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1 GENERAL INTRODUCTION

1.1 PEROVSKITES

The definition of perovskite embraces a class of compounds characterized by a
typically pseudo-cubic crystalline habit. Generally this family of minerals, already
identified in the nineteenth century,"? is described by the formula ABX; and consists
of a metal oxide organized according to a grid of cations coordinated to six oxygen
atoms which leaves sufficient space for the simultaneous presence of a second
cation larger than the first.® Since the end of the following century, however, the
evidence of lead-based halogenated perovskite structures, revealing
photoconduction properties, pushed the horizon of research on the valorisation of
these materials forward. °

Figure 1.1 General equivalent structures of a perovskite unit cell:
in a) A cation (orange element) is drawn at the centre of a cube
composed by four corner-sharing BX, octahedrons while in b) metal
cation B (red element) is represented at the centre of a cubic unit
cell and coordinated to six X anions (green elements) at the centre
of the cube faces with A in the corner positions.

In the case of normal three-dimensional (3D) perovskite with optoelectronic
properties, the chemical composition that respects the tolerance factor, necessary
to maintain the cubic structure, foresees an organic (methyl ammonium MA',
formamidinium, FA?) or inorganic (Cs*) cation, A, another monoatomic cation, B, from
a divalent metallic element (Pb?, Sn?*, Ge?*) and a halide anion, X, (Br-, CL;, I'). Metals
and halides are coordinated in octahedrons that share a corner and are placed at
the vertices of a cube. At the centre of the cube is located the A cation, as
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illustrated in figure 1.1. A first assessment of the stability of these materials
concerns the crystalline structure and for this purpose the empirical tolerance
factor of Goldschimdt? (t) is normally taken into consideration, described as:

V2 (rg +1%)

where ragx are the radii of the cations A and B and anion X respectively. An ideal or
slightly distorted cubic conformation is maintained in a range of values of the t
index between 0.71 and 1, while non-perovskite structures are formed for higher or
lower values.” In fact molecules larger than formamidinium (ethylammonium,
guanidinium, etc) or atoms with radii smaller than cesium (e.g. rubidium or
potassium) are at the limits of the tolerance factor and tend to form much less
stable perovskites structures.®’ From the point of view of divalent metal species,
lead and tin are the elements that best fit the photovoltaic requirements although,
to overcome the toxicity and stability issues, variants have been studied that involve
other divalent cations or mixtures of mono and trivalent metals.®" The size of the
perovskite crystals among the different chemical compositions, on the other hand,
can vary according to the dimensions of the anion and the cation present in the
lattice, affecting the perovskite crystal structure and so the bandgap (the iodide
anion is larger than the bromide anion as well as formamidium is larger than
methylammonium).® A derivation of 3D perovskites can result in a series of two-
dimensional (2D) configurations with the formula A.«B-Xs known as Ruddlesden-
Popper (R-P) phases."™ These layered perovskites are the consequence of the use
of A cations consisting of large aliphatic or aromatic chains.

The interest gained around this class of semiconductors derives above all from their
remarkable optical and electronic properties which are particularly appropriated in
the development of the current energy context. Considering a much broader vision,
the material science is constantly looking for solutions that can meet the growing
demand of energy consumption and face the need to improve quality of life. In fact,
in the current social context, the challenge to develop a renewable technology, of
easy global access, sustainable consumption, minimal environmental impact
remains open. In this regard, on both sides of the scale we find, in contrast, the
production and consumption of energy. In the perspective of build up an eco-
sustainable society, the paradigm would also be simple: being able to generate
energy needs through clean, renewable and abundant sources and vice versa, to
make careful and effective use of the "energy" available. Two of the most relevant
examples in both cases, respectively, are photovoltaic technology and lighting
technology (see figure 1.1c and d). The possibility of using solar radiation as a source
of energy is one of the most promising alternatives to slow down or halt the
exhaustion of fossil resources and eliminate, at the same time, their contaminating
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effects.”® While a significant amount of the electrical energy produced goes through
public and private lighting systems, not to mention the portable technology (TV
displays, computers, cell phones, etc.).”

In both cases, among the available tools, protagonists of this challenging research,
we find semiconductor materials, already involved in many other aspects of modern
technology (energy conversion, telecommunications, medicine).®? The properties of
these materials, in between those of an insulator and those of a conductor, have
allowed an impressive technological advancement both in terms of efficiency, and
energy saving together with quality and life comfort also thanks to the possibility of
miniaturization (thinking of the integrated circuits).#? Indeed, an interesting quality
that makes these materials so attractive is their versatility. The wide range of
applications derived from the use of this compounds fits perfectly with the needs of
a society in which technology penetrates different aspects of life, requiring even
higher levels of multi-functionality.

Renewable energy capacity investment Final energy consumption in the residental sector by type of
over the decade 2010-2019, $Bn end-uses for the main energy products, 2017
c) ' - d)
Lighting (22) )

Solar (52.3%)

: ¢ and appliances

\

Biomass & waste =
Geothermal Other end uses
|

Small hydro

Space cooling
Biofuels

Figure 1.1 c¢) Percentage of 1investments on different alternative
renewable sectors over a total dinvestment of $2.6 trillion. Data
adapted from ref.16. d) Percentage of electricity consumption 1in
different end-use applications in households. Data adapted from
ref.17.

In the wake of this pressing technological need, the discovery of the multivalent
optoelectronic properties of metal-halide perovskites has been received with
remarkable enthusiasm by the scientific community. The final breakthrough and the
major progress date back to the last twenty years, following the introduction of
perovskites in photovoltaic as an absorbent component of a dye sensitized solar
cell.Z The climb to success has been rapid and disruptive, marked by the gradual
increase in efficiency of metal-halide perovskites thin film photovoltaic devices. %%
In the field of photovoltaics, these materials have in fact become as a potential
competitor of silicon technology.
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In general, however, the versatility of these semiconductor compounds also extends
to many other applications. Perovskites have found use for example in light-
emitting-diodes,*? transistors,?® photodetectors?® and have been more recently
considered as scintillators.®® Another very interesting technological aspect
concerns the use as an optical gain medium in distinct structural configurations
(DBRs, microcavities, plasmonic structures) for the fabrication of laser devices
exploiting the amplified spontaneous emission or even random lasing effects.™
Moreover, these materials also revealed a quite strong third order nonlinear
character,”? particularly evident in 2D systems, useful for applications in
communications devices. In all their applications one of the most appreciated
properties of lead halide perovskites, together with low fabrication costs, is
certainly the tunability of the bandgap depending on the chemical composition of
the semiconductor. Specifically, the exchange of halides allows the coverage of the
entire visible spectrum, from ultraviolet A (UVA) (chloride-based materials) to near
infrared (iodine-based materials).*® The advantage of this easy bandgap tuning,
however, is closely linked to a contrasting phenomenon which undermines the
stability of the perovskites that is the ion migration. Already known also in oxygen
based perovskite compounds,* the migration of ionic species present in the system
(A, B, X)) can be induced by various external factors, but, in any case it depends on
the presence of structural defects, in particular ionic vacancies in the lattice.
Among the species in movement, those with the highest probability are considered
halides, whose migration is most evident in mixed perovskites, for example
MAPb(Brl)s, through a phase segregation effect,® which implicate the formations of
separated domains, Br-rich and I-rich, with different electronic and optical
behaviour. The ionic mobility can therefore induce a compositional change that
compromises the stability of the perovskites and is in fact also associated with the
main degradation factors of these materials. In particular, the presence of humidity
or water and oxygen molecules and the prolonged light irradiation and heating at
temperatures around 100 degrees are among the most aggressive external
conditions for the survival of the perovskites as they have individually
demonstrated to be able to initiate a compositional modification, but also lead
directly to decomposition, reacting, for example, with organic cations to produce
gaseous species and irreversibly destroy the crystalline structure.®* Long-term
stability problems are the main barriers to the marketing of perovskite-based
devices. But precisely because both the argument and the materials under
examination are undoubtedly complex (more degradation factors can act together
and more components of a device can react distinctly), it is particularly relevant to
follow the development of materials with a fundamental study of the properties and
behaviour of perovskites semiconductors.
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One of the most interesting developments in the investigation of these materials
concerns their nanocrystals, with properties so distinctive as to generate a new
field of research. As a matter of fact, since the end of the twentieth century,
nanotechnology accompanied the research of applied science offering the
possibility to expand the materials functionality thanks to a better control over the
matter on the nanometer scale. The fabrication of low-dimensional structures has
been of great help for semiconductor-based applications. Synthesis processes
designed to specifically reduce the equivalent length (or size) of the three
dimensions of volumetric materials (3D) have opened the field of semiconductors
literally to new types of materials, such as quantum dots (0OD), nanofibres (1D),
nanoplatelets (2D) and a plethora of conformational variations and superstructures
that can be derived from the combination of these nanomaterials.** All these new
solutions have already shown enormous advantages on electronic, optical and
mechanical properties and an easy integration in actual devices that have led to an
amazing commercial advancement (e.g. TV displays that already use quantum
dots).¥% Similarly, after the photovoltaic relaunch of perovskites, research
naturally became interested in the development of nanocrystalline versions of
these semiconductors not only from the study of their fundamental properties but
also from their application in optoelectronic devices.

1.1.1 Quantum confinement effect in semiconductors

The nanoscale reduction in size of semiconducting materials is closely related to
the quantum confinement (QC) phenomenon. The QC effect in semiconductors has
revealed the correlation between molecules and crystals. The electronic behaviour
of nanocrystals, otherwise also called quantum dots, can be seen as a compromise
between the characteristics of bulk semiconductor and the discrete nature of atoms
properties. In general, the properties that define a semiconductor derive in large
part from the electronic configuration of the atomic elements that compose it and
from the consequent overlap of orbitals that form its band structure. The direct or
indirect nature of the bad gap and the energy difference between the conduction
and valence bands characterize each semiconductor (and the distribution and filling
of the density of states against the lattice wave vector). Starting from the very same
compound, however, and reducing the volume of the crystal, until reaching
dimensions comparable to the Bohr radius (typical of the bulk material), an
energetic shift of the bandgap corresponding to its expansion can be observed.”' At
the nanometer scale, the number of atoms that come into play is significantly lower
than the bulk, thus actually breaking the translation symmetry and preventing the
Bloch condition of periodical wave functions. In these nanometer-scale materials,
pseudo bands will be formed by discrete levels of electronic energy, more similar to
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bonding and antibonding orbitals.? In this regime the optical and electronic
properties become size-dependent rather than composition-dependent as in the
bulk. The situation can be described from a "bottom-up" point of view considering
the linear combination of atomic orbitals in molecular orbitals and then the
formation of clusters up to the construction of dense bands in bulk crystals.
Conversely, however, looking at this situation from a "top-down" perspective, it is
possible to use the known parameters of the bulk semiconductor such as the
effective mass and the dielectric constant, to predict or in a certain way describe
the phenomenon of quantum confinement. From the first observations of
semiconductors confined in glassy matrices®* and more detailed studies on
colloidal systems®“ various theoretical analysis have been developed on the
matter. The most widely used connects the effects of quantum confinement to the
particle-in-a-box problem. The term confinement, in fact, refers to the restriction or
limitation of the motion of the charge carriers that can be found in a semiconductor.
Concretely, photo- or thermal excitation of the semiconductor promotes electrons
from the valence band to the conduction band leaving a hole in the valence band.
Electrons and holes in their lowest energetic state are electrostatically bound in the
so-called electron-hole pair also known as exciton. In inorganic semiconductors,
the coulombic interaction between electrons and holes is generally screened by a
high dielectric constant while the reduced mass of this hydrogen-like system is
typically small so that the electron-hole distance exceeds the size of a unit cell of
the crystal lattice. These conditions define a Wannier-type exciton, characterized by
a rather low binding energy, of the order of millielectron volts (meV).%

When the dimensions of the semiconductor nanocrystal reach those of the exciton,
the charge carriers are affected by a spatial confinement which increases their
energy. Moreover, regardless of the geometric confinement, the charges in a
semiconductor can also be affected by an electrical confinement when they are
surrounded by a material with a different dielectric constant.”’” The effects of this
type of confinement can be found in the interactions between the charge carriers.
The dielectric contrast can in fact modify the surface charge at the interface
between the two materials by modifying the screening that acts on the coulombic
potential between the charges. This type of effect is particularly evident in the 2D
systems of the R-P type perovskites in which the inorganic layers are separated
with organic material with a lower dielectric constant. In this case, the dielectric
confinement increases the interaction force between the charges generated in the
conduction and valence bands of the lead and of the halogen in the inorganic part
with a consequent increase of the exciton binding energy.*®*

The widest used approach for describing the bandgap shift in relation to the
shrinking of a semiconductor is the one presented for the first time by Brus and
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adopted both in the case of the most common inorganic semiconductors and in the
case of perovskite nanocrystals.®® Considering the approximation of the effective
mass (parabolic energy around the minimum/maximum of the conduction/valence
bands) for the kinetic energy and an approximation of the effective medium for the
potential screening by the dielectric, the following expression is obtained for the
correction of the bulk semiconductor bandgap, under the effect of quantum
confinement:

ENC ~ phulk | h?  1.786e? 2)
g g 8uR? 4meye, R

The dependence on the radius R of the excitonic energy of the nanoparticle Eg (NC)
is derived by adding two terms to the bandgap energy of the bulk, Eg (bulk). The first
represents the quantization of the energy of a spherical particle-in-a-box system
with infinite potential on the walls. In this term h is the Planck constant, u is the
reduced mass of the exciton and a quadratic inverse dependence on the radius can
be noted. The second term takes into consideration the electrostatic interaction
between charges and is characterized by an 1/R dependence. In this term, e is the
charge of the electron and & and & the dielectric constants of the vacuum and of
the bulk semiconductor respectively. The expression was completed with the
addition of a further minor correction term, given by a spatial correlation effect, but
significant only for materials with low dielectric constant and in fact has not been
taken into consideration in the studies carried out so far on nanocrystalline
perovskites.5 For the record, the approximations implicit in Brus formalism may not
be valid in the case of so-called strong quantum confinement, that is, for extremely
small crystals. In these cases, for example, the potential at the band edges loses its
parabolic shape. The nanocrystals may not take on a perfectly spherical shape
chosen to simplify the mathematical treatment. The potential at the limits of
confinement is not exactly infinite and tunneling leaks may occur and, more
generally, the nanocrystals may be affected by the external potential. Finally,
assuming a static dielectric constant, that of the bulk, may not be in agreement with
the change of polarization in the strong confinement. The effects of quantum
confinement on the behaviour of perovskites when they are reduced to nanometer
sizes underlie the substantial differences between bulk materials and nanocrystals,
to the point that they can be considered as a new class of materials.

