nm.

micron-sized region of the sample identifying the nanocrystals position, the size of
the T-Rez limits the possibility of using this tool when the bead diameter is >2 pm.

4.2 PL diffusion

In order to highlight the morphology of the sample in a wider region we used a room
temperature micro-PL setup (ﬁg to excite the sample and collect the PL image
with a spatial resolution of 1 pm. In fig/f.8|the PL image of sample with 6 pm T-Rex
beads as detected by a CCD camera with a low-pass filter at 500 nm is reported
after excitation of a wide sample region (Fig[d.§(a)), using the microscope only in
collection mode; in Fig(b) we excite and collect the PL through the microscope
having therefore a micron-size excitation spot. It is evident the beads network with
the perovskite crystals between the spheres (in dark) with a PL emission at ~ 532 nm
from CsPbBrs and, as shown in Figb) the strong diffusion of the PL, indicating
an efficient coupling between the spheres and the nanocrystals. This has allowed
us to understand how T-Rex spheres and perovskite crystals match each other,
modifying the typical CsPbBr3 PL spatial emission. Similar situations, although less
pronounced, are also found for other spheres diameters, provided CsPbBrs has been
deposited by spin-coating. In figlf.9] as an example, I show the image of diffusion of
the PL for a sample having 411 nm spheres diameter with 100 nm shell thickness
obtained by the micro-PL setup compared with the image of the laser spot taken
at the same time, filtered with a 500 nm filter. The comparison therefore shows
that the presence of the T-Rex spheres generate a diffusion along a large part of the
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Figure 4.9. Photoluminescence diffusion collected with a camera and a low pass filter at
500 nm (a) and the spot laser of 405 nm (b) for a sample with 411 nm T-Rex diameter
spheres and 100 nm of TiO,.

Figure 4.10. Photoluminescence diffusion collected with a camera and a low pass filter
at 500 nm (a) and the spot laser of 405 nm (b) for a film of CsPbBrs deposited on
soda-lime glass.

Figure 4.11. Photoluminescence diffusion collected with a camera and a low pass filter at
500 nm (a) and the spot laser of 405 nm (b) for a sample with 755 nm T-Rex diameter
and 100 nm TiOs tickness: in this case CsPbBrj is deposited by RF-MS.
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Figure 4.12. Time resolved PL streak image of sample 1 (see Tab .

sample surface while the excitation spot is of a few micron size. This experimental
finding has been observed in all spin-coated samples of tab[2.1] The fact that PL
propagates in this way between the spheres could be attributed to an interesting
link between T-Rex spheres and perovskite. In fact, if we deposite CsPbBr3 on a
substrate like a soda lime glass and observe the PL emission no relevant diffusion of
the PL is found (ﬁg. Indeed, in this case the size of PL is comparable to that
of the laser spot.

Similarly, for samples with beads where the perovskite has been deposited by
RF-MS, PL does not show any relavnt diffusion (fig/d.11)). It is worth noting that
the halo observed is mostly due to the presence of the TiOy layer.

4.3 CW and TR PL measurements

To elucidate if perovskite and T-Rez spheres interact I studied the samples of Tab 4.
by means of the MPL (Fig[2.12)) and uPL setup (Fig2.14)), doing CW and TR PL
measurements. Using a streak camera as detector, I got time-resolved PL maps
(Figlt.12): from this kind of maps we can get information on the recombination
dynamics. By the map, I can extract both the time-resolved PL spectra and the
decay of PL at fixed energies.
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Figure 4.14. Sample 1: (a) PL decays at PC1 versus T. (b) PL decays at PC2 versus T.
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Figure 4.15. Spin coated samples differing for the bead diameter. T=15 K (a) PL spectra
in focus mode. (b) PL decays at the PL peak energy.

In Fig(a) the PL spectra are reported varying the temperature. As commonly
found the PL broadens increasing T and at the same time a significant PL quenching
occurs. PL time decay at the energies PC1 e PC2 at 14 K extracted from figl4.12]
are shown in Fig(b) at low T and for different temperatures in Fig As
commonly found the PL decay cannot be described by a single exponential. Solid
lines in Fig(b) are fits with a sum of two exponential functions with time
constant 71 = (45 £+ 5) ps and 75 = (350 £ 20)ps. These values substantially agree
with reports in literature [40]. The band indicated as PC1 corresponds to the PL of
CsPbBrs. The origin of the emission at PC2 is not clear; in fact it was also observed
in sample 3 where no beads are present. In samples prepared with different bead
diameter by RF and spin-coating, time resolved data show only a PL band centered
at &~ 2.31 eV in agreement with the CsPbBrs emission.

The comparison of the PL spectrum and time evolution for spinned samples
differing for the bead diameter is reported in Fig[4.15]

A clear trend is registered: decreasing the bead diameter from 6pm to 755 nm
the fastening of the PL decay suggests a better coupling between the perovskite
and the bead; for a further decrease of the size (411nm) the PL decay gets slower
indicating a lack of coupling. SEM analysis of the 411 nm sample indicates a coverage
of the beads: therefore we believe that in this case we are observing the film of
microcrystals on top of the beads, mostly equivalent to the sample without beads.

Therefore, understood that the presence of the T-Rex could benefit the radiative
recombination, it was necessary to understand which were the diameters that best
interfaced with the perovskite.

From the SEM results, it was clear that the shell thickness that best suited
our purposes is 100 nm. In fact, in spin-coating deposition, the best packing of
perovskite with beads occurs when the T-Rex spheres have a 100 nm shell, allowing
the crystals to nicely grow between the spheres. This produces a more homogeneous
sample. When using shell thicknesses less than 100 nm, we reconfigured that during
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Figure 4.16. Intensity map (a) and energy map (b) of CsPbBrs deposited on T-Rez (755
nm, 100 nm of TiO2) by RF-MS.

synthesis perovskite scratched the spheres in some areas of the sample by positioning
itself below them. The film of TiOs, in addition to defining the shell of the T-Rex
spheres, acts as a protector of the beads keeping them packed, anchored to the
substrate of Si.

By means of the confocal microscopy set-up (Fig we got the PL intensity
and energy maps of the samples. These measurements allow to understand if the
presence of T-Rez brings an increase or decrease in the intensity of the PL emitted
by the sample. In Fig[f.16] I present the intensity and energy maps for a sample
with 755 nm T-Rex diameters and 100 nm TiOs thickness in which the perovskite
was deposited by RF-MS. In particular, the Fig[4.16 shows the image of the sample,
with a part without beads, where the TiO4 layer and the CsPbBrs were deposited
directly on the Si substrate, and a part with T-Rex spheres, on which the relative
maps of intensity and energy have been superimposed. Then from these maps we
can compare the emission originating from the two parts of the sample on which the
perovskite was deposited at the same time. It turns out that the T-Rex microspheres
produce an enhancement of the PL intensity. In fact, the emission of CsPbBrj
deposited on the nanospheres by RF-MS is a factor four greater than the emission
of perovskite deposited directly on the Si substrate (Figa,b). An energy shift
is also observed, probably linked to the strain of the material (Fig[d.17|(a,b)).

In the previous section , we have seen how the deposition techniques are
essential in the homogeneity of the samples, in the assembly of the perovskite crystals
with T-Rez spheres and, consequently, in the PL emission by CsPbBrs. Therefore,
it is necessary to compare the PL spectra and the PL decays at fixed energy for
samples synthesized with different technique, spin-coating and RF-MS. Using the
MPL setup (Flg@ , L obtained the TR~ PL maps of Fig for a sample deposited
with RF-MS (Fig[4.18(a)) and one with spin-coating (Fig[4.18(b)). There is a slight
difference of ~10 meV in the PL peak energy being the emission of the sputtered
sample at higher energy: this is in substantial agreement with the SNOM results of
Figld:4] that indicate crystals of smaller size in the RF-MS sample, giving rise to a
blue-shift of the PL. The faster decay observed in the case of the spin-coated sample
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Figure 4.17. PL spectrum detected in the sample region with beads (a) in sample region
without beads (b) as extracted from Fig

suggests a good coupling with the T-Rex beads which are decorated by the crystals
( Fig while in the case of the sputtered sample we have a partial coverage of
the top of the beads (Fig.{2.8] Therefore, we conclude that the synthesis techniques
not only change the homogeneity of the sample and its morphology, but also act on
the intrinsic properties of the material.

We have already seen in the Section how in spin-coated perovskite samples
there are strong PL diffusion effects (Parag respect to perovskite magnetron
sputtered samples that showed no effects of PL diffusion. The from TR-PL spectra we
have found a difference in the recombination time, dependent on the bead diameter.
These results bring evidence of a coupling between the microcrystals and the beads.
In the next paragraph I will show how this coupling affects the amplification of the
spontaneous emission (ASE).