1.1.2  ABX; perovskite nanocrystals

One of the most interesting properties that emerged since the first synthesis of
perovskite nanocrystals is the high quantum yield of their photoluminescence. They
practically reached 100% in no time.** But what make these materials so relevant
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for optoelectronic applications is a set of characteristics that start with the
tolerance to structural defects.® This concept refers to the fact that defects do not
interfere with the recombination or extraction processes of the charge carriers and
therefore do not cause non-radiative losses. This is because, energetically, defects
are distributed near the conduction and valence bands or in resonance with them
(shallow traps) and not inside the bandgap (deep traps).®*®” This particular
electronic structure is attributed both to the distinctly ionic character of the bonds
of the perovskites, but above all to the antibonding character of the orbitals
involved in the valence band.%® Since the conduction band is typically antibonding-
like, the defects generated by the halide or non-metallic cation vacancies, they fall
into the continuous of conduction or valence band. From the point of view of
nanocrystals, this tolerance also facilitates their fabrication since a strict surface
passivation is not necessary as in the case of inorganic core-shell semiconductors.
However, to obtain control over size and shape in the nanoscale, colloidal-type
preparations are used. And in this case the possible desorption of ligands in the
purification phases can entail, in addition to the aggregation of the nanocrystals, an
increase in surface defects (vacancies or dangling bonds), as well as favoring their
reaction with external agents.®

An additional attractive versatility has also been demonstrated in perovskite
nanocrystals thanks to the compositional tuning of the bandgap..** The use of
iodine, bromine and chlorine as halide anions enables the covering of the entire
visible spectrum in absorption and emission,®¢2 while the cation mainly influences
the structural stability even if its exchange can play a small role on the bandgap,
being able to favor some distortion of the cubic structure.®® The ease of
nanocrystals synthesis, however, makes accessible a wide range of bandgap tuning
which can vary according to the shape and size when approaching the values of the
exciton radius.* This alternative can be particularly useful in order to employ the
more stable compositions. Chloride perovskites, for example, seem to be more
sensitive to defects and therefore less efficient in luminescence.®® By confining the
bromide-based perovskites it is possible to obtain emission shifted in the blue using
this more stable material. Obviously, the precise manipulation of the bandgap, i.e.
the absorption of these materials, makes the perovskite nanocrystals very
interesting for the design of photovoltaic tandem systems in the production of solar
energy.”’ There are already several examples of solar cells based on perovskite
nanocrystals, in particular with all-inorganic perovskites for which a stable cubic
phase was demonstrated, at room temperature, unlike the bulk.®% Nevertheless
there is still a lot of room for an optimization, in particular regarding ligands
engineering (or their removal) which basically act as insulators and prevent the
transport of charges.” Other attempts concern the use of perovskite nanowires, for
example, taking advantage of the preferential charge transport along the
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unconfined dimension.” Finally, the possibility of integrating bulk solar cells with
low-dimensional materials has also given positive results. The nanocrystals at the
interface between the active material and the charge transporting layers can
facilitate the bands alignment and improve the carrier mobility.”>” Furthermore, the
confined structures can offer an enhancement of conversion efficiency due to the
generation of multiple excitons.” Another particularly interesting feature for the
technological aspect is exciton binding energy. The strength of the interaction
between the electron-hole pair identifies a material capable of generating free
charges or stable excitons under optical or electronic stress. Consequently, we can
distinguish materials that are more suitable for generating a current or generating
light. Bulk perovskites are normally characterized by low binding energy values,
approximately around KT.” But in confined structures the coulombic attraction is
stronger and the binding energy increases. Consequently, the exciton does not
separate in free charge carrier and the photoluminescence process becomes more
effective.’® In fact, this feature is essential in devices for lighting and lasing
applications. The possibility of working with materials prepared through liquid
methods also allows to improve the morphological quality, another indispensable
parameter in the architecture of a device, and to facilitate the integration into more
complex photonic structures for a more precise manipulation of the optical
response.” For all this wide spectrum of applications, numerous examples already
exist in the literature. Inorganic nanocrystalline perovskites have been used in
LEDs, due to the greater chemical stability, and in particular 2D layered materials in
which it is easy to control the confinement by adjusting the bandgap with the
number of organic interlayers.”® Always considering the application in the field of
lighting, perovskites nanocrystals immediately revealed a very intense and
particularly narrow photoluminescence, compared to other semiconductors, with
full width at half maximum (fwhm) below 100 meV.” This feature is translated as an
improvement in color purity for display technology. Low dimensional perovskite
have found space, in fact, as materials for color conversion to obtain white light,
thanks to their high color rendering index.&88!

1. 2TEMPLATED PEROVSKITE NANOCRYSTALS

Starting from the renewed interest for perovskites in photovoltaics, the attempt to
apply colloidal synthesis for the fabrication of nanocrystals is relatively recent
(2014/2015).%% Based on the methods already widespread for the colloidal
preparation of classic inorganic semiconductors such as compounds II-VI and IlI-V,
one of the most used strategy for perovskites is the hot injection technique (HI). This
approach generally consists of injecting the cationic precursor, organic or
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inorganic, into a hot solution containing salts of the metal halide, together with the
necessary ligands such as carboxylic acids or alkylamines dissolved in a solvent
with a high boiling point.®®3 The parameters to be kept under control in this type of
system are the temperature, the precursor concentration, the ratio
perovskite/ligand and the reaction time in order to control the dimensions, but also
the shape of the nanocrystals. Although excellent results have already been
obtained,” the HI technique also has some disadvantages. From a process point of
view, high temperatures and specific control over the reaction conditions increase
costs and limit large-scale use. As for the results, this method has been mostly
used for all-inorganic perovskites, but it does not guarantee the same quality, in
terms of optical properties, for organic-inorganic hybrid perovskites and more
generally for more complex compositional variations.® The alternative commonly
used, always within liquid synthetic methods, is the ligand assisted re-precipitation
(LARP) technique which relies on a thermodynamic control, instead of a kinetic one.
The strategy consists in fact in the "shifting" of the equilibrium state of a precursor
solution in order to activate the reaction and start the crystallization. The change in
the equilibrium condition can be induced by a change in temperature or by a change
in concentration. The latter can occur by evaporating the solvent or by adding a
solvent with different precursor ions solubility. Finally, in the presence of ligands, it
is possible to have control over the precipitating crystals growth at the nanoscale.
This method is certainly more versatile than Hl and the milder operating conditions
make it more affordable and more attractive for scale-up. However, the results are
still not optimal in terms of quality and stability of the nanocrystals obtained.®

In addition to ligand-mediated methods, for the synthesis of perovskites in the form
of nanocrystals, templated techniques have also been used in the last years. The
results obtained in this thesis that will be described hereafter, are based on this
type of perovskite nanocrystals preparation. The strategy differs from the colloidal
one because of the nanometric control of the shape and size of the semiconductor
crystals is made through a porous matrix where structuring agents are not needed ,
This alternative has proven to be quite attractive for distinct reasons. Perovskite
nanocrystals grow directly within the pores of the scaffold and consequently
purification processes are not necessary. Precisely for this reason, the typical self-
aggregation phenomena due to detachment of ligands during the washing and
deposition phases are also avoided.?® The absence of organic chains around the
confined perovskites improve the electrical connectivity. From the point of view of
matrices, however, the advantage lies in the exploitation of the vast repertoire
available by an extremely advanced research field, that of porous media. The use of
porous materials, in fact, adds versatility to this synthesis method, in terms of
chemical composition (organic or inorganic materials), morphology (powders or
films), porosity (shape, dimensions, topology). All these features open up a new
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perspective on the control and enhancement of the properties of nanocrystalline
perovskites.

At the beginning of this thesis work, cases in which this synthesis strategy had been
applied to the lead halide-based perovskites had not yet been reported in the
literature. The research and development of an alternative to the colloidal systems,
then more common, is one of the cardinal motivations of this research project,
obviously together with the optimization and study, more generally, of these
materials, however relatively younger in this research field, compared to the bulk
counterparts on which the scientific community, in the wake of thin film technology,
was more focused.

1.1.3 Porous materials

As already mentioned, the interest raised around the properties of perovskite
nanocrystals is combined with the versatility of the porous materials used to guide
their synthesis and manipulate their electro-optical response. Therefore, to
complete the introductory context of this work, it is also necessary to shed light on
the type of porous materials that can be employed and on the chemical and physical
characteristics that come into play once the host-guest link has been established.
Actually, the first examples of perovskites integration in porous systems can
already be observed in the mesostructured solar cells in which the perovskites
turned from being considered simple absorber dyes, deposited on top of a porous
TiO; scaffold, to being the elements capable of generate and transport the charges
in insulating matrices (Al.0s or Zr(0,).2% In these cases, however, the scaffold had a
non-regular porosity and the nanocrystalline form of the perovskites was not
controlled, neither analysed. Then it is starting from 2016 that a more systematic
study on porous materials as templating agents emerged from the literature.®®
Different kinds of materials can be used for this purpose and the general
encapsulation of semiconductors, like micro-particles and mesostructured films
prepared with supramolecular methods, inorganic layers synthesized through
electrochemical etching or simpler mesoporous systems consisting of
stratifications of nanoparticles”™ (see figure 1.2.1 fromatof).

Among these, the former represent the most sophisticated class of compounds from
a structural and functional point of view. They are obtained from the
supramolecular self-assembly of surfactant or even polymeric molecules in
solutions containing inorganic species (metal oxides). The intermolecular links that
stabilize the structuring agents and the electrostatic interactions with the inorganic
precursors lead to the formation of micellar structures that shape the surrounding
inorganic phase. Once the whole matrix is condensed, the organic part can be
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removed with a heat treatment leaving space for the pores of the inorganic matrix.
This technique can be applied for both the fabrication of particles and films, but its
potential lies in the versatility in terms of chemical composition and the spatial
configuration of the porous network.”-%

Figure 1.2.1 Examples of different porous matrices. a) HRTEM
micrograph of a mesostructured silica-templated particles. b) HRTEM
image of SBA-15-template particles (rods). c) HRTEM of a

mesostructured film obtained from epitaxial growth of Si02 after
copolymer controlled self-assembly. d) SEM cross-section of thin film

based on 30 nm size Si02 nanoparticle dip coating. e) SEM cross-
section of porous silicon prepared by electrochemical etching. f)
SEM cross section of porous AL,0; structured using cyclic
anodization. Figures reproduced with permission from ref. 90, 91,
92, 93, 94, 95.

The use of this type of porous systems was a starting point for the development of
this thesis project, as we will see later. In any case, the synthesis of
semiconductors through spatial confinement within matrices of different nature is a
strategy already applied to compounds of type II-VI and -V, well before
perovskites.”" It is the behaviour of the latter, as already discussed, which makes
this route interesting again.
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1.1.4 Templated synthesis

Regarding the reaction conditions and regardless of the type of matrix that is used,
two methods of synthesis are distinguished within porous structures. Figure 1.2.2a
outlines the possible infiltration strategies for a porous matrix, two of which
correspond to synthesis processes (route | and II). The third route shown simply
indicates the possibility of encapsulating pre-formed nanocrystals ex-situ, in order
to combine the properties of the semiconductor with the features and benefits of
the scaffold. However, in this last case, perovskite particle size and its optical and
functional properties are not related with the scaffold in which they are introduced.
Route | is a two-step process. First a solution of metal halide salt (PbX) is infiltrated
into the matrix which then is exposed by dipping into a solution containing the
second cation (MA). Route II, on the other hand, consists in impregnating the matrix
with a solution containing the perovskite precursors. In both cases, the contact
between the precursors, inside the pores, will give rise to the nucleation of
perovskites which crystallize following the evaporation of the solvent. The growth of
perovskites will therefore be delimited by the size of the pores. In the development
of this type of synthesis, various parameters intervene concerning the porous
material on the one hand and the reaction dynamics on the other (see figure 1.2.2b
and c). From the matrix point, it is necessary to take into consideration the
accessible pore volume, the pore size, the tortuosity of the pore network and the
functionality on the walls. The latter, in fact, will serve as anchor points where
nucleation will start, but the interconnection between the pores is fundamental for
the diffusion of precursors, while not only the size but also the geometry of the
pores can influence those of the nanocrystals thus synthesized. The pores can be
seen as nanoreactors that promote the synthesis. In general, a more easily
accessible volume is obviously important for obtaining a homogeneous dispersion of
the perovskite material within the matrix, especially in the case of Route lll. In this
regard, however, one must also be careful of the concentration of the solution to be
infiltrated, containing precursors species or pre-formed crystals. Too concentrated
solutions can hinder the entrance of material into the deeper pores, but on the other
hand, too dilute solution would imply lack of active material inside the scaffold and
therefore a weakening of the performance. But the diffusion of the species within
the pore network also depends on the wettability of the matrix, or on the
compatibility with the aprotic polar solvents normally used to dissolve the
perovskite precursors (DMF, DMSO, GBL, etc.).
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Route I:
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Figure 1.2.2 a) Representative illustration of different approaches
for the templated synthesis ABX; perovskites in porous materials;
Different parameters regarding porous matrices b) and synthesis
dynamic c) to be considered in the templated method.

In this sense, considering the compounds most used for the preparation of porous
matrices, that are SiO; and TiOz, and their unwillingness to interact at the interface
with the aforementioned solvents, capillary phenomena can also help impregnation.
Of course, there is a limitation on the pore diameter, below which mass transport is
difficult due to an increase in solvent viscosity. A solution to this type of problem
can be found by using deposition techniques such as spin coating which are able to
push the material thanks to the centrifugal force. Vice versa, the deposition must
also be checked in order to avoid that the material comes out of the porous network
and form macro-crystals at the surface or even capping layers that would
otherwise have to be eliminated by adding washing cycles (that can also damage
the entire process). Ultimately, temperature, an external factor, takes part in the
synthesis mechanism influencing the growth dynamics, as it favors the evaporation
of the solvent and therefore the perovskite crystallization.
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1.3 PEROVSKITE@MATRIX COMPOSITES

In 2016, first works demonstrated the synthesis of perovskites nanocrystals
confined in mesoporous SiO; particles with well-defined pore geometries i.e.
cavities of different sizes and shape that dictate the size of the encapsulated
perovskite (Figure 1.3a). In one of the reports, this method proved to be adaptable to
different chemical compositions in terms of cation (MA, FA, Cs) and halide anions
(Br, 1) and allows authors to obtain a displacement of the photo-emission peak up to
50 nm and 100nm with respect to the bulk.¥ In another work, it has been used a
similar host material, in order to obtain mixed halides perovskite nanocrystals in
the range of 3.3 nm and 7.Inm (which are actually the pores sizes of the Si0;
templates) with high control over the size and so the bandgap.22 Some of these
authors also made use a Si0:; system (KIT-6) characterized by complex internal
gyroidal geometry where it is possible to tune pore size (up to 5 nm) and the pores
distance, by controlling the temperature of the hydrothermal treatment.™®

The examples described so far, although they allow a controlled tuning of the
dimensions and bandgap of perovskites and also offer an improvement in their
stability, suffer from a common problem. The granular nature prevents its possible
use in an actual device for which materials in laminar form with good optical quality
(without light scattering effects) are required.

In this context and in parallel to these results, the effort carried out in this thesis is
part of developing an alternative to colloidal synthesis, using the template
technique, which was also a technologically valid solution. In particular, later we
have demonstrated the usefulness of manufacturing porous matrices in the form of
thin films with high optical quality so as not to alter the absorption or emission of
the perovskites inside except in the extent of the quantum confinement dictated by
the pore size; so much more useful as component of and optoelectronic device. This
first work on ABXs nanocrystal synthesis in optical quality mesostructured films
prepared by means of the Evaporation Induces Self Assembly process was carried
out for both the case of TiO; and Si0; matrices'® (figure 1.3b). With this technique, on
varying the structuring agent it is possible to change the pore diameter, in this case
from 3 to 8 nm. A strong confinement effect was attained for the case of MAPbIs,
with a blue shift of 0.34 eV in the photoemission. In the same period of the first
silica powders based templated system previously mentioned we have optimized
the parameters for the synthesis of perovskites, although the EISA technique, for
the preparation of porous films, requires long matrix stabilization times and does
not allow thicknesses greater than 300/400nm to be reached. Even the
superposition of several layers is not easy and in any case interrupts the orderly
structure of the porous skeleton.
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Exploring other opportunities related to the use of scaffolds compatible with the
fabrication of a device, Demchyshyn et al. proposed the synthesis of perovskites
within silicon and aluminum oxide nanoporous films'® (figure 1.3c). Both matrices,
prepared by an electrochemical process, allow obtaining a film composed of
aluminum oxide nanotubes of 8 nm diameter or a silicon film formed by a network
of nanopores with controllable size in the range of 2 to 10 nm.

ncMAPDI

Figure 1.3 a) HRTEM image of porous Si0, (dark spots are MAPbBr;
perovskite nanocrystals). Inset: Photographs of SiO,aperovskite
samples with different nanocrystals size and composition. b) HRTEM
of Ti0, templated mesoporous film containing MAPbI;, crystallographic
planes are indicated in the image. Inset: Photo of the same sample

under UV-light. <¢) Bright Field-STEM image of nanoporous AL,0;
including CsPbX; nanocrystals. Inset: photographs of perovskiteaAAO
samples exposed to ultraviolet illumination. Reproduced with
permission of ref 88, 103, 104.

Interesting also is the work on MAPbI; confinement in a mesoporous matrix
consisting of a film of silicon nanotubes, reporting a blue shift up to 741 nm (from
the 779 nm of the PL for the case of their perovskite bulk film reference).”™ With a
one-step preparation, the solution containing the perovskite precursors infiltrates
the scaffold where the nanotubes were grown through silver-assisted chemical
etching. The nanocrystals are formed inside the pores along the silicon walls and it
has been observed how the nanocrystals size can be controlled according to two
factors: the porosity of silicon and the concentration of the precursor solution.
However, the results show a fairly large dispersion in terms of nanocrystal
dimensions probably also due to defects in the host mesoporous structure. Similar
infiltration procedure (Route I) have been followed within thin films of F-doped Ti0;
particles with specific control over the porosity obtained through acid etching.'®

The application of the two-step process for the synthesis in confined structures was
used by Chen et al.'” for the case of mixed-halide perovskite, MAPbIX;, through a
porous Metal Oxide Framework (MOF) film (HKUST-1. Copper benzene-1,3,5-
tricarboxylate) first immersing the porous scaffold in a solution of Pbl; and then
dipping the MOF matrix containing Pbl: into a solution of methylammonium halide.

Finally, much simpler porous structures consisting of a superimposition of
nanoparticles with a more or less regular shape can also act as matrices in which
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infiltrate perovskites precursors and synthesize nanocrystals. There are numerous
deposition techniques which allow precise control over the optical quality of the
nanoparticle films and their thickness.®®® The work of this thesis pioneer the
inclusion of ABXs perovskite with these type of porous systems. For this reason the
matrix preparation and characterization will be examined in chapter 2 of this thesis.

In general, the use of porous matrices for the synthesis of perovskite quantum dots
allowed to obtain, in many cases, a considerable shift in photoluminescence
towards shorter wavelengths, typical of a quantum confinement regime i.e. crystals
with sizes near the exciton Bohr radius®&1210310M (gee figure 1.3d). So, in order to
describe the quantum confinement of lead halide based perovskites nanocrystals
obtained from these composite systems, most of the authors used the Brus model
presented in section 1.1.1. Figure 1.3e shows data related to the size (matrix pore or
nanocrystal) dependence of the energy shift (with respect to the bulk) reported in
several recent publications on the case of MAPbl; and MAPbBr: perovskites, in
comparison with the behavior expected by the Brus approximation.
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o <
0.25 0.1}
0.00 00, : :
' 700 800 2 4 6 810 20 304050
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Figure 1.3 d) Emission spectra (480 nm < A < 550 nm) of nc-MAPbBrj,
synthesized within a film of packed Si0, particles with sizes (in
nm) of 11.9 (red Lline), 8.9 (orange Lline), 8.3 (yellow Lline), 6.7

(green Lline), and 5.1 (blue Lline); emission spectra of nc-MAPbI; (600

nm < A < 820 nm) synthesized within mesostructured TiO, films with
sizes of (in nm): 6.2 (dark red Lline), 4.5 (red Lline), 4.1 (dark
orange Lline), 3.4 (orange Lline), and 3.3 (light grey Lline). Data
extracted from refs. 88 and 103. The emission spectrum of a bulk
film is also plotted for comparison (brown Lline); e) Bandgap shift,
AE=E, ..~Eg bux, estimated from the position of the photoemission
spectra maxima, as a function of the experimentally determined
crystallite size. Data adapted from ref. 89 (green and red circles),
ref. 102 (green stars), ref. 88 (green and red square), ref. 103
(red diamond), ref. 110 (green pentagon) and ref. 111 (green
triangles). Solid Llines are the expected trends after Brus equation
(2) for both MAPbBr; and MAPbI; perovskite nanocrystals (green and
red lines, respectively).
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1.1.5 Composites properties

The effects of the integration of perovskite nanocrystals in porous matrices are not
limited to the control of the dimensions and to the tuning of the bandgap with
respect to the bulk semiconductor. The matrix can also act on the optoelectronic
properties of perovskites through direct interactions, as may happen at the
interface between the pore walls and the nanocrystals surface, or in a more indirect
way. The matrices, for example, can act as a screen or better as a filter, towards
the external environment. The tortuosity of the pore network can hinder the
penetration of gaseous degrading agents, especially oxygen and water vapour
increasing the photo-stability of perovskites. As illustrated in the figure 1.3.13, this
beneficial effect has been demonstrated precisely in the case where a silicon-based
matrix was used just to encapsulate ex-situ pre-formed CsPbBrs nanocrystals in
order to increase stability and to limit their anionic segregation." These composite
systems have shown a better stability over temperature and illumination stress.
After 96h the perovskites maintained 80% of the emission intensity, while non-
encapsulated crystals lost the 60%. Likewise, integrating these systems with
polymeric matrices can increase the resistance to water and oxygen, as
demonstrated in some cases™™ preserving the optical properties of the
nanocrystals whether they are synthesized within the matrix itself or are colloidal
systems subsequently encapsulated.
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Figure 1.3.1 a) Evolution of the normalized photoluminescence during
24h of illumination of a bulk film (brown squares) and encapsulated
nanocrystals (pink squares). Data adapted from ref. 104; b) Lifetime
measured for different perovskite nanocrystals templated in porous
systems confined perovskite as function of pore size of the host
structure or the crystallite size. Data adapted from ref. 89 (green
circles), ref. 88 (green diamond), ref. 110 (green pentagon), and
ref. 111 (green triangles).

The porous matrix as a confined space for the synthesis of perovskites in the
quantum regime can also cover other roles related to the surface chemistry of the
ABXs nanocrystals with important consequences on their optical properties. In
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colloidal ABXs perovskites systems, the photoluminescence quantum yield (PLQY)
reaches values near 100%. However, as we mentioned before, the deposition of the
colloids as thin film reduces dramatically these high PLQY values.™ In the case of
nano-templated synthesized perovskites, the reported PLQY values oscillate in a
large range of values (see tables 1.3.1a and b). Interesting consequences concern
also the photoemission dynamics. The reduction of the particle size implies a
shortening in the lifetime of their excited states when compared with homogeneous
ABX; bulk films, as it has been demonstrated in colloidal nanocrystalline
semiconductors.™ In general, the aforementioned behaviour was observed also in
the case of templated nanocrystals.®'® However, it is possible that the degree of
"filling" of a pore and of course the nature of the matrix may lead to the instauration
of an interaction between perovskites and chemical species exposed to the pore
walls. The latter, therefore, can act as a passivating agent of the traps which, as the
size decreases, increases in density in the perovskite nanocrystals surface. The
effect is particularly evident in cases where polymer matrices are used, in which
the lifetimes are comparable to those of the bulk material.™ In this regard, Durrant
and co-workers suggested a passivation effect of functional groups present on the
host walls towards surface defects in perovskite nanocrystals depending on their
acidity. Particularly, aluminate groups present in mesoporous alumina will harness
exposed Pb ion defects in MAPbBr3; nanocrystals synthesized within the pores, while
this effect may not occur when silanol groups are present.™

In addition, different authors have reported that nanocrystals synthesized within
mesoporous matrices may present either a lower density or a better harnessing of
defects.®™ Figure 1.3.1b contains a collection of lifetime reported for most of the
systems described above versus nanocrystal size. It is interesting to observe a peak
around the value of 7 nm.
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Figure 1.3.1 c¢) Normalized photoluminescence decay obtained from
MAPbI; nanocrystals in Si0, (violet Line) and TiO, (orange Lline)
matrices. Black Lline represents the data obtained for a bulk film.
d) Time evolution of the normalized photoluminescence (photo-
activation) for nanocrystal templated system (red Lline) and bulk
system (black Lline). Reproduced with permission from ref.103.
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; 6.2 boos17 3.7 |
s8I MAPbBr; | 4.4 | 504 | 539 55 |
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g 6.2 ! 569 ! [
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! 71 162 /
, 6.2 . 636 | /
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__________________ L33 45859 i ./
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: 6.2 ©705 | /o
MAPbl; ! 4.4 ! 667 | 761 /!
: 37 D642 ! /i
: 33 | 585 ! / |
11.9 | 544 | /]
i 8.9 D541 ! /
MAPbBr; | 8.3 | 539 | 559 /
: 6.7 o532 | I
: 5.1 Po521 | /i
"""""""""" PTTTTTIe T Tggs T, 102
E 8.9 P75 ! /
MAPbl, ! 8.3 L7471 792 /
: 6.7 bo734 /
; 5.1 {708 ! /
SBA 15 CsPbBr; | / | 507 | 525 41 | 110

Table1.3.1a Powders: type of host (matrix) guest (ABX3 perovskite),
pore size, spectral position of the maximum emission, spectral
position of bulk, and photoluminescence quantum yield for powder
fabrication.

Even though such a non-linear behaviour has been reported for other
semiconductor, the understanding of this feature will require a deeper analysis of
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the dependence of the density of deep and shallow traps since the relative energy
of valence and conduction band is also changing.

nanocrystal | Fomax Tubulkc
Host guest size (nm) (nm) (nm) QY% ref.
MAPbLCl, | / T / /i
HKUST-1 MAPbLBr, | / [ 6ss 735 I e
MAPbI; / : 715 800 /o
Ti0,/F127-PPG 6.2 692 1
Ti0,/P123 3 4.52 : 686 1
TiO,/F127 MAPDI; ! 4.06 : 677 775 1
Ti0,/CTAB 3 3.4 ' 660 1 i 103
. TiOy/Brijs8 . .........328 i 638 . 1.4
JTioF27 MAPbBry & 406 o0...s5200 & 535 ] 1.
Si0,/CTAB MAPbI; 3.4 ; 660 775 1
_____ MAPOCL, i A4 /
9.8* 532 / 10
(f”;:;"zse) MAPbBI, 7.8* 528 / 8 o8
i R — S6* _i..5M__ .. [ 2
MAPbl, ! / ' 738 / /
MAPbl; ! / : 729 791 25
anodized Al,0; MAPbBr; ! / : 521 535 60
.. CsPbBry i A Lo istg b 535 . 90
MAPbI; / 640 791 / 104
) MAPbBr, / 485 535 /
e'e‘::fc:’:d";'ica"v CsPbBrs / 479 529 i
MAPbCI, / / / /
16 ; 741 9.82
Si0, 5 : 715 /
nanowires MAERl; / 710 3 / e
/ : 692 /
Si0, /P123 CsPbBr, bimodal 487-510 525 31.8 110
MAPbI, /
meso-ZrO; vttt 122
nanoparticles MAPbBr3 /
25
13
F-doped TiO, 11 106
nanoflowers 57
13
11

Table1.3.1b Films: type of host (matrix) guest (ABX3 perovskite),
perovskite nanocrystals size, spectral position of the maximum
emission, spectral position of bulk, and photoluminescence quantum
yield for thin films fabrication. The symbol * indicates pore size
as no actual nanocrystal size was reported.

And for what concern the energy alignment between host and guest and the
influence on decay dynamics, the porous matrices can offer a more or less
favourable environment to the transfer of the charges generated by the
photoexcitation. The analysis of the lifetime of the MAPbI; nanocrystals confined in
two matrices based on TiO; and Si0; templated with the same pore size revealed a
decay of 2 orders of magnitude faster in the titanium-based scaffold as illustrated
in figure 1.3.1c. The difference is directly related to the opening of a non-radiative
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deactivation channel that injects charge carriers from perovskite to the conduction
band of TiO.. This is even more evident considering the absence of steric bulky
organic ligands that leads, in fact, to the possibility of charge transfer making this
type of matrices more appealing for optoelectronics, although the majority of
mesoporous systems in use are based on SiO; as we shown before. Embed
nanocrystallites also demonstrated a fast photo-activation'® (see figure 1.3.1d). A
possible explanation of this effect is related to the small size of the confined
perovskite crystals. So as lattice defects (surface, interstitials, vacancies) normally
constitute recombination channels that quench the PL, the photo-induced ion
migration that occurs in these perovskite compounds can promote the
deactivation/passivation of these non-radiative paths. In consequence, this
annihilation effect is much faster leading, consequently, to a quick stabilization of
the PL™? |t is important to mention that this proposed mechanism is different
from what is postulated in colloidal perovskites where ligands act as a brake on the
photo-induced ion migration.”

Finally, tables 1 and 2 provide a summary of the main structural features of
different matrices employed to attain ABXs nanocrystals within their porous
networks, along with the characteristic photoemission peak attained in this case.

1.1.6 Composites applications

In addition to the fundamental study, in particular on the optical response of the
perovskite@matrix composite systems, some of the configurations analysed have
already found a technological application. As already mentioned, the materials in
the form of thin films can be more easily integrated into the multilayers
architecture of a solar cell or an LED. Naturally, the insulating or conducting
behaviour of the matrix and the efficiency of the charge transport between the
nanocrystals and the scaffold can promote extraction or injection.™ Titanium oxide,
for example, as we have already seen, can be an excellent partner, in whose
conduction band, perovskites can inject photo-generated electrons. In a work by
Lee et al, (see figure 1.3.2a) in fact, the functioning of a dye sensitized solar cell
based on MAPbI; nanocrystals synthesized directly in the mesoporous TiO; matrix is
demonstrated.” It is interesting to note here, however, that if a high density of
perovskite nanocrystals is reached through the entire porous structure so that a
sufficiently tight packaging can be obtained, the percolation of the charges through
the perovskites could be favoured. As regards the emission, on the other hand,
MAPbI; and CsPbBrs nanocrystals synthesized in the columnar pores of an Al.0s
matrix have been efficiently used as active material in a light emitting diode'™ as
shown in the figure 1.3.2b. The results obtained so far revealed that the use of
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composite materials is promising although there is space for further improvement.
In view of a possible integration in optoelectronic devices, the effort could be
focused on the search for non-insulating porous materials. In fact, most of the
cases concern porous silica-based structures which, thanks to the distinctive
bending quality of the 0-Si-O bond, allowed a preponderant advancement on the
handling of these materials. From the point of view of electronic efficiency,
however, the use of insulating inorganic matrices, as well as polymeric compounds,
constitutes a barrier to the path of the charges. If in colloidal systems, the use of
short chain ligands is one of the solutions for a better electrical connection across
the nanocrystals system,' in the case of inorganic matrices a solution could be to
reduce the thickness of the pore walls. In general, to improve the optoelectronic
response, the research of the matrix-perovskite composite system can be made
more effective by reducing the amount of inorganic material over the active
semiconductor in order to decrease the electrical resistance. The risk, in this case,
is that of losing the control over the perovskite confinement and consequently on

the bandgap tuning.
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Figure 1.3.2 a) J=V curve from the DSSC based on MAPbI; nanocrystals
embedded in a mesoporous Ti0, layer (inset: architecture of the
DSSC). b) Image obtained from an operating CsPbBr; LED based on
nanocrystals embedded in Al,0; porous system (inset: architecture of
the LED). Reproduced with permission from refs 122 and 104.