4.4 Amplified Spontaneous Emission ASE

In this section I present results of PL spectra of samples realized spinning CsPbBrj
on metasurfaces with 2um (Sample A) and 6pum (Sample B) T-Rex diameter; a
sample where CsPbBr3 was deposited directly on the 702 layer on Si (Sample
C) is also shown for comparison. For these experiments we used the macro-PL
setup(Fig, exciting the the samples in a quasi back-scattering geometry; the
collected PL was dispersed by a 50 cm flat-field spectrometer and detected by a
cooled CCD camera . We used two different laser sources reported in tab[2.2} the
pulsed laser at 266 nm and the continuous wave (CW) laser at 450 nm so to provide
different excitation conditions referring to the number of photons. Samples were
kept in a closed-cycle cold finger cryostat so to vary the temperature in the range
10-300 K.
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Figure 4.18. TR-PL maps for the sample with 755 nm microspheres diameter obtained by
RF-MS (a) and by spin-coating (b). The PL decays at the PL peak energy are reported
in (c) as extracted from (a,b).
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First of all, T present PL spectra after CW excitation at 450 nm (2.76 €V), and
then I compare them with the results obtained by exciting the samples with 300 ps
pulses at 266 nm (4.66 eV). It is worth noting that in both cases a significant excess
of energy with respect to the band-gap energy (2.3 eV) is provided to the carriers.

In Figl4.19 low temperature PL spectra are shown varying the excitation power

at 450 nm in the range 0.5 pW-1400 pW for sample A and C. Sample C (Figb))
shows an emission peak at 2.293 eV coming from the exciton recombination of
micron-sized crystals and the PL full width half maximum (FWHM) is 18 meV in
agreement with literature results for spin-coated samples |135]. Moreover a minor
contribution to PL comes from a an higher energy shoulder at 2.32 eV possibly due
excitonic recombination from CsPbBrs nano-sized crystals [34]. Sample A shows a
PL peaked between 2.302 and 2.308 eV depending on the position of the excitation
spot and the FWHM varies between 20 and 22 meV (Figl4.19h). The blue-shift
(1015 meV) observed in sample A (Figl.6[a)) can be ascribed to the reduction in
the size of the micro-crystals respect to sample C (Fig[.6c))as reported from the
SEM analysis.
Quite remarkable is the similar value of the PL intensity when comparing sample
A and C at the same excitation density. In fact, if we take into account the ratio
between the volume of excited halide perovskite in the two different samples as
from the SEM images, we would expect that the PL intensity of sample A was at
least an order of magnitude lower than sample C. Moreover, we cannot ascribe such
finding to sample inhomogeneities which at maximum can account for a factor 2.
Therefore, in our opinion this result is a strong indication that the metasurface
structure optimizes the extraction of light from the sample.

When the PL spectra for different excitation power are normalized to the maxi-
mum of the emission (Fig. [£.19|c)), it turns out that the line shape remains the same
except for the low energy tail which shows a saturation for the highest excitation
condition. In Fig(d) I report the PL spectrally integrated intensity as a function
of the power P,,. for the different samples along with the fit with a power law

Ipp ~ P2 (4.1)

The « coefficient is between 1 and 1.1 for all the samples; this indicates a linear
dependence of the PL over four orders of magnitude in a generally speaking low
excitation condition as the one provided by the CW laser.

A different scenario is found when the excitation occurs by the 300 ps long pulses
as shown in Fig[4.20]

For all samples, when the average power is >1 mW, corresponding to pulse
energy >50 nJ, narrow peaks appear (hereafter indicated as modal structure), at
the limit of the setup resolution, and the emission increases superlinearly. The
observed phenomenology is similar to what is reported in the literature relating to
the establishment of an ASE and/or random lasing regime [123] |10} |155]. Increasing
the lattice temperature the presence of the modal structure persists up to ~ 150
K as shown in Fig[4.20[(d). Above 150 K the spectrum is smooth with no relevant
feature. It should be pointed out that the perovskite nanocrystals maintain the
orthorhombic phase up to the temperature of 350 K [126] and therefore the observed
effects cannot be associated with a structural phase change. The emission shifts
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Figure 4.21. PL spectra after excitation with pulses at 266 nm at 10 K. Spectra have
been acquired in a kinetic mode as discussed in the text. For each spectrum the time of
acquisition is indicated: sample A (a), sample C (b).

towards high energies with the increase of temperature and the shift is in agreement
with the variation of the band gap energy of CsPbBrs.