In addition to the possible applications of perovskites grown in porous films, in the
last chapter of this thesis, some technological solutions will be examined, both for
the emission and for the absorption of light, based on perovskite nanocrystals
synthesized in silicon oxide nanoparticles matrices.
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1.4 MOTIVATION AND PURPOSE

What can be deduced from the current research on perovskite nanocrystals
encapsulated in porous matrices might be described with the term “potential”. The
concept implies the existence of quality and possibilities that have not yet
manifested or been realized on the basis of very promising results. The examples
presented so far of how it is possible to integrate perovskites into porous materials
and the effects on the properties of semiconductors, starting from the control over
the dimensions to the alteration of electrical and optical properties, have also
demonstrated advantages compared to other non-templated systems. Above all in
view of future optoelectronic applications, improvements in stability have been
observed in terms of inhibition of environmental degrading agents, emission
stability and also structural stability (no self-aggregation phenomena). These
systems have also added an interesting versatility and adaptability of the
nanocrystalline perovskites. The results are still a proof of concept, but they
certainly encourage us to continue research along this route.

The project of this thesis was born precisely in this area. With the general aim of
investigating the properties offered by the confinement of perovskites in porous
matrices. The results collected in this PhD thesis and the progresses around the
specific field of perovskite nanocrystals templated synthesis evolved contemporary.
As we seen, the state of the art reviewed in this introduction includes more recent
results, but it should be considered that at the beginning of this project, in 2016, this
research field was still unexplored. Thus the development of this thesis has
progressed hand in hand with the discoveries of the scientific community
concerning encapsulated perovskite systems, but also with respect to nanocrystals
in general, characterized by a behaviour not fully explored. My work on confined
perovskites began, more precisely, with the study of systems composed of
mesostructured films of SiO; and TiO,, already mentioned in this introduction. The
pioneering result on the use of matrices in the laminar form and the singular and
unpublished response of the perovskites in terms of optical properties pushed the
research work carried out during the thesis.

The objective of the project was directed towards the optimization of the synthesis
of organic-inorganic perovskites in matrices in the form of thin films in order to
probe, also, the possible integration in devices for the absorption and / or emission
of light. On the other hand, one of the most underestimated benefits, in the use of
such composite systems, is the opportunity to carry out a more fundamental study
on perovskites nanocrystals, otherwise much more complicated if not impossible to
achieve in colloidal systems. Examples are the analysis of the growth dynamics, the
study of optical constants, the analysis at low temperature and high pressure
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(Lattice dynamics). These insights into the behaviour of encapsulated perovskites
are both part of the optimization process, but are also part of the purpose of
understanding the nature of these semiconductors under the effect of confinement
and the differences with bulk materials. The results obtained, concerning the
chemical-physical characterization, have in fact allowed to shed light on some
properties not yet observed for perovskite nanocrystals, as will be discussed later.

1.5 OVERVIEW OF THE THESIS

In the next 5 chapters the results related to the different studies that form part of
the thesis entitled “ABXs perovskite nanocrystals in porous matrices” will be
presented in the following order after this General Introduction chapter.

e The second chapter describes the synthesis method developed for the
fabrication of perovskite nanocrystals in porous laminar matrices made up of
silicon oxide nanoparticle layers and the structural characterization carried out
on both matrices and perovskites. The analysis is enriched by a study of the
growth mechanism of perovskites within the porous matrix.

o The third chapter presents the results concerning the analysis of the optical
properties of Pvk-NCs@SiO,-NPs composite materials: photoluminescence,
quantum yield and lifetime. Within the emission properties, the results related to
colour conversion property are also illustrated. To complete the linear optics
characterization, this chapter also reports the extrapolation of the optical
constants (refractive index and extinction coefficient) of the confined perovskite
nanocrystals.

¢ In the fourth chapter we discuss the lattice dynamics influence on perovskites
within the layer of silica nanoparticles. The analysis of the behaviour of these
materials at low temperatures and when subjected to high pressure allows to
obtain information about the influence of the crystalline network of the
semiconductors on their electronic properties.

o The fifth chapter concern to the nonlinear properties of perovskite nanocrystals.
The results of the third order optical response of the FaPbBr:@ SiO: films are
reported, in particular regarding the generation of third harmonics.

¢ In the sixth and final chapter the results related to the integration of the
composite matrices in the architecture of actual devices for photovoltaics (solar
cells) and lighting (LED) are presented together with the analysis of

performances.
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2 PEROVSKITE NANOCRYSTALS IN
MO, NANOPARTICLE FILMS

2.1 INTRODUCTION

Lead halide perovskites have been the subject of an intense study over the past 10
years and to date these semiconductors have been investigated in different
compositions, shapes and also distinct low-dimensional configurations. The
research has obviously pushed towards the optimization of the materials in order to
improve their optoelectronic quality and performances. Thus, for example,
perovskites with mixed A" cations and usually a certain proportion of iodide and
bromide are used for the most efficient solar cells."* Among bulk materials, in the
form of polycrystalline films, the most intense investigation concern hybrid
perovskites, and, in particular, MAPbIs, with the ideal optical characteristics for
solar cells.** As regards the emission, however, the materials currently most used
are low dimensional perovskites.>® As far as perovskites nanocrystals are
concerned, CsPbX; are the most popular materials and the first nano-scaled ones
especially because of the ease of fabrication by colloidal synthesis and the chemical
stability with respect to compositions including organic cations.’”

The scientific activity developed around perovskites has been impressive and
evolved exponentially so far, dragging the scientific community into a sort of gold
rush. In such a context, even the choice on the material to be focused on becomes
complicated, considering the rapidity of a compound to turns "obsolete" and be
replaced with another that exhibit better performances. Actually it is also
necessary to separate, from this point of view, the study of fundamental properties
from the "technological” needs of a product. Often, in fact, by directing efforts to the
result, we lose sight of how it was achieved. And the case of perovskites it is not an
exception in this sense.” The brilliant results that have been achieved derive froma
rather complex set of elements or combinations of chemical-physical properties
which, for example, makes rather difficult to recognize or distinguish the factors
that actually lead to an improvement from those that work only in particular
conditions. Therefore, within the scope of this project, that is the study of
nanocrystalline perovskites in porous matrices, the work has been focused on the
use of a series of relatively simple material compositions in order to cover more
carefully this research area still underexplored." This thesis is focused on organic-
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inorganic hybrid perovskites such as methylammonium lead halides, also in order
to be able to keep a direct comparison between bulk materials and nanocrystals, for
the analysis of the results. As regards the porous system, the composite materials
used in this thesis are mainly made up of layers of silicon dioxide nanoparticles.
These are interesting systems first of all because they are low cost and easy to
prepare, but at the same time they also allow an easy manipulation in order to
obtain further sophistication and functionalization which can be convenient and
intriguing as we will see hereinafter. Finally, the possibility to handle these
matrices in the form of a thin film is a consequence of the idea of integrating these
composite materials into the architecture of an actual device and from this point of
view the nanoparticles stratification is again one of the best options among the
porous materials due to the their optical quality.’*"

2.2 PREPARATION

For the preparation of perovskites in the form of nanocrystals, a one-step method
was used, which consists in the infiltration of the matrix with a solution of
perovskite precursors by means of spin coating (see chapter 1). The objective, in this
phase, is to synthesize perovskite nanocrystals inside the pores of a porous film
and to obtain a composite matrix in which the nanocrystals size distribution is
uniform and the perovskite material dispersion is as homogeneous as possible
throughout the pores volume available. For this reason, the ideal infiltration
technique is the spin coating which allows the precursor material to be pushed
more effectively into the pores." Compared to the two-step method, there are some
advantages instead. The second step involves the immersion into a solution
containing one of the precursors, but in this way it is more difficult to avoid the
deposition of materials on the surface and in this case, washing cycles would
therefore be necessary. Finally, immersion in certain polar solvents could
compromise the stability of the porous matrix.” In general, the one-step method
allows a more accurate control on the synthesis conditions thanks also to the lower
number of parameters that come into play. Finally, the use of a single solution
containing the precursors PbX: and AX is the alternative that offers a more
immediate comparison with the bulk. The solution that is infiltrated in order to form
the nanocrystals is, in fact, the same one that if deposited on a substrate without
matrix, leads to the formation of a polycrystalline film typically used in the same
optoelectronic applications.™*
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2.2.1 MOx Nanoparticles

As previously mentioned, mainly silicon dioxide (Si0z) nano-spheres have been used
for the preparation of a porous matrix film. In particular, we use Ludox TMA (Sigma-
Aldrich) which is an aqueous colloidal dispersion of 30 nm silica nanoparticles with
a rather narrow size distribution.” The use sub-wavelength particles of regular
shape and size allow us to obtain a homogeneous porous film with optical quality.
This optical quality refers to minimize light scattering effects that results in a
transparent film. Also, the morphology of the film is important to improve the
compatibility in multilayer structures such as those of a device, for which it would
be recommended to build up a stratification with smooth and planar interfaces.
Finally, using monodispersed particles with regular shape allows a certain
distribution in the space, that even if it's a random packing, it is possible to obtain
some porosity with a narrow pore size distribution (PSD) as it is also studied in
section 2.3.1 which also helps to the optical quality of the film."®" To further improve
this aspect, the deposition technique used for the silica nanoparticle matrix is dip
coating (see figure 2.2.1). The porous matrix can be built by covering a normal glass
substrate. In this thesis, microscope slides were generally used as substrates and
washed with ethanol (EtOH), acetone and isopropanol (lprOH) to ensure good
adhesion and homogeneous deposition of the SiO; particles. Then, by adjusting the
concentration of the silica suspension and the withdrawal speed of the substrate
immersed, it is possible to control the thickness of the matrix from a few tens of
nanometres to microns. This technique also allows uniform deposition over square
centimetres, while maintaining a high degree of interconnectivity of the porous
skeleton (inter-particle space) and therefore a good permeability of fluids (liquids
and gas) inside with a good one-dimensional order in the stratification of the
different nanoparticles sheets.?’

Na)

5555
400°C

Figure 2.2.1 Graphical representation of dip-coating procedure
(different cycles of dipping and drying) and final heat treatment
for Si0, nanoparticles thin film preparation.
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The process protocol developed for a Si0; matrix of variable thickness in the range
of 30 to 2500 nm, involves a LUDOX solution diluted at 1% in methanol and a dipping
process with multi depositions in rapid succession with 100 mm/min of withdrawal
speed and 60 s. of waiting time between each deposition in order to evaporate the
solvent. Furthermore, the dip coater (ND-R Rotary Dip Coater, Nadetech Innovations)
is placed in a closed chamber to ensure control of internal humidity and therefore
on evaporation. The last step of the procedure consists in a calcination heat
treatment at 400 °C for one hour to definitively eliminate the solvent and all the
volatile compounds, among which the stabilizers used for the LUDOX suspensions.
This last step is important to guarantee mechanical stability to the porous structure,
but it is also necessary to avoid an abrupt temperature change (fast ramp) and to
reach a final temperature too high in order not to incur cracking phenomena?# of
the layer which would obviously affect the entire perovskite synthesis process. The
versatility of the protocol, as well as in terms of thickness and scaling, extends to
other types of matrix, such as, for example, the mesostructured systems which
exploit the EISA synthesis technique (see chapter 1). In this thesis a similar dip
coating process, as described above, was also applied in the preparation of porous
films using particles of other metal oxides, such as TiO, and Sn0.. In each case, the
process was adapted to the necessary stability and thickness requirements,
adjusting the concentration of the colloidal suspension the withdrawal speed and
the number of depositions, the drying conditions and the heat treatment. In general
it is important to take into account several factors: the MO« particles size and
solubility in order to avoid particle agglomeration and subsequent scattering points
in the final film; the solvent used for the colloidal suspension and the evaporation
rate in order to ensure a uniform coating before the following deposition of this
multistep process; the mechanical stability depending on the thickness and the heat
treatment and distinctive for each MO, suspension.

2.2.2 Perovskites

The actual synthesis of perovskites generally consists of a crystallization process
by evaporation of the solvents in which the precursors were dissolved. This rapid
precipitation can be modified by the addition of an “antisolvent” during the spin
coating stage.???* The approach between anionic and cationic species, in solution,
lead to a first step of nucleation and formation of clusters and nuclei with the
typical crystalline structure of the perovskites. Subsequently, the removal of the
solvent implies a change in the conditions of concentration and the primary
particles formed act as points of nucleation of rest of dispersed precursors. In this
way its growth is promoted. As for bulk perovskites, the solution precipitates (single
crystals) or can be deposited on a substrate and evaporated rapidly at 100 °C (thin
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films). With the porous matrix the idea is to force the formation of perovskites inside
the pores, using them as nano-reactors in which limit the space for perovskite
crystals growth. For this purpose, the porous materials described above are
infiltrated, at room temperature, by a solution of dimethylformamide (DMF)
containing PbX. and MAX reagents in different molar ratios. More concretely, the
solution is deposited by spin coating as shown in the figure 2.2.2. Finally the sample
is heated up to 100 °C for one hour, in order to completely evaporate the solvent and
favour the crystallization. The entire synthesis process of perovskites synthesis
(preparation of solutions, deposition and heating) is conducted in a glovebox. The
inert atmosphere is in fact essential to avoid the degradation due to oxygen and
environmental humidity.?%

Special consideration should be given to the deposition step in order to ensure the
complete infiltration of the precursor solution into the pores of the matrix, but, at
the same time, avoiding the accumulation of precursors material at the surface that
can lead to the formation of bulky crystals (size larger than 50 nm) or even a
capping layer."? |n this sense, it is necessary to optimize the concentration of the
precursor solution, the thickness of the matrix and the rotational speed of the spin
coating.

Perovskite precursors (AX + PbX,)
solution deposition at room temperature 60 s 100°C
Figure 2.2.2 Graphical representation of spin-coating procedure and
final heat treatment for perovskite nanocrystals one-step synthesis
within the porous Si0, thin film.

The result can be monitored through the analysis of photoluminescence. The
presence of bulk material is in fact recognizable by the spectral position of the peak
corresponding to that of the polycrystalline film, while the infiltrated nanocrystals
show the characteristic blue-shift with respect to the same peak. In general, we
observed that a 1000 nm thick silica matrix can be infiltrated by a saturated
precursors solution (solubility depends on the species involved in the different
perovskite compositions) with a rotation speed of 5000 rpm for 60 s. These are the
regular conditions used for the synthesis of perovskites nanocrystals during this
thesis. Some changes to this procedure have been introduced during the work for
specific project needs. The details will be indicated when necessary in the dedicated
chapter or paragraph.
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2.2.3 Size control

The synthetic system developed in this work allows to control the size of perovskite
nanocrystals by varying the concentration of the precursor solution. Beyond the
control of the template infiltration to prevent the formation of bulk crystals, the
deposition of more diluted solutions in the same matrix leads to crystals of smaller
dimensions. The result is particularly evident in the precise displacement of the
photoluminescence peak which shifts to shorter wavelengths due to the increase of
the bandgap. This feature is directly correlated with the reduction in the size of the
nanocrystal (see chapter 1) as illustrated in figure 2.2.3 for the case of the as-
prepared MAPbBr; perovskite nanocrystals when lowering the precursor solution
concentration and compared to the bulk thin film. Further confirmations are
appreciable in the structural analysis presented in sub-paragraph 2.3.2.

In order to understand the possibility of modify the crystals size even below the
dimensions of the pores of the matrix, it is necessary to consider the kinetics of the
formation steps of the perovskites inside the matrix, during the spin-coating step. In
the absence of typical structuring agents of colloidal synthesis, the nucleation and
growth of the crystals, within a single heterogeneous phase, will be dictated by the
elimination of the solvent as already seen for the bulk. The difference in the case of
the process occurring inside the matrix lies in the diffusion of the reagents and
vapours, limited by the tortuosity of the porous network.
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Figure 2.2.3 Normalized emission (PL) spectra of MAPbBr;
nanocrystals synthesized, inside the Si0, scaffold, starting from
solutions with different precursor concentrations (% of MABr+PbBr,
in DMF). Gradual shift of the maximum of emission is registered from
523 nm, 40 wt’% to 504 nm, 2 wt%. The arrow points the decrease in
concentration and the spectral shift with respect to the bulk
photoluminescence (orange curve with maximum emission at 533 nm).
Inset: Evolution of the PL maximum with the increase of perovskite
precursor concentrations.