In Fig[4.21] I report the PL spectra, in the region where modes are present,
acquiring the signal in a kinetic mode. In thsi case the spectrum is acquired with a
short time of exposure (21 ms), asynchronous with the laser pulse and the acquisition
is repeated in sequence with a time delay as indicated in the figure. It clearly appears
that the modal structure is stable in the case of sample A while it changes in sample
C, suggesting that the presence of the T-Rex beads plays a role in stabilizing in
time each mode. Let us now focus on the low temperature spectra; having the
photoluminescence a linear trend with the excitation power (Fig, to highlight
the presence of non linear effects we subtracted the lowest power spectra (0.5 mW)
from each spectrum after having multiplied it by the appropriate factor to take
into account the power value. This procedure removes the linear component of the
emission, providing information on the remaining contribution, hereafter indicated
as non linear contribution. The results are shown in Figlf.22] Sample C, which is
the film constituted by a disordered assembly of micro and nanosized crystals, shows
a superlinear increase of the emission with several modes as indicated in Fig(b)
and as expected for the ASE contribution.

In the case of sample A (Fig[4.22|(a)) and similarly on sample B , three spectral
regions are evidenced with a different dependence on the excitation power: the
low energy side, below 2.31 eV, which shows a marked saturation provoking a
negative contribution of the non-linear component, a region between 2.31 and 2.32
eV, corresponding to the peak emission, characterized by the presence of the modal
structure superimposed to the saturated profile and above 2.32 eV a spectral band
with a superlinear growth. If we spectrally integrate the non-linear contribution,
over the whole band for sample C and in the three different spectral regions for
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sample A we obtain the results shown in Fig/f:23] The solid and dashed lines in
the figure are fits of the non linear contribution according to a power law with §
as exponent. It turns out that the results for sample C (Fig[4.23|(b)) indicates the
presence of ASE with a significant superlinearity even though in our experimental
conditions the excitation energy is pretty low (at maximum 50 nJ per pulse).

A different scenario comes out for sample A (Figl4.23| (a)): the superlinear
growth of the high energy side arises from the recombination of free non-geminated
charges with two different values of 3, the lowest energy side bleaching originates
from saturation of the localized states emission, while a linear dependence (shown
as the flat dotted line in the figure) of the region centered at the peak is found up
to 5 mW followed by a sublinear trend which is the same as the low energy side.
Considering that the non-linear contribution has been spectrally integrated it is not
surprising that even in the region where the modal structures are present we find a
sublinear trend. However, if we focus on each modal structure (Fig a slight
superlinearity is recovered. We believe that the absence of a significant superlinear
trend for samples A and B comes from the limited number of emitters present in
the excited spot as indicated from the SEM images (Fig{.6 (a,b)). Moreover the
linear behavior below 5 mW with presence of modes suggests a condition of lasing
action within a microresonator consisting in the T-Rex itself. Quite remarkable it is
also the persistence of the non linear emission up to 150 K. Recent literature data
show the observation of ASE up to 300 K in compact films of CsPbBrg after a heat
treatment[101] that leads to a recrystallization with crystals of micrometric size
bigger than those of the samples studied here. Therefore, the results here presented
seem promising in particular with regard to the integration of perovskite in the
metasurface of T-Rex. It is also worth noting that the experiments were performed in
a quasi back-scattering geometry while most of the reports concerning the detection
of ASE in halide perovskite samples were realized in a guided mode configuration
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[140L [26]: this is a further evidence of the beneficial action of the metasurface in this
case.

In order to theoretically verify the presence of enhancement in the perovskite
emission in presence of the T-Rex spheres (sample A and B) with respect to the flat
substrate case (sample C) we performed Finite Difference Time Domain (FDTD)
simulations, employing the commercial software Lumerical. This simulations was
made by Dott.ssa N. Granchi.

To simulate the emission from the perovskite, a spectrally narrow electric dipole
x-polarized is used, centered around 2.34 €V (no changes are found when the energy
is in the range 2.3+2.36 €V) with a pulse length of 100 fs. To simulate the emission
of sample C, the dipole is positioned on the substrate composed by a Si bulk and 100
nm thick layer of TiOs. Then, the same dipole is positioned on top of a core-shell
sphere with a diameter d = 2um (sample A) and d = 6pm (sample B). In all cases,
the intensity spectra are collected from a time monitor positioned at a distance of
400 nm from the dipole. A clear enhancement of the electromagnetic field intensity
in both sample A and B (purple and green lines) is found with respect to the flat
case. The maximum enhancement factor (4.5) is achieved for the biggest sphere,
i.e. sample B. Simulations reported in the SI (S6) evidence the presence of MIE
resonances in the spheres in the spectral region where CsPbBrs emits. Recent
reports [140} 142, |153, 102} 138] indicate lasing from multiple gallery-whispering of
single microresonators decorated with CsPbBrs quantum dots or nanocrystals. Our
results suggest that lasing can eventually occur from the coupling of the hexagonal
arrangement of microspheres: in the SI (S7) preliminary analysis is shown to verify
this coupling condition.

In conclusion, the experimental results presented in the different sections of this
chapter bring evidence of the beneficial coupling of CsPbBrs micro-crystals with
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the T-Rex microresonators for what concern the light extraction, the change in the
radiative decay time and the amplification of the emission.
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Chapter 5

Conclusions

I conclude this thesis by summarising the results obtained during my PhD, which
were addressed in the previous chapters. First of all I presented a detailed analysis
of the Urbach tail, which is a characteristic feature that semiconductors with a
degree of disorder show in the absorption spectrum. In particular, the focus of
my study was the investigation of the nature of the Urbach tail in an inorganic
halide perovskite, CsPbBr3 by a deep analysis of the photoluminescence in dif-
ferent experimenental conditions. Provided that also hybrid halide perovskites
show a similar behavior in the Urbach tail as reported in the literature, we are
confident that our analysis can be extended to the whole class of these semiconduc-
tors. The experimental findings on a large set of samples, prepared with different
synthesis/deposition methods, indicate a very similar behavior independent of the
sample morphology (bulk, thin nanocrystalline films), thickness, substrate, and
growth/deposition technique. Our results indicate that the Urbach tail has an origin
ascribable to the dynamical disorder, induced by the lattice vibrations; the Urbach
energy Ey, in a limited temperature range, is linearly correlated to the band-gap
variation and the exciton energy E,. While the dependence of Eyy on T nicely
follows the phonon population, the discrepancy observed for E; from the expected
intrinsic contribution, being strongly sample-dependent, has to be ascribed to an
extrinsic phenomenology possibly related to strain release between grains in macro-
crystal samples and between substrate and film in spin-coated and sputtered samples.

Another important result was obtained in the coupling of the T-Rex spheres
with perovskite microcrystals. Starting from the synthesis of CsPbBrs and its inte-
gration with T-Rex spheres, I studied how this integration leads to Light Diffusion,
Random Lasing and Amplified Spontaneous Emission (ASE) phenomena. In the
study of these phenomena, we have reported on the non-linear emission in CsPbBrj
films made by spin-coating on a semiconductor substrate and on a metasurface. A
different morphology of the films is found depending on the presence/absence of the
metasurface realized with T-Rex beads. In particular the comparison of the volumes
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of excited material in the samples and the corresponding PL intensities indicates that
the significant increase of the PL in presence of the T-Rex, originates from a better
light extraction due to the presence of the beads. Measurements by varying the laser
power used for excitation show a transition from a linear photoluminescence regime
to a superlinear one with the appearance of modal structures in the spectral region of
the PL maximum. While in the sample without the metasurface the phenomenology
can be attributed to ASE, the mostly linear trend found for the modal structures
in samples with the beads suggests that spherical micro-resonators promote a real
lasing action. Moreover, from the analysis of the PL kinetic series it can be deduced
that the deposition of perovskite on the metasurface helps to stabilize in time the
modes produced.
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Appendix A

Use of halide perovskite
nanocrystals for water
remediation; an explorative
study

Climate change and environmental sustainability ask for a more efficient and circular
waste management. In parallel, water and air purification is another major goal
that challenges the scientific community to develop new materials, techniques and
strategies. Moreover, there is a growing interest to produce green energy with
low-cost materials. In particular, in the last decade, halide perovskites have received
considerable interest from the communities of physicists of matter, chemists and
materials scientists for the many possible applications to replace the classic semicon-
ductors for photovoltaics, optoelectronics and sensors [56), 39]. In this Chapter we
will show how halide perovskites can also be used as substrates for the absorption of
pollutants. As an example, Methylene Blue (MB), a typical pollutant that can be
found in water as waste of textile industry, has been considered. The final idea is
the possibility to circularly reuse perovskites recovered from other applications, such
as photovoltaics [5], and exploit their pollutant adsorption properties. In this way it
is possible to create a double advantage for the environment: reduce the amount of
solid waste and improve water quality.