In the initial phase of the deposition, even before the beginning of the rotation, the
evaporation of the solvent is still negligible, considering the low vapour pressure of
the DMF. The solution then penetrates the matrix and the precursors can be
homogeneously distributed throughout the entire film. Immediately after, the spin
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coating rotation, pushes the solution from the centre outwards. In this way it also
favours the rapid elimination of the solvent and therefore the super-saturation of
the precursors inside the pores. Considering the same volume of pores, from a
more diluted solution many nuclei will be formed in the first phase, but in the
second step there will be less precursor material, inside a pore, to make the
crystals grow. Conversely, in the case of higher concentrations, growth will be less
limited by diffusion due to the larger amount of reagent species available, therefore
larger nanocrystals can be obtained. Finally, in section 2.4, a more detailed study on
the growth of MAPbBr3 nanocrystals within the mesoporous matrices of SiO2 NPs is
presented.

2.2.4 Versatility

To conclude the description about the preparation method developed within this
thesis, it is also appropriate to present its versatility, here interpreted as the
possibility to be applied with different materials. For example, the metal oxide used
for the matrix can be replaced with other materials that allow the infiltration by
perovskite precursors as illustrated in figures 2.2.4a and b. The same perovskite
confinement ability is reproduced, for example, when using a matrix of titanium
dioxide nanoparticles (12 nanometres in diameter) again in the form of a porous thin
film. In this case, the change in the composition of the matrix can directly affect the
behaviour of the perovskites. As previously mentioned (chapter 1), the electronic
structure of TiO; favours the extraction of photo-generated electrons from the
perovskites.

10 S0, ig, 519 a) 1.0} Sssno, b)
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/ CH;NH,Pbl, BULK
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Figure 2.2.4 a) Normalized PL spectra of MAPbI; nanocrystals from a
20 wt.% concentrated solution infiltrated porous film built up with
nanoparticles of Ti0,, Sn0,, Si0, with a diameter of 30 nm and Si0,
with a diameter of 10 nm (the largest shift with respect to the bulk
PL); b) Normalized PL spectra of MAPbBr3 nanocrystals from a 207%
concentrated solution infiltrated in the same matrices as in figure
2.2.4a).
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From the emission point of view, the result is a quenching of the intensity and an
acceleration of the PL decay by non-radiative pathways. The template method is
also effective with tin dioxide nanoparticles (8 nm) based film, but it is interesting to
note the use of silicon oxide nanoparticles (Ludox CL) with smaller diameter (10 nm
instead of 30 nm). As can be seen in the figure, the shift of the PL is more
pronounced in the case of the smaller SiO; particles. In general, the diameter of the
particles and their aggregation state affect the pore size of the layered film.

The versatility of the synthetic method also concerns the perovskites chemical
composition. That is, the synthesis has proven to be suitable for perovskites with
different halide anions and organic cations (see figure 2.2.4ab). In this thesis,
MAPDbI;, MAPbBr; and formamidinium lead bromide (FAPbBr3) have been used, each
for distinct application, as will be shown in the following chapters. The difference in
the preparation of these three compositions lies basically in the solution of
precursors for which have typically been used the same recipes employed for the
corresponding polycrystalline films. In the case of MAPbl;, MAI and PhCl;, (molar
ratio 3 to 1) were dissolved at 40 wt% in DMF while for the case of MAPBr; and
FAPbBrs, MABr and FABr were dissolved with PbBr, (molar ratio 1to 1) at 20wt%,
respectively, in DMF and dimethylsulfoxide (DMSO).

2.3 STRUCTURAL CHARACTERIZATION

This paragraph will focus on the analysis of an archetypal sample (most used in this
thesis), that is, MAPbBr; infiltrated in a film of Si0; nanoparticles of 30 nm in
diameter. Some more specific characterizations will be presented in other chapters,
but in this case the intention is to show the typical structure of the composite
material that is obtained with the synthesis method that has been described
previously. The use of solutions with distinct concentration obviously implies a
different degree of filling of the pores, as well as the use of a slightly more polar
and more viscous solvent than DMF, such as DMSO, or the use of smaller
nanoparticles for the matrix layer. At the same time, the size of perovskite crystals
depends also on the chemical composition (ions radii), as we mentioned in the
introductory chapter. Apart from these variations, however, the general
architecture of the composite materials prepared in this thesis can be described as
follows.

2.3.1 Porosimetry

The first feature to take into consideration for the structural description of films
composed of an inorganic matrix hosting perovskite nanocrystals is the porosity of
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the system. For this purpose, in general, there are various analytical tools capable
of studying porosimetry, that is, quantifying the characteristics of a porous material,
such as the size of the pores and the total volume "occupied" by them#

The morphological uniformity of the layer constituted by nanoparticles deposited by
dip coating in a perfectly flat structure with planar interfaces (see figure 2.3.1a)
together with the optical homogeneity, that means the absence of light scattering
phenomena, as evidenced by the spectral behaviour in the figure 2.3.1b, allow the
analysis of the total volume and size distribution of the pores, through the specular
reflectance porosimetry technique.

T Vo e S

400 600 800
Wavelength(nm)

Figure 2.3.1 a) High-angle annular dark-field scanning TEM (HAADF-
STEM) cross section of the Si0, nanoparticles stratification for the
porous film; b). UV-Vis reflectance (R) and transmittance (T) of the
same Si0, nanoparticles multilayer as in a).

This type of characterization is, in fact, based on the variation in the reflection
spectrum (normal to the incident beam) produced by the increase in the effective
refractive index of the porous film when a vapour condenses inside the pores. The
increase in the optical thickness of the film produces a shift of the interference
oscillations. For this analysis, the sample is introduced into a special chamber with
a quartz window through which the incident and the reflected beam can be
introduced and collected respectively. The chamber is connected through a manual
valve to reservoir containing isopropanol. IprOH vapour is gradually introduced into
the chamber previously evacuated up to 102 mbar. The gradual increase of
isopropanol pressure (Ps) can, then, be monitored constantly and simultaneously
the reflectance spectra are recorded. The figure 2.3.1c shows the evolution of the
reflectance spectra of the Si0; NPs layer (with nanoparticles of 30 nm in diameter
and a total thickness of 1000 nm), at distinct relative vapour pressures. For the
optical measurement we made use of a Fourier transform Vis-NIR
spectrophotometer (Bruker IFS-66) attached to a microscope with a stage to place
the chamber with the sample to operate in specular reflection mode.
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The measured spectra were fitted with a Matlab code based on the transfer matrix
method,* enabling the extrapolation of the effective refractive index for the porous
film on varying the isopropanol vapour pressure. By applying the Bruggeman's
approximation, it is possible to separate the total pore volume Vyore and the volume
fraction occupied by the solvent Vuss again as the pressure changes. In this
formalism based on the effective medium theory, the system is considered as a
heterogeneous medium composed of SiO; and IprOH for which the respective
refractive indices are known. Considering the index calculated previously, it is
possible to set the Si0; fraction for the system under vacuum, at the beginning (first
reflectance measurement), without any solvent and therefore it is possible to trace
the volume fraction occupied by the solvent as the pressure increases following the
variation of the film index at the exact same pressures.
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Figure 2.3.1 c¢) Specular reflectance spectra obtained from the SiO0,
nanoparticle film under different isopropanol vapour pressures. The
arrow indicates the spectral shift as the P/P, increases; d)
Adsorption isotherm corresponding to the variation of the pores
volume fraction in which the isopropanol 1is adsorbed; e) Pore size
distributions of Si0, nanoparticles film extracted from the
adsorption isotherm in d).

The figure 2.3.1d shows the Vais/Veore Values as a function of the relative pressure
inside the chamber. The abrupt change in the curve indicates the condensation of
isopropanol within the pores. Furthermore, through the Kelvin equation® it is
possible to establish a relationship between the condensation pressure whith it's
the pore radius, rwore, Considering the correction parameter of Brunauer, Emmet and
Teller which takes into account the initial (monolayer) absorption of the solvent on
the pore walls. the pore size distribution (PSD) can be traced as shown in the figure
231 e. So, despite the irregular geometry of the porous skeleton in a Si0, packed
particles layer, the result of this analysis indicates a distribution, albeit enlarged,
but centred on a value of about 8 nm. Details on the characterization background
and the PSD calculation are collected in Annex I.

2.3.2 TEM, SEM, XRD analysis

As can be seen in the figure 2.3.2a and b, the observation of the composite matrix
cross-sections by scanning electron microscopy (SEM) offers a first estimate of
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how the porous matrix microstructure is not affected by the infiltration of the
perovskites. Furthermore, by using the backscattered electrons, it is easy to
distinguish the bright regions, inside the film, where the electrons meet with the
heaviest atom, that is, the lead in perovskites. The image of the entire cross section
also confirms the absence of a perovskite capping layer or any macro-crystals at
the surface of the silica scaffold.

Figure 2.3.2 SEM micrographs of a Si0,-NPsaMAPbBr;-NCs sample cross-
section obtained from secondary a) and backscattered b) electrons.
Scale bar is 2microns.

But it is with transmission electron microscopy (TEM) analysis that the method of
confinement of perovskite nanocrystals inside the pores can be inspected closely.
First of all, for this analysis a Focused lon Beam (dual beam microscope FIB-SEM,
Zeiss Auriga) was used to cut lamellae of the samples in order to obtain a much
more precise and clean cross-section. The microscope used is a TEM scanning
(STEM, G2F30, FEG) with a High Angle Annular Dark Field (HAADF, Wigeon) detector
coupled to an EDS detector (SSD, INCA X-Max 80). The images reported in the figure
2.3.2c-j illustrate the cross section of a sample with MAPbBr; nanocrystals in the
Si0; NPs matrix at different magnifications and from the HADDF STEM analysis to
the High Resolution TEM (HRTEM). In the HADDF mode it is possible to carry out an
elementary mapping of the areas selected in the zoom.

Figure 2.3.2 (c—f) HRTEM micrographs, with different magnification
from figure c¢), of nc-MAPbBr; infiltrated in inter-particles space
of the Si0, matrix; scale bar is 100nm in ¢), 10 nm in (d), 3.5 nm
in (e) and 1nm in (f). The inset 1in (f) shows the digital
diffraction pattern of area selected in the same panel; g) HAADF-
STEM cross section image of the same sample as in c); scale bar is
50 nm. (h—j), EDX chemical mapping of the area selected in (g): (h)
Si map; (i) Pb map; (j) Br map.
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This analysis confirms the distribution of the Pb and Br elements, in the selected
area, in a complementary way to the Si signal, reproducing the morphology of the
Si0; nanoparticles infiltrated with perovskites. With the high resolution mode, on the
other hand, it is possible to identify the crystalline structure of the perovskites with
an interatomic distance of 0.22 nm that can be assigned to the (2,2,0) family of
planes associated to the cubic phase of the MAPbBrs. The HRETM images also
allowed an analysis of the size distribution of the MAPbBr: nanocrystals for two
distinct samples prepared from 5w% and 20% precursor solution.
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Figure 2.3.2 k) Boxplot of the size distribution of MAPbBr;
nanocrystals prepared from a 5wt% and 20wt%precursor solutions
infiltrated in the porous film; L) XRD diffractograms obtained from
different encapsulated MAPbBr; nanocrystals prepared from precursor
solution with different concentration. Grey dashed Llines indicate
the reference MAPbBr; bulk reference pattern.

The result shown in the figure 2.3.2k is an average diameter, respectively of 1.8 and
2.3 nm, which further confirms the control over the nanocrystals size, as the
concentration of the perovskite precursor increases.

To complete the structural characterization, X-ray diffraction analysis of the
Si0,@MAPhBr3 samples synthesized with different initial concentrations is shown in
figure 232l In order to obtain a sufficient signal from the nanocrystals
encapsulated in the matrices, the technique of grazing incidence wide-angle X-ray
diffraction (GIWAX) was employed. In all cases, the diffractograms reveal the
presence of MAPbBrs; perovskite peaks and a gradual narrowing of the (110) peak
(26=14.09°) as the concentration of the precursors increases. By extension, in the
figure 2.3.2m-r the X-ray diffractograms of the three main perovskite compositions
prepared in this work, MAPbls, MAPbBr; and FAPbBr; are presented compared with
the respective crystallographic patterns®®3 and together with each nanocrystal
micrograph. In all the cases, the presence of a broad diffraction signal in the 2theta
range of 15-40 due to the Si0: layer is also evident.
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Figure 2.3.2 (m-o0) HRTEM micrographs at high magnification of m)
MAPbBr;, n) FaPbBr;, o) MAPbI; nanocrystals synthetized with
templated method in the Si0, nanoparticles porous film; scale bar is
5 nm in m) and 10 nm in n) and o). (p-r) XRD patterns obtained from
the three different perovskite compositions encapsulated in the Si0,
nanoparticles matrix: p) MAPbBr;, q) FaPbBr; and r MAPbI;
nanocrystals compared with the corresponding pattern from the
literature (dashed Llines).

2.4 NANOCRYSTALS GROWTH

The preparation of ABXs nanocrystals through the matrix assisted method have a
further secondary advantage compared to colloidal systems. Taking advantage of
the optical transparency of the matrix, the absence of ligands and the correlation
between bandgap and size of the nanocrystals, it is possible to track the growth
profile of the ABX; nanocrystals population inside the pores of the scaffold by
monitoring the spectral change of the photoluminescence in time (see figure 2.4).
This type of analysis can, in fact, contain information on the number of nanocrystals
that are forming and on their quality (intensity of the PL, Ir), on their diameter
(spectral position of the maximum of PL, 1) and on the size distribution (amplitude
of the PL, FWHM).

For a similar study, in the case of nanocrystals synthesized in solution it is
necessary to extract aliquots at different reaction times or introduce microfluidic
adaptations in the experimental process that can affect the measurements.®%* In
any case it is not possible to monitor the whole process on the same population of
crystals. The in situ analysis, however, also allows investigating the effect of other
factors such as illumination, temperature and concentration, as will be illustrated in
the following paragraphs. A clearer view of the growth process can certainly be
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useful for optimizing the synthesis method, refining the theoretical models and
studying and predicting the behaviour of these semiconductors in order to improve
the reproducibility of the preparation.
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Figure 2.4 Series of photoluminescence spectra obtained from in-situ
measurements at different time during the MAPbBr; nanocrystal growth
inside the Si0, porous matrix. The arrow indicates increasing times.

2.4.1 Growth analysis

For this study, perovskite precursor solution was deposited by spin coating on top of
the porous matrix at 5000 rpm, but just for 10s. The film infiltration was performed
in the glovebox under inert atmosphere and then taken outside for the optical
characterization without any thermal treatment. Heating accelerates the
evaporation of the solvent and therefore the crystallization. Synthesis at room
temperature was initially considered as a way to slow down and monitor the
perovskite crystal formation process with a better accuracy. Upon depositing the
precursor solution on the mesoporous matrix, nucleation takes place already during
the spin-coating process. This nucleation stage is much faster than we could
resolve in our experiment (5s). A change in colour, from the transparent
appearance of the matrix infiltrated with the precursor solution to the greenish
characteristic of the Si0;@MAPbBrs system, is already observed in the infiltrated
porous matrix when the spin coater is stopped. Following this initial stage,
nanocrystals growth takes place within the pores of the matrix containing remains
of the initial amount of solvent. For the emission monitoring we made use of a
pulsed 405 nm laser beam (900 ps pulse duration) exciting a 100 um spot of the
sample. Then photoluminescence was collected with a fiber-coupled spectrometer
(Ocean Optics USB2000). An optical set-up was built with two identical optical paths
in order to measure to parts of the same sample in different conditions. The "blind"
interval between the deposition stop and the first PL measurement was kept under
one minute, while the PL was recorded with an integration time of 300 ms to ensure
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sufficient precision but to be able to temporally separate the different phases of the
growth. For those measurements demanding a reference measurement the sample
was cut in two parts right after the spin coating and before taking it out of the
glovebox. The figure 2.4.1abc shows the evolution of A, I.. and FWHM of the
photoluminescence measurement as a function of time during the formation of

MAPbBr3 nanocrystals prepared from a 20 wt% precursor solution.
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Figure 2.4.1 Time -evolution of the photoluminescence peak a)
spectral position, b) dintensity and <¢) FWHM measured from a
composite Si02@ MAPbBr; sample prepared with a 20 wt% perovskite
precursor solution. The horizontal dashed Lline 1in a) marks the
spectral position of MAPbBr; bulk thin-film emission.