In particular, I will show the results obtained during my PhD in the drainage
of textile industrial pollutants, such as Methylene blue (MB), from the water used
perovskite powder encapsulated inside chitosan bubbles, organic material derived
from shrimp shells and recently used as a green pollutants adsorber [87]. This
represents an innovative application for HPs perovskite usage, which has never been
tested before. Here I will report the first preliminary results of this research activity,
obtained in collaboration with Dott.sa M. Maddaloni, Department of Mechanical
and Industrial Engineering, University of Brescia, which are still in progress.
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Figure A.1. CsPbBrs nano-powders (NPs) synthesized by the protocol described (a).
Bubble of chitosan (b).

a) || S

Figure A.2. SEM images, kindly provided from Prof. M. Ferroni, of dried CHQTiO,
bubbles at a) 150X, b) 300X and c¢) 5000X.

A.1 Samples preparation and analysis setup

This research is focused on the use of CsPbBrs as absorbers of 107°M aqueous
solutions of MB, which simulates a typical range of concentration of organic dye
pollutants in textile industry efHuents. For this application, the CsPbBr; was
synthesized in powder (see Figa)) so that it can be dispersed within the aqueous
solution of MB, thus directly using perovskite as an adsorber, and, in addition, so
that it can be encapsulated inside bubbles of chitosan (see Fig[A.1[b)), then exploit
the catalytic properties of perovskite and accelerate the processes of adsorption of
pollutants, typical of chitosan.

In Fig[A2] are shown three SEM images of a typical dried CHQTiOg bubbles at
three different magnification that allows us to better appreciate the morphology of
the bubbles. To obtain the SEM images, a drying process is required. For this reason,
the Fig[A 2| represent only Bubbles of chitosan with TiO2. The presence of Titania,
in fact, allow us to maintain the rigidity of the sphere, otherwise compromised in
the case of chitosan hydrogel alone, in which the Bubbles collapse after drying.

To synthesizes CsPbBrs, the precursor salts PbBrg (0.17 M) and CsBr (0.035 M)
were dissolved in DMF (Dymethylformamide) and Methanol (MeOH), respectively at
the temperarures of 75°C for PbBry and 50°C for CsBr for 5/10 min. Under magnetic
stirring, the PbBrs was mixed with CsBr and the solvents were allowed to evaporate.
Evaporation times depend on the amount of solvent. Once the powdered perovskite
was obtained, it was cleaned in 2-propanol, in order to eliminate any solvent residue.
The molar ratio between PbBrs and CsBr is important for the synthesize of the
perovskite. In this research, four different molar ratios of PbBry/CsBr salt precursors,
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namely 1; 1.9; 2.9 and 3.9, were investigated, leading to the systems called PVK
1, PVK 1.9, PVK 2.9 and PVK 3.9. The XRD analysis of the obtained powders
confirmed the presence in all cases of the CsPbBrs phase, with a significant percentage
of spurious phases for higher molar ratios. The analysis for the adsorption of the
pollutants and its photodegradation was carried out using a UV-VIS spectrometer
and illumination was performed by a solar simulator. In particular, we measured
the percentage of MB contained in the aqueous solution, in direct contact with the
adsorber, as time changes. This was possible through an adsorption setup in which
the intensity absorbed by the aqueous solution containing the pollutant is measured
as the absorption time changes. In fact, according to the Lambert-Beer law:

I=Ie ™ (A1)

where A is the absorbance, directly linked to the molar absorption coefficient,
the molarity and the optical path (A = €)\IM where €) is the molar absorption
coefficient, [ the optical path and M the molarity; the last two fixed), the light
intensity is directly proportional to the concentration of the solution that can vary
over time depending on the adsorber used. Therefore, we have a direct measurement
on the concentration of the pollutant contained in the aqueous solution. So the
study was carried out analyzing the percentage of MB adsorbed by the CsPbBrj
nanopowders (NPs) as a function of time. In addition, to facilitate the manipulation
of the CsPbBrs NPs and reduce any eventual Pb release in water during their
employment as adsorbents/catalysts, they were incorporated into millimiter-sized
hydrogel bubbles made of chitosan (CH), a biopolymer extracted from the waste of
shrimp’s shells. Chitosan bubbles (CH-BB) with the CsPbBrs NPs were obtained
according to the following chemical procedure: 0.10 g of chitosan was dissolved in 10
mL of 5% (v/v) acetic acid to obtain a 10 g/L solution. The dissolution process was
accelerated thanks to the use of an ultrasonic bath or magnetic stirring. As soon as
the chitosan is dissolved, perovskite powder (1% w/v) is added and we wait for it to
dissolve in the chitosan solution. The prepared solution was then poured dropwise
by a syringe in a solution of 3 M NaOH, used as a cross-linker. The crosslinking
step lasted 6 hours, at the end of which the obtained bubbles were recovered and
washed with milli-Q water until a neutral pH was reached.

Pollutants absorption experiments were also conducted for this hybrid hydrogel
composites, and compared with the absorption of analogous systems made of chitosan
alone.

A.2 Results discussion

In this paragraph I show the results obtained for the absorption of MB in two
systems: the use of perovskite NPs as adsorber of pollutants from aqueous solutions;
the use of CsPbBrs, encapsulated inside chitosan bubbles, to enhance MB adsorption
from bubbles.

A.2.1 Pollutants adsorption from perovskite NPs

In order to investigate the capabilities of the different CsPbBrs samples (PVK 1, PVK
1.9, PVK 2.9 and PVK 3.9) concerning the pollutants adsorption, the synthesized
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A.2 Results discussion 85

perovskite powders were simply put in contact with a MB aqueous solution. Starting
from a MB solution 107° M, Fig(a), we measured the concentration of the
pollutant remained in solution in fuction of time, according to the procedures
described in the ParagraphfA. Tl Two different concentration of perovskite NPs were
investigated: 1% (w/v) and 10% (w/v). As shown in Fig[A.3|b), a very reduced
contact time between the MB and perovskite NPs is needed to obtain significant
MB absorption: in just 5 min, a considerable adsorption of the pollutant is obtained.
In Fig[A.4]its shown the Percentage of MB adsorbed by CsPbBrs NPs 1% and 10%
for the different molar precursor salts ratio after 5 min of contact. In general, higher
absorption is obtained when the perovskite powder loading is 10%. The absorption
was confirmed both by the visual analysis, and by the UV-VIS analysis conducted
through the spectrophotometer following the spectroscopy techniques described in
Paragrapt{A.1] The samples prepared with a molar ratio of 1:1 (PVK 1) between
the precursor salts show a greater MB absorption capability than the other ratios,
with 10% of the adsorber in the solution. In particular, a complete adsorption of

the MB can be obtained in only five minute when the PVK system is composed of
pure CsPbBrs.

A.2.2 Perovskite as catalyst in adsorption processes

When CsPbBrj is incorporated inside chitosan bubbles, the adsorption capability of
the system is reduced, as enlightened by the fact that complete MB removal cannot
be obtained even after 5 hours. Anyway, it is noteworthy that the incorporation
of the perovskite NPs enables to enhance the absorption capabilities of bubbles
made of pure chitosan. In Figl[A.f its showed the MB absorption data related
to various chitosan-perovskite bubbles, obtained by incorporating the different
perovskite powders at 1%. This results have been obtained by the UV-VIS analysis,
by measuring the concentration of MB absorbed at different times for a total of 5
hours. In contrast to what occurs in the case of CsPbBrg NPs in direct contact with
the pollutant, the hydrogel systems BB-CH/CsPbBr3 that show best adsorption
capabilities (removal of 70% of MB after 5 hours contact) are those containing
perovskite systems 1.9 and 2.9 molar precursors salts ratio (CH+PVK 1.9 and
CH+PVK 2.9). Furthermore, unlike the absorption of MB by bare CsPbBrs NPs,
the adsorption is greater and faster with a reduced percentage of perovskite inside
the CH-BB: best results in the case of PVK loading equal to 1% w/v. In particular,
the results show that the presence of perovskite inside the chitosan bubbles increase
and speeds up the adsorption respect to chitosan bubbles alone and this could be
a signal of perovskite stabilization in this hydrogel system, which requires further
more in-depth analysis..

So, in the case of perovskite encapsulated into CH-BB, the time is longer but
we have the advantage of being able to recover the perovskite once the adsorption
process is over. These results open the way to the use of halide perovskite material
as adsorbers for different pollutants in water. It is interesting to note that the use
of chitosan brings us closer to a solution for the well-known stabilization problem of
perovskite in water [47].

The study presented in this chapter is exploratory and preliminary. More in-
depth analysis will be made both for the use of perovskite for the adsorption of



A.2 Results discussion

86

S
&)
o)
E
m
=
o
@
£
o
3
< —@— CH+PVK 1
— B CH+PVK 1.9
20 —@— CH+PVK29 -
?» — % CH+PVK 3.9
10 —
0 o | | | | |
0 50 100 150 200 250 300

Time (min.)

Figure A.5. Adsorption curves of MB treated with CH+PVK (1+3.9) (1% w/v) and CH
bubbles alone. Experimental errors are counted in the points size.
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pollutants and especially for the stabilization of perovskite in water. Note that the
starting point already has excellent results in these areas.

A.3 Conclusions

We treated one of the future applications of CsPbBrs as adsorbers in the processes
of adsorbing pollutants from industrial waste water. With CsPbBrs nanopowders
dissolved in aqueous solution or included in chitosan bubbles, we obtained a remark-
able adsorption of Methylene Blue (MB). In the first case we get the disposal of
the pollutant in a very short time (about 5 min). The results obtained have shown
how the molar ratio of precursor salts used for the synthesis of perovskite affects
the process of adsorption of pollutants in aqueous solution. In particular, using a
PbBry/CsBr molar ratio of ~2.9, MB adsorption is achieved by more than 70%,
opening the way to use CsPbBr3 as a MB adsorber.

In the second case, we have observed how the use of CsPbBrj3 inside chitosan
bubbles acts as a catalyst in the processes of adsorption of MB from industrial waste
water, increasing the adsorption capacity of chitosan compared to only chitosan
bubbles. The time is longer but we have the advantage of being able to recover the
perovskite once the adsorption process is over. Both systems can therefore be used
for different purposes. Moreover it is interesting to note that the use of chitosan
brings us closer to a solution for the well-known problem of stabilizing inorganic
halide perovskite in water.

Finally it would be interesting to explore the possibility of a circular reuse of
perovskites recovered from other applications, such as photovoltaics, and exploit their
adsorbing properties. In this way it would be possible to create a double advantage
for the environment: reduce the amount solid waste and improve water quality.
These results open the way to the use of CsPbBr3 perovskite NPs as adsorbers for
different pollutants in water.
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Appendix B

Papers published and

conferences 1 attended during
the PhD

The results shown in this PhD thesis have been published in several scientific journals
and have been presented in several conferences. The list of supported publications
and conferences is shown below.

Scientific Articles:

e Nonlinear emission in CsPbBr3 decorated metasurfaces - Appl. Phys. Lett.
122, 241101 (2023). https://doi.org/10.1063/5.0140471

e Analysis of the Urbach tail in caesium lead halide perovskites - Journal of
Applied Physics 131, 010902 (2022). https://doi.org/10.1063/5.0076712

¢ A new route for caesium lead halide perovskite deposition - J. Eur. Opt. Soc.-
Rapid Publ. 17, 8 (2021). https://doi.org/10.1186/s41476-021-00153-y

o Large-Area Nanocrystalline Caesium Lead Chloride Thin Films: A Focus
on the Exciton Recombination Dynamics - Nanomaterials 2021, 11(2), 434.
https://doi.org/10.3390/nano11020434

Conferences:

e 2022: Amplified Spontaneous Emission in CsPbBrs Decorated Metasurfaces -
5" Nanophotonics and Micro/Nano Optics International Conference - Paris.
(Author and Presenter)

« 2022: Adsorption of Pollutants by CsPbBr3 Perovskite - 9* TUPAC Interna-
tional Conference on Green Chemistry - Athens. (Author and Presenter)

e 2021: Integration of CsPbBrs Nanocrystals with Dielectric Microspheres:
A Novel Metasurface for Enhanced Emission in the Green - OSA Advanced
Photonics Congress: Novel Optical Materials and Applications NOMA. (Author
and Presenter)
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e 2020: A new route for high quality nanometric films of inorganic halide
perovskites - EPJ Web of Conferences.
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