A red-shift of the peak position can be observed (from 495 nm to 525 nm) which
indicates an increase in the size of the nanocrystals, without however reaching the
typical position of the bulk emission thanks to the spatial confinement in the porous
matrix. The monotonic increase in intensity, on the other hand, can be associated
with both an increase in size and an increase in the number of emitting
nanocrystals or even an improvement in quantum yield. At the same time, the FWHM
undergoes a reduction from 33 nm to 23 nm normally attributed to a minimization of
the nanocrystals size dispersion, or focusing,”” which can be related to the increase
in the size of the nanocrystals. The observed values of the PL FWHM are however
comparable to those reported in the case of colloidal crystals and therefore
indicative of a minimum dispersion of NC size.® As previously mentioned, the
kinetics of crystallization within a porous matrix is dependent on the diffusion of the
reactive species through the network of voids and also on their amount in a given
volume of solvent. During the process, both solvent and precursors are subtracted
because of evaporation and incorporation into nanocrystals, respectively. This is in
contrast to colloidal synthesis where the solvent volume remains constant and just
the precursors undergo a monotonic decrease as they are consumed through the
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nanocrystals growth. At this point, to try to rationalize this process, using an
analytical model, it is obviously more convenient to translate the
photoluminescence spectral shift into the actual variation of nanocrystals size
through the Brus equation (see equation 2 in chapter 1). For this calculation the
nanocrystals size extrapolated from the TEM analysis have been used as a
reference, together with the gap energy obtained from the PL, and a dielectric
constant of 4.2, already reported in the literature,® and a reduced mass of 0.65m.
The latter parameter is in good agreement with the increase in binding energy

reported for quantum dots* considering the expression
U

Ep = ¢ m_oRH m
valid for dimensions much lower than the Rydberg constant (R.). The result shows
an increase in the radius from 1.2 to 1.5 nm, as shown in the figure 2.4.1d(log).
To analyse this behaviour we used Lifshitz-Slyozov-Wagner (LSW) theory““
through the expression:
R =Ry +k(t—ty)/™ (2)
where R (Ro) is the radius at time t (to), k is a temperature-dependent reaction
constant, and nis a parameter indicating whether the nanocrystals growth is being
limited by crystallization reaction at the NC surface (n=2), diffusion of the
precursors toward the NC surface (n=3) or re-dissolution of nanocrystals with a size
below a given critical radius (n=4). This simplification derives from Wagner's
notation
- vr?RTkr + D a)
20coVi2kD
Where v is a stoichiometric factor, R the gas constant, T the temperature, o the
interfacial tension, co the initial concentration, Vi the molar volume, k the
temperature dependent reaction constant and D the diffusion coefficient. Within this
model, three different limiting conditions or regimes can be distinguished: k-r<<D
(growth limited by phase transition reaction) in which the growth is expected to
depend as a square root on time (n=2); k-r>>D (diffusion limited) where the growth is
expected to depend as a third root on time (n=3); and if the process is limited rather
by interfacial than by volume diffusion and the dissolution of smaller particles
controls the process, the growth is expected to depend as a fourth root on time
(n=4).
Finally, we fitted the growth actually imposing that the different regimes would
follow the sequence n=2-3-4, basically considering the pores volume as an
environment initially rich in solvent in which the diffusion of the precursors is
favoured, but that evaporation transforms into a poorly diffusive system. In the first
stage it can therefore be imagined that k-r<D and the kinetics is governed by the
liquid-solid phase transition reaction. Subsequently, the decrease in the diffusion
coefficient turns k-r>>D and so the diffusion controls the growth. In the final step, the
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limiting process of crystallization becomes the re-dissolution of the smallest
particles. In general, the fitting procedure was carried out using average values of k
although it should vary over time and furthermore the dependence with the
different powers is not applicable in the transition between two regimes. In any
case, what can be extrapolated from this analysis is the evident change of limiting
regimes, during the growth of the nanocrystals since the fitting to a single exponent
was not applicable.
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Figure 2.4.1 d) Time evolution of perovskite nanocrystals radius
(estimated from Brus equation and following the PL peak position),
during the growth (grey dos). Black lines correspond to the fittings

with the Lifshitz— Slyozov—-Wagner (LSW) model.

2.4.2 Effect of precursors concentration

We have next considered the role of precursor concentration in the growth kinetics,
because, as shown previously the nanocrystals size, in the present synthesis
technique, can be controlled through concentration of the spin-coated solution on
the porous matrix. Figure 2.4.2ab displays results for samples grown using 20 wt%,
5 wt% and 3 wt% solutions, which leads to nanocrystals emitting in 524 nm, 516 nm,
and 512 nm (\.) upon completion of the process. From 2.4.23, it is evident that
decreasing the concentration not only leads to a smaller nanocrystal size but also
to a slower growth kinetics, as expected because of a reduced amount of
precursors in the solution. Interestingly, the evolution of the size dispersion of the
nanocrystals is also affected as evidenced by the results presented in figure 2.4.2b.
Here, it is clear how the final FWHM increases as the precursor concentration
decreases.

Further, the time evolution of the FWHM also changes with precursor concentration.
This can be clearly seen in Figure 2.4.2c where FWHM, related with size dispersion,
is plotted against A, given by the NC size. As the concentration of precursor solution
is reduced, the nanocrystal size dispersion goes from a focusing to a defocusing
scenario. The above trends in the evolution of FAHM with precursor concentration

49
AMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-5896-1d2d-b245-489c-82f2-4fcb-0a77-3cfb 19/10/2020 08:06:39 Horario peninsular
Ne registro DIRECCION DE VALIDACION
8745e2000050937 https://sede.administracionespublicas.gob.es/valida
GEISER-5896-1d2d-b245-489¢-82f2-4fcb-0a77-3cfb



https://sede.administracionespublicas.gob.es/valida

Cadigo seguro de Verificacion : GEISER-5896-1d2d-b245-489c-82f2-4fchb-0a77-3cfb | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

are similar to the outcome of Monte-Carlo numerical simulations employed by
Talapin and co-workers to reproduce the colloidal synthesis of nanocrystals.®
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Figure 2.4.2 Time evolution of the spectral position a) and FWHM b)
of the PL peak measured from composite Si0,aMAPbBr; samples prepared
with a 3% (orange dots), 5% (green dots), and 20 wt% (red dots)
concentrated solutions of perovskite precursors in DMF.

There, in the presence of large amounts of precursor, a focusing of the nanocrystals
size dispersion takes place in the initial stages of the process, where a population
of small NCs is present, followed by a defocusing once the precursor concentration
drops below a certain threshold level and Ostwald ripening dominates nanocrystal
growth. In our case, when using the highest precursor concentration (20 wt%), after
an initial growth in which the FWHM hardly changes, a strong focusing takes place,
reducing the FWHM from 32 nm to 24 nm.

However, the precursor concentration never drops below the threshold
concentration, for which NC dissolution starts and defocusing kicks in, likely
because NC growth takes place together with solvent evaporation. For the
intermediate case (5 wt%), precursor concentration is never large enough for the
focusing process to complete and the NC growth stops in the initial stages of it.
Finally, for the lowest concentration (3 wt%), the amount is initially below the
threshold, leading to a defocusing, which stops once the concentration goes above
the threshold level. Here, the growth process is completed when the concentration
is still low and defocusing has barely started.
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Figure 2.4.2 c¢) Variation of the FWHM as a function of A, for
different precursor concentrations: 20wt% (top), 5wt% (middle) and
3wt% (bottom). Grey portions correspond to the final stages of NC
growth where external illumination is reduced.

2.4.3 Effect of temperature

The role of temperature on the growth kinetics was also explored by simultaneously
probing the emission from two halves of the same porous matrix infiltrated with a
20 wt% solution and placed on the two arms of the optical set-up where one of them
contained a hot plate at a fixed temperature. For the case of bulk thin films,
temperature has been known as a key factor during the synthesis process to induce
crystallization®. For the case of colloidal nanocrystals, the two most widespread
approaches, that is, hot injection and ligand assisted re-precipitation, take place at
elevated temperatures or room temperatures, respectively (see chapter 1). Several
recent works have considered the role of temperatures (RTs) on different colloidal-
based synthesis of LHP NCs. It was found that, whereas increasing T leads in
general to a faster growth, the final NC size can be smaller®®* or larger® than
those grown at RT, depending on whether fully inorganic or hybrid organic-inorganic
NCs are grown. Here, we have considered the growth for RT and 75 °C in order to
evaluate the role of this parameter. Figure 2.4.3a shows the time evolution of the PL
peak position and figure 2.43b its FWHM for the two temperatures under

51
AMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-5896-1d2d-b245-489c-82f2-4fcb-0a77-3cfb 19/10/2020 08:06:39 Horario peninsular
Ne registro DIRECCION DE VALIDACION
8745e2000050937 https://sede.administracionespublicas.gob.es/valida
GEISER-5896-1d2d-b245-489¢-82f2-4fcb-0a77-3cfb


https://sede.administracionespublicas.gob.es/valida

Cadigo seguro de Verificacion : GEISER-5896-1d2d-b245-489c-82f2-4fchb-0a77-3cfb | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

consideration. Here, it is evident that increasing T lowers the growth rate and leads
to a smaller final nanocrystal size, highlighted by a lower A..
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Figure 2.4.3 Time evolution of the spectral position a) and FWHM b)
of the PL peak measured during the growth process at room

temperature (grey dots) and 75°C (black dots) from a composite
Si0,dMAPbBr; sample prepared with a 20 wt% precursor solution.

o

Further, increasing T leads to a defocusing behaviour with the FAHM undergoing a
rapid increase from the initial stages of monitoring. Please note that rising T gives
rise to two phenomena that have opposite effects on the growth rate. On the one
hand, it causes diffusion to enhance, which should imply a higher growth rate. On
the other, it induces a faster solvent evaporation, which hinders growth. Our
observations indicate that the latter effect prevails over the former, leading to a
scenario where monomer diffusion is drastically reduced by evaporation so that
growth and size focusing are quenched. Another interesting conclusion of this
analysis is that limiting the synthesis volume by using nanoreactors forces
crystallization even at RT, for which an incomplete reaction is known to take place
for the case of their bulk counterpart.

2.4.4 Effect of illumination

In order to evaluate the role of illumination on the NC growth two samples were
studied simultaneously again on the two arms of the optical set-up. One was
illuminated following the pattern described in the table 2.4.4. The other was
illuminated continuously for the first 360 minutes and then following the same
pattern (region 7) as the reference one. Results for both samples are shown in
figure 2.4.4a-c. Here it can be seen how nanocrystals growth takes place at a faster
pace for the illuminated sample (see fig 2.4.4a) albeit reaching the same final
nanocrystal size as evidenced by the coincidence of the spectral position of the PL
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peak of both samples. This accelerated growth is accompanied by a slightly higher
FWHM evidencing larger size dispersion (fig 2.4.4c).

Region Duration Measurement interval
1 0-1 min 5s
2 1-5 min 15s
3 5-15min 30s
4 15-25 min 1 min
5 25-180 min 5 min
6 180-360 min 10 min
7 360-900 min 30 min

Table 2.4.4 Illumination protocol during the growth of MAPbBr;
nanocrystals inside the Si0, porous film.
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Figure 2.4.4 Time -evolution of the a) spectral position, b)
intensity and c¢) FWHM of the PL peak measured solution during the
growth process under constant (grey dots) and partial illumination
(black dots) from a composite MAPbBr;a@ Si0, sample prepared with a 20
wt% precursor.

While a definite explanation behind this difference in growth kinetics is not present
at the time, the accelerated growth could have its origin on the formation of
charged NCs upon defect-related trapping of charge carriers which can then
interact with charged intermediate species.”’ Thus, for the results of figure 2.4.,
where irradiation time is 2 orders of magnitude below the constant illumination
experiment, we expect a negligible effect of the probe light.
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2.5 CONCLUSIONS

In this chapter a detailed overview of the method developed for the synthesis of
perovskite nanocrystals has been presented. The structural characterization clearly
describes the architecture of the composite materials and confirms the ability, with
these systems to control the size of the nanocrystals while at the same time
obtaining a homogeneous distribution in a thin film, without suffering from
phenomena of self-aggregation of the particles. With these materials, as we have
seen, it is possible to shed some light on the crystallization mechanism thanks to an
easy /n-situ approach. The synthesis method was adjusted in order to obtain an
homogeneous distribution of perovskite nanocrystals throughout the sample but
still be able to analyse the early stage of their growth. Finally, based on our
observations, we proposed a growth mechanism for lead halide perovskite
nanocrystals within metal-oxide mesoporous matrices where precursor
concentration varies according to NC growth (deploys precursor concentration as it
is incorporated into the NC surface) and solvent evaporation (increasing precursor
concentration). The effect of the different parameters under consideration on the
observed kinetics will depend on the way they affect these two processes. In this
sense, a humber of guidelines can be provided in order to optimize NC growth in this
type of matrices. Regarding concentration, which has shown to be an effective way
to tune the NC size, if one wants to maintain the ensemble size dispersion, a better
approach can be the use of a smaller pore size in the matrix (see versatility in
section 2.2.4), as changing the pore size has been shown to be an effective way to
control the NC size. Further, for a given pore size, high precursor concentrations
will lead to lower size dispersions although a compromise will have to be found in
order not to introduce an over-layer of bulk material. As far as the reaction
temperature is concerned, contrary to the bulk synthesis, RT conditions will provide
the appropriate balance between growth dynamics and evaporation rate to yield
high-quality larger NCs. Whereas the present study is restricted to the growth of
MAPbBr3 NCs, a similar mechanism is expected for other material compositions and
solvents although, because of different solubility or lead-to-halide affinity, the
dynamics could vary. It should be mentioned that, although out of the scope of the
present work, a relevant factor to be considered in the future is the role of the
surrounding atmosphere. For the case of perovskites in the shape of thin films, the
role of the atmosphere during material fabrication on film morphology and
optoelectronic properties has been studied over the past years.>* For the case of
perovskite nanocrystals growth within nano-reactors, the surrounding atmosphere
will certainly play a relevant role not only in the formation of the material itself but
also in the madification of the metal-oxide scaffold.
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3 PEROVSKITE NANOCRYSTALS
LINEAR OPTIGS

3. 1INTRODUCTION

The analysis of the optical properties of semiconductors, in general, concerns a very
large set of phenomena related to the interaction between these materials and
electromagnetic radiation. It is possible to divide them according to the spectral
range of the light used for the investigation."? It is also possible to group them
according to the type of optical response and therefore the type of information that
can be obtained on the semiconductor.3* As shown in the previous chapter, in the
case of perovskite nanocrystals analysed in this project, the optical response can
provide, for example, indications on the size and crystal growth of the
nanoparticles.® It is also possible to distinguish the properties by considering the
type of physical phenomena that may be at their origin.® Regarding this, most of the
optical properties of semiconductors are related to the nature of their band
structure, but the type of crystalline lattice may also come into play or even,
especially in the case of nanocrystals, the effects of quantum confinement. Finally,
looking at the question from the point of view of technological applications, it is
interesting to investigate also the most macroscopic properties, such as, for
example, reflection, transmission or scattering of light.” As regards the perovskites
nanocrystals, both colloidal and templated ones, the analysis of optoelectronic
properties was immediately the subject of a very intense research activity which
has already brought to light interesting results such as the size-dependent shift of
the absorption onset®’ and the tuning of the band gap over the whole visible
spectrum trough halide mixing,® the high photoluminescence quantum yield
(PLQY)," the defect tolerance™ and the strength of the exciton binding energies.®
However, a lot still remains to be explored, keeping in mind that many optical
response phenomena are also intrinsically linked to the synthesis method and the
type of semiconductor conformation, both in terms of structure (colloidal dispersion
in solution or solid dispersion in a matrix) and composition (for example, organic
ligands or inorganic matrices). After examining the morphological characteristics of
composite materials consisting of hybrid metal halide perovskite nanocrystals
embedded in porous Si0;-based matrices, in this chapter we will start to investigate
some of their significant linear optical properties for their use as active material in
actual optoelectronic device. Some of the characterizations, as we will see later,
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are made possible thanks to the laminar morphology of these composite materials
and the optical quality of the matrices, already mentioned in chapter 2.

3.2 PHOTOLUMINESCENCE AND QUANTUM
YIELD

It is clear that the technological field for which perovskites in the form of
nanocrystals have proved to be most promising and which encourages the efforts
on their study is that of lighting."“™ Among the most acclaimed characteristics,
responsible for the excellent light emission properties of perovskite nanocrystals,
we find the tolerance to defects already discussed in the introductory chapter. This
electronic property has a positive effect on the ability to emit photons because the
energetic position of the defects does not affect radiative recombination of the
electron-hole pairs.” The trapping of the charge carriers by the defects implies a
dispersion of the electronic energy, generally by thermal processes and therefore
does not contribute to the emission of the photons. " The tolerance of perovskites
also translates into an improvement of the energy storage performance in solar
cells by reducing the recombination of the charges and facilitating, in fact, their
transport to the electrodes.” From the photoluminescence point of view, however, a
favourable ratio between radiative and non-radiative decay means a more efficient
optical response to the excitation. By also implementing passivation mechanisms on
the surface of the nanocrystals, the improvement in photoluminescence was clearly
evident with the very high PLQY values.” What makes the PL of perovskite
nanocrystals particularly interesting and attractive, as previously mentioned, it is
also the tuning of the bandgap as a consequence of the quantum confinement effect.
From the chemical composition point of view, in fact, the lead chloride based blue
emitting material suffer from poorer performance because of a reduced tolerance
or to better say a much deeper defects with respect to bromide and iodide based
species.® The quantum confinement of the green emitters is therefore a valid
alternative to obtain an improvement of the emissions in the shorter wavelengths
range as has already been observed both with bromide-based nanoplatelets and in
templated systems.?# Finally, another essential parameter, especially for LED
applications, is the emission spectral width (full width at half maximum, FWHM). In
the case of the photoluminescence measurements from colloidal nanocrystals, at
room temperature, extremely competitive FWHM values were observed with respect
to the most common inorganic quantum dots.?2 This, however, especially concerns
the suspensions in solution, while once being deposited, these colloidal systems
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normally suffer from a broadening of the PL, typical of a larger polydispersity in the
size of the nanocrystals, or even a red shift towards the bulk emission.??

3.2.1 Perovskite NCs emission spectral tuning

As already demonstrated in the previous chapter, the variation in concentration of
the precursor solution infiltrated into the porous matrix allows us to shift on
demand the bandgap of the encapsulated perovskites.

The PL of the materials in bulk form corresponds to the emission of a thin film
prepared with the same solution of precursors with the highest concentration. In
this case, the crystallization proceeds without spatial limitations to the crystal
growth and the concentration only determines the thickness of the perovskite
polycrystalline film. In consequence, the spectral position of the bulk thin films
varies only slightly for very low concentrations as it can be seen in figure 3.2.1a for
the case of MAPbIs.

1.0} a)

PL (norm.)

\
A

700 750 800 850

Wavelength (nm)

Figure 3.2.1 a) Normalized PL emission from polycrystalline bulk
films of MAPbI; prepared using perovskite precursor solution with
different concentration: from 40 wt.”% (light red curve) to 5 wt.%
(darker red curve).

0.0=

In the figure 3.2.1b it is possible to observe an example of the range of tuning
possibilities in the case of MAPbl; and MAPbBEr infiltrated in the matrix described in
chapter 2, concretely covering the blue-green and red regions of the visible
spectrum.

Regarding the nanocrystals the linewidth of the emission is comparable, in both
cases (green and red), with the results obtained for colloidal systems that is around
30 nm in the green region and around 50 nm in the red region, in both cases in the
order of 90 meV. To observe the blue shift in more detail, the figures 3.2.1c and d
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collect the spectral values of the maximum of the emission peak as a function of
each concentration, in the case MAPbIz and MAPbBrs NCs, respectively.

Accordingly, a similar displacement of the photo-excitation edge can be seen in
figure 3.2le. The sharp edge near the photoexcitation threshold confirms the
narrow nanocrystal size distribution achieved in each infiltrated Si0. nanoparticle
scaffold, also corroborated by the displacement of the absorption edge (see section

3.5.0).
01 p) A\ c) o |9 ® 1760
| 50 ©° ® ~
: E ® 750 £
g 5.1 ® %
) Lo o &
o / T ® T
. / MAPDBr, \§ MAPbI, 510/ 730
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00 1 1 1 1 II,I 1 1 1 1 1 1 1 1 1 1 1 1
480 500 520 540 56 680 720 760 800 0 10 20 30 40 0 10 20 30 40
Wavelength (nm) [pvk precursor] (wt.%)

Figure 3.2.1 b) Normalized PL spectra of MAPbBr; (left greenish-blur
curves) and MAPbI; (right reddish-brown curves) nanocrystals
synthesized inside Si0, nanoparticles porous film. In both case the
emission shifts towards shorter wavelengths with respect to the bulk
PL spectral position (grey dashed Llines) as the precursor solution
concentration decrease. With this size <control over perovskite
nanocrystals it is possible to cover almost 160 meV in the green-
blue and in the red part of the visible frequencies; PL maximum
recorded for confined MAPbBr; NCs (c) and MAPbI; NCs (d) prepared
using the same precursor solution as in b).

In this first part concerning the properties related to the photoluminescence of
perovskite nanocrystals synthesized in porous matrices, the characterization was
centred on bromine-based perovskites (MAPbBr) as the best emitters. In addition to
a more intense PL, the study is also linked to the problem, already mentioned in the
introduction, of the emission in the blue range and to the search for a solution
through the quantum confinement of the green emitters.

The photoemission measurements were conducted using a fiber coupled
spectrophotometer in which a continuous wave pump laser beam was focused with
an achromatic lens producing a spot size of 250 un. The excitation wavelength was
selected at 450 nm for bromine-based compounds and 530 nm for iodine-based
perovskites. Photo-excitation spectra were collected using a fluorometer
(Fluorolog-3 from Horiba) with a double monochromator and a spot of 1x1 cm, in a
front-face configuration. Finally, in figure 3.2.1f we show how it looks a series of
porous Si0; films of identical thickness infiltrated with different concentrations of
MAPbBr; precursors under ultraviolet irradiation. Images show a gradual change in
the emitted colour, perceivable by the naked eye, from the neatly green emission of
the larger nanocrystals to the bluish of the smallest ones. The uniformity of the
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bright emission observed throughout the film surface also confirms the
homogeneous infiltration over large areas.

e)

o o o
A O 0

PL intensity (norm.)

=
N

400 420 440 460 480 500
Wavelength (nm)

Figure 3.2.1 e) Normalized photoexcitation spectra from MAPbBr;asio,
samples obtained using 40 wt.% (green Lline), 30 wt.% (dark green
line), 20 wt.% (purple Line), 10 wt.% (blue Lline) and 5 wt.% (orange
Line) concentrated perovskite precursor solutions.

I NN NN

Figure 3.2.1 f) Camera photos of MAPbBr;asSi0, samples exposed to UV
Light (312nm). The concentration of precursor solution employed for
perovskite synthesis inside the porous matrix decreases from right
(larger nanocrystals) to left (smaller nanocrystals). Scale bar is 1
cm. The images were collected using a digital camera photograph.

3.2.2 PLQY of perovskite NCs

As a more quantitative determination of the efficiency of the photoluminescence
obtained from MAPbBrs;-based composite materials, we analysed the PL quantum
yield, understood as the ratio between photons emitted and absorbed. PLQY
measurements were carried out using the Hamamatsu C9920-02 absolute PLQY
system that presents a xenon lamp, a monochromator, and an integrating sphere.
The excitation wavelength was set to 450 nm. As can be seen from figure 3.2.2, the
analysis of PLQY as a function of the concentration of the precursors reveals a
strong dependence with respect to the nanocrystals size, presenting a maximum
corresponding to the 1.8 nm NCs of MAPbBr3 prepared at 5w’ (see chapter 2), with a
35% of QY.

Even if it can be counterintuitive, considering the increase in surface to volume ratio
and therefore defects density, in nanocrystals, the occurrence of a bright point as a
function of particle size has also been observed in nanocrystalline colloidal
semiconductors? as well as, in particular, in Cs-based perovskites.?? As we know,
the increase in the exciton binding energy of the nanocrystals promotes radiative
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recombination and therefore improves the efficiency of the radiative emission with
respect to the polycrystalline bulk material, but the increase in the surface area of
the nanocrystals implies a larger number of trap states.” Therefore the observed
trend of the QY results from the balance of different opposing phenomena.

40 f
N L
8_\9/30‘#*
>
o 20t
ol 1,
. H B B
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[pvk precursor] (wt.%)

Figure 3.2.2 Photoluminescence Quantum Yield (PLQY) measured for
MAPbBr;aSi0, composite systems prepared with different dinitial
precursor concentration (wt%).

3.2.3 Modification of the optical environment

From the point of view of the fundamental study and the characterization of the
composite systems presented here, films with a more accessible porosity and the
absence of ligands around the nanocrystals offer the possibility of exploring the
effects of the photonic environment on perovskite nanocrystals. More concretely,
for the materials of this work, we tested the effects of a polymer infiltration, also
attractive for an ulterior motive illustrated in the next section. For the moment it is
interesting to note that the excess of empty volume left after the infiltration of the
perovskites allowed the permeation and the expansion of a polymer,
poly(dimethylsiloxane) (PDMS). The results of materials composed of MAPbBr3, SiO;
and PDMS revealed an increase in PLQY with respect to the materials without PDMS
(see figure 3.2.3a). In order to analyse how the emission of nc-MAPbBrs is affected
once the pores are filled with PDMS, we measured the PL decay dynamics of both
nc-MAPbBr@Si0, and PDMS@nc-MAPbBrs@SiO: films. PL decays were measured
in the same optical setup used for static PL, using a pulsed light source (Fianium
SC400) in concert with a time-correlated single photon counting module
(FluoroHub) and deconvoluted by means of the same measuring device. Decay
curves were fitted making use of a continuous distribution in the form of a
lognormal
1 _(rew?
p(l) = afme 20 (‘|)

This distribution of the decay rates (o(I') is centered in a most frequent value, I',
(mode) equal to

[ = e®=9% (2)
A selection of the decay curves attained is displayed in a log-log plot in figure
3.2.3d. It can be readily seen that the PL of nanocrystals decays faster as a result of
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the presence of PDMS in the pores. This effect is discussed next on the basis of the
expected changes in the local optical environment of the emitters. Using the
expression that relates QY with the decay rates QY = [z / (Ir + Mw) (being [k and Nw
the radiative and non-radiative components of the total, measured, decay rate T,
respectively), we can estimate I and Nw for each composite film. The results are
shown in figure 3.2.3b and c respectively.

1
50 I — w PDMS a)
e "i\‘ ---w/o PDMS
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§ T 100
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Figure 3.2.3 Concentration dependence of a) PLQY, b) radiative decay
and c¢) non-radiative decay rates values measured for MAPbBr;asSio,
samples prepared with (red dots) and without (black dots) PDMS
polymer dinfiltration. Solid and dashed Llines are just guidelines
used to draw attention to the trend. d) Decay curves from
MAPbBr;@2Si0, samples prepared with (dashed lines) and without (solid
lines) PDMS from precursors solution concentrated at 2 wt.% (blue
curve), 5 wt.% (orange curves) and 10 wt.% (green curves).

Our analysis indicates that non-radiative decay pathways are not altered
significantly by PDMS infiltration consequently the improvement of QY observed is
due to the enhancement of radiative pathways. This feature occurs when the
refractive index of the environment of an emitter is increased.*® The decay rate,
I'(r), corresponding to the transition of the direct gap depends on the local density
of states (LDOS) according to the expression:

2
re) = gpa ot 0;) Q

where o) is the angular frequency, & the permittivity in vacuum, p the dipole
moment and p(r, w,) the LDOS. More precisely, we find that nanocrystals prepared
at the lower concentrations (2 wt% < [PVK] <5 wt%) show x = 0.0177 ns’' without
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PDMS and Ir = 0.0434 ns™ with PDMS infiltration. Hence, Ixi / vz = 0.408, which is
very close to the fifth power of the ratio of the refractive indexes of the two optical
environments (porous Si0; and PDMS), as predicted by the theory.™

3.2.4 Manipulation of decay pathways

As a complement to the structural versatility of the method in terms of materials
employed for the fabrication of porous matrices, we also studied their effects on the
photoluminescence of the nanocrystals. In particular, systems composed of SiO;
nanoparticles of different diameters, TiO; and SnO; nanoparticles were examined.
As previously noted (chapter 2), the variation in the diameter of the silica particles
leads to a reduction in the inter-particle spaces (if the aggregation state remains
constant in both cases). The direct consequence is a reduction in the size of the
nanocrystals and a more pronounced displacement of the PL from the bulk
emission.

Evvun(eV) a)
- e.. CE;)—-fr
_ * N e /s % |
B —
-4 4 A\ ht
_ By ——Y—" E,,

TiO,  MAPbX,NCs  SiO,

Figure 3.2.4 a) Electrons injection scheme of a TiO, or
Si0,aperovskite (MAPbX3) structure.
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Figure 3.2.4 PL intensity decay curves from MAPbBr; nanocrystals
synthesized inside a scaffold of silica nanoparticles with a 10 nm
diameter a), tin dioxide nanoparticles b), titanium dioxide
nanoparticles from a 20% concentrated precursors solution (green
plot) and the same system infiltrated with PDMS (orange plot). Solid
lines represent the best fitting curves for the structures with
(red) and without (green) PDMS. Data and fitting (grey plots and
black solid Llines) from a bulk polycrystalline MAPbBr; film are also
presented as a comparison.
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The use of a titanium dioxide-based matrix is highly desirable for any optoelectronic
applications and in the same way tin oxide is a very interesting candidate both as a
compact layer and as a mesoporous scaffold in solar cells.*? Both are mainly used
as electron transporting material thanks to the high optical transparency, the
property of collecting electrons and blocking holes and high electronic mobility. As
for the combination with perovskites both present an ideal band alignment for the
extraction of charges from perovskites.

The injection of electrons from the perovskite to the conduction band to the metal
oxides implies, at the same time, an additional non-radiative decay path of the
excitons and therefore a quenching of the PL Both phenomena translate into a
shortening of the life time, compared to the same film of nanocrystals grown in the
Si0; matrices as can be seen in figure 3.2.4b-d where the decay curves of the nc-
MAPbBr; emission in the three types of matrices are collected.

3.3 COLOR CONVERTING LAYER

Among the most important applications for the aforementioned perovskite emission
properties in new generation solid state lighting technologies, a prominent place is
reserved for LED devices for the production of white light, WLED.*® There are
basically two approaches for the fabrication of these systems: the composition of
emitters in the frequencies of blue, green and red (RGB)* or the conversion of the
part of a UV or blue emitter into longer wavelengths.® The first case is particularly
complex in terms of uniformity, and as far as perovskites are concerned, we have
already mentioned in the previous chapter the low efficiency in blue and the so-
called "red wall".* While regarding the layers for a colour conversion, perovskites
nanocrystals are an interesting alternative to systems based on nanophosphors.
One of the most common configurations includes a blue LED chip covered with a
yellow phosphor (YAG:Ce*).*” To obtain the WLED, the alternatives are to integrate a
red emitter or directly replace the YAG: Ce* with green emitting perovskites.
Several examples are already present in the literature, for both cases, mainly using
colloidal nanocrystals of both inorganic and hybrid perovskites.®¥ But one of the
challenges still open concerns stability towards environmental conditions and in
particular humidity. In this section we will illustrate how the SiO:-pvk composite
film synthesis method can allow a very interesting and attractive functionalization
for solutions to the colour conversion issue.
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3.3.1 Flexible thin film preparation

In order to create an ideal film to be used as an adaptable colour-converting
coating, we took advantage of the pore volume that remained empty after
embedding nc-MAPbBr; and loaded it with PDMS. The general scheme of the
process is disclosed in figure 3.3.1.

SiO, Nps: Dip-coating PDMS: Spin-coating

|\
.
.

MAPDbBr, NCs: Spin-coating

« N,(77K): detachment

Figure 3.3.1 Graphical representation of PDMSaMAPbBr;aSio, flexible
films preparation. The arrow follows the sequence of fabrication
steps.

A mix containing a silicone elastomer precursors (olygomers) and a cross-linker
(Sylgard184 elastomer kit, Dow Corning) in a mass ratio of 8: 1 was dispersed over
the porous silicon oxide matrix that contains the perovskite nanocrystals with a
roller blade, then spin-coated at 700 rpm for 60s, and eventually heated at 90°C for
1 h to promote the polymerization. Subsequently, it is necessary to realize incisions
in the edges of the sample and after cooling these hybrid PDMS@nc-MAPbBr@SiO;
films below the glass transition temperature of the polymer, using liquid nitrogen, it
is possible to easily detach exactly the area of the film cut previously and attain a
self-standing flexible film. The whole process starting with the infiltration of PDMS
and ending with lifting-off the flexible film is conducted outside the glovebox. It is
worth mentioning that this method overcomes the incompatibility between solvents
used to dissolve PDMS oligomers and ABXs perovskite precursors because the
process herein proposed do not require the dispersion of the perovskite precursors
or pre-synthesized nanocrystals.

3.3.2 Golour conversion

The encapsulation of nc-MAPbBrs@SiO; in PDMS has an advantageous effect over
the photo-stability of the films. The origin of this instability in air is linked to the
adsorption of negatively charged oxygen species at the materials surface, which
triggers the migration of anions away from illuminated areas and through the
perovskite lattice.“*' The time evolution of the photoemission maximum intensity is
plotted in figure 3.3.2a. After 10 min, the film infiltrated with PDMS preserves a
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bright photoluminescence, whereas that of bare films drops by 80% of its initial
value. Remarkably, flexible films maintain both transparency and bright emission
(see figure 3.3.2 b and c) after immersion in liquid nitrogen and their subsequent
lift-off. Not only PDMS provides protection against environmental agents but also
allows immersing the films in water, which has a highly deleterious effect on
organic metal halide compounds.“?

Figure 3.3.2 a) Time evolution of PL emission measured for
MAPbBr;asi0, samples with (red Lline) and without (black Line) PDMS
infiltration; Camera pictures of a PDMS@aMAPbBr;asSi0, self-standing
transparent flexible film exposed to daylight b) and UV Llight ¢);
Same sample emitting Llight when exposed to UV radiation while
subject to a water jet d) and immersed in water e)
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Figure 3.3.2 f) Photograph of a flexible PDMSQMAPbBrsasSi0, film
covering a 390 nm LED 1in darkness together with a glass supported
nc-MAPbBr;asi0, sample in the back. g) PL spectra of GaN LED before
(blue dashed Lline) and after the envelopment of flexible nc-MAPbBrs-
based film (green solid Lline).

w

We monitored by the naked eye the emission of the self-standing PDMS@nc-
MAPbBr;@Si0; films when they were fully immersed in water or subject to a water-
jet, as reported in figures 3.3.2d and e. It can be clearly seen that the bright
emission of nc-MAPbBrs under UV photo-excitation is kept unchanged while water
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5 PEROVSKITE NANOCRYSTALS
NONLINEAR OPTIGS

5.1 INTRODUCTION

In the tenacious, but also targeted scientific exploration of the technological
potential unveiled by perovskite materials, the investigation of their optical
behaviour finds an extension as interesting, as it is still underexplored, in the field
of nonlinear optics.' Also in this case the study of the characteristic phenomena of
this so-called regime makes a significant contribution both to the fundamental
analysis and to the technological development of these materials. From the
fundamental point of view, the next step with respect to the analysis of the linear
properties concerns the phenomena induced by the interaction with a light or
electromagnetic field sufficiently intense to modify the optical behaviour of a
material.? The term "nonlinear" refers to the nonlinear dependence on the optical
response of the system under examination, with respect to the force of the applied
field?® In order to describe these phenomena, the more general definition of the
polarization (P) of a system induced by an electric field expressed as a function of
the force of the field (E) is normally taken into consideration, since the variation of
the polarization can be the source of new components of the electromagnetic field.*
The equation known to be adopted expresses this polarization as a series of powers:
P(t) = eg(xVE@) + xPE*(t) + xPE3 () + ) Q)
in which & is the permittivity in a vacuum, and the term ¥ is a constant of
proportionality defined as susceptibility which, as can be seen in the relationship
between polarizability and applied field, x term assumes an increasing order. In this
way, the optical response of a material can be described, taking into consideration,
in addition to the first order linear susceptibility, all the higher order nonlinear
susceptibilities that can dominate the behaviour of the system according to the
excitation conditions, for example intensity and frequency, but also depending on
the type of material and the geometric conditions. In the latter case, symmetry is, in
fact, a crucial factor for the assignment of the type of susceptibility coefficient, or of
the order n of the powers that can describe the series expressed in the relation (1).
In particular, even-order susceptibilities that can contribute to the nonlinear
response do not appear in the description of the centrosymmetric materials.® The
odd-order susceptibilities are always present in the nonlinear optical response

111
AMBITO- PREFIJO CsVv FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-5896-1d2d-b245-489c-82f2-4fcb-0a77-3cfb 19/10/2020 08:06:39 Horario peninsular
Ne registro DIRECCION DE VALIDACION
8745e2000050937 https://sede.administracionespublicas.gob.es/valida
GEISER-5896-1d2d-b245-489¢-82f2-4fcb-0a77-3cfb



https://sede.administracionespublicas.gob.es/valida

Cadigo seguro de Verificacion : GEISER-5896-1d2d-b245-489c-82f2-4fchb-0a77-3cfb | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

regardless of the presence or absence of an inversion centre in the symmetry of the
crystal. Nonlinear behaviour implies a modification of the way in which a material
can interact with light and consequently can lead to the generation of new optical
phenomena, including the processes for generating new frequencies® the
modification of the refractive index with consequent modulation of the wave phase’
or even multi-photon absorption® From the point of view of technological
applications, however, novel nonlinear material with easy photonic integration
capability are of vital importance for optoelectronic devices - e.g. for optical
storage, routing, and switching,”" nano-medicine,? and quantum optics.® Critical
requirements are high nonlinear interaction strength, as quantified by the nonlinear
susceptibility, together with easy synthesis and integration. Recently, a broad range
of materials with high nonlinear susceptibility have been explored, ranging from
epsilon near- zero (ENZ) materials,*" to 2D materials which are novel and easy to
integrate as graphene,” black phosphorus'®® and TMDs such as MoS;,"” WSe2.?% More
recently, the optical response of perovskites in the nonlinearity regimes has also
started to be investigated.?-%

5.2 2'° AND 3* ORDER NONLINEAR
OPTICS IN PEROVSKITES

In general, perovskites offer a wide range of optoelectronic properties such as
strong absorption,? high dielectric constant,” a reversible bandgap tunability® and
strong excitonic resonance, in particular in the case of high bandgap perovskites?’?
and in systems confined with a high binding energy? and large oscillator strength,*
which promote excellent non-linear performance. More specifically, due to the
centrosymmetric structure typical of perovskite crystals, the second order optical
response is not the main nonlinear contribution. In any case it was possible, in some
examples, to generate a second harmonic signal® attributable on the one hand to a
certain propensity to electronic polarization (ferroelectricty).’* Second order
phenomena have also been reported, since these systems can be synthesized in
such a way that it is possible to break the centrosymmetric structure of the
crystalline perovskite phases (for example introducing larger organic cations).®® The
nonlinear effects of the third order are, however, predominant and to date some
interesting studies have been reported both in the case of single crystals of bulk
material,* polycrystalline thin films® and especially in the case of 2D perovskites
harmonic generation.®® A final aspect that makes these materials particularly
interesting for future applications in technology based on nonlinear systems is
manufacturing. As we know, perovskites can be easily obtained in the form of single
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crystals, but above all as thin films through liquid phase and low temperature
processes (see chapter 1). The convenience is already in the low fabrication costs
for direct use of these materials, but, especially in the field of nonlinear photonics, it
is advantageous to have materials that can be easily integrated into more complex
architectures that can for example refine the control on optical properties or
amplify effects specific.® In this perspective, the picture is obviously enriched by
the possibility of synthesis of low-dimensional perovskites in different shapes and
in the liquid and solid phase, with further expansion of the range of properties
available for light manipulation.

In this chapter, we report the first evidence of a third order nonlinear effect which is
the third harmonic generation (THG) from formamidinium lead bromide (FAPbBrs)
perovskite nanocrystals obtained through the templated synthesis. We further
characterize the spectral dependence of the generated third harmonic and extract
the spectral shape and value of the nonlinear susceptibility x®. Formamidinium-
based perovskites have already demonstrated greater stability at high
temperatures with respect to the best known methylammonium-based
counterparts,“’ while the use of nanocrystals (as we already discussed in chapter 1)
makes it possible to tune the spectral position of the third harmonic without
changing the chemical composition and thus avoiding the problems related to the
phase segregation.” Plus the systems here presented offer the right versatility and
ease of fabrication, as we already discussed in this thesis (see chapter 2), which
meet and perfectly adapt to the necessary requirements for the above mentioned
technological implementation, like transparency and a laminar structure for device
integration.

5.3 FAPBBR; NCS PREPARATION AND
CHARACTERIZATION

In this case, the synthesis of the nanocrystals were made through a solution of
precursors with formamidinium bromide (FABr) and lead bromide (PbBr;) in molar
ratio 1: 1 and at 20wt% in DMSO. The high-resolution micrograph with further zoom,
presented in figure 5.3, illustrates that the size of the FAPbBr3 nanocrystal reach a
diameter of 9 nm. Also in this case we prepared a polycrystalline film starting from
the same precursor solution spin coated directly on a glass substrate in order to
have a bulk reference. X-ray diffraction analysis was already presented in chapter 2
(see figure 2.3.2g). The bulk film forms a layer of 300 nm while the nanocrystals are
encapsulated in a matrix of 1300 nm. Finally, also in this case, as already seen in
chapter 3, we did the quantitative analysis by means of ICP-OES. Considering the
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ppm of lead obtained and the FAPbBrs density*? of 3.777 gr/cm® we calculated a
percentage by volume of FAPbBr; NCs of 6.7% with respect to the whole volume of
the composite material (same procedure as described in chapter 3).

Figure 5.3 T.E.M. characterisation: a) complete cross section of a
Si0,dFAPbBr; sample; b) HAADF-STEM image; c¢) Pb elemental mapping
(green) of sample area presented in b) using EDX; d) High Resolution
TEM micrograph; e) zoom-in of FAPbBr; NC within the white square in
figure in d).

5.3.1 Linear characterization

It can be seenin figure 5.3.1a that the photoluminescence emission of the perovskite
nanocrystals within the porous structure is shifted to shorter wavelengths
compared to the emission from the bulk polycrystalline film, considering also that
both these samples have been synthesized by the same FAPbBr3 precursor solution.
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Figure 5.3.1 a) PL Normalised photoluminescence spectra of the 9 nm
FAPbBr; NCs embedded in the porous Si0, matrix (green Lline) and a
bulk thin film made of the same perovskites composition (orange
line). The dotted Llines denote the spectral shift of the PL peaks.
b) Normalized absorptance obtained from the FAPbBr; NCs-based film.
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While the luminescence peak of the bulk film has the maximum at 545 nm, the peak
relative to the film consisting of nanocrystals of the same perovskites in a SiO.
matrix is clearly shifted by 10 nm with a narrow emission (FWHM=22 nm). In parallel,
figure 5.3.1b shows the characteristic absorptance (A) of the nanocrystal-based
film, which has been obtained from measurements of total reflection (R) and total
transmission (T) of light within an integrating sphere (A=1-R-T). In addition, through
ballistic transmittance and specular reflectance measurements at different
incidence angles, we extrapolated the real and imaginary part of the effective
complex refractive index of the FAPbBr@Si0; composite material using the
Forouhi-Bloomer model,*® similar to what was already seen in the chapter 3. Figure
5.31c shows the optical constants obtained from this model fitting to the
transmittance and reflectance values obtained experimentally. The refractive index
(n) and the extinction coefficient (k) both increase sharply for energies increasing
beyond the band-edge energy. For wavelengths larger than the Eyg, k is almost zero,
while the n is close to 1.31.

1.35
& 0.04
1.34 T
€133 =
-40.02
1.32
1.31 R L L 0.00

500 1000 1500
Wavelength (nm)

Figure 5.3.1 c¢) Spectral dependence of refractive index, n, (solid
line) and extinction coefficient, k, (dashed Line) the FAPbBr;asio,
composite thin film.

5.4 THIRD ORDER EFFECTS

5.4.1 Third Harmonic Generation

Third harmonic generation (THG) is the emission of a wave of frequency 3w, after
excitation by an incident field of frequency w (the pump), and it is mediated by the
induced non-linear polarisability, the strength of which is quantified by 3. For THG
measurements an optical set-up was used, in which the third harmonic from
FAPbBrs nanocrystal film is excited by a normal-incident excitation laser beam
(Yb:KGW PHARQS, Light Conversion laser system) of 200 fs duration, at a repetition
rate of 100 kHz, 1 wWJ pulse energy, tuned from 1340 nm to 1740 nm, emerging from

115
AMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-5896-1d2d-b245-489c-82f2-4fcb-0a77-3cfb 19/10/2020 08:06:39 Horario peninsular
Ne registro DIRECCION DE VALIDACION
8745e2000050937 https://sede.administracionespublicas.gob.es/valida
GEISER-5896-1d2d-b245-489¢-82f2-4fcb-0a77-3cfb



https://sede.administracionespublicas.gob.es/valida

Cadigo seguro de Verificacion : GEISER-5896-1d2d-b245-489c-82f2-4fchb-0a77-3cfb | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

an optical parametric amplifier (Orpheus, Light-Conversion). The ensuing third
harmonic spectrum was measured, incrementally at 20 nm in the aforementioned
wavelength range, by transmission coupling to a spectrometer. The laser power
was maintained at 15 mW (~7 GW/cm?) throughout the measurements. As a
reference, the third harmonic spectra of a glass microscope slide were also
measured, to factor out the fluctuations in intensity and beam-diameter of the laser
pump beam. Besides, glass presents a spectrally flat nonlinear susceptibility,
X©9tass=1,60.2x10°2 (m/V)2.

Some of the spectra taken from FAPbBrs nanocrystal film at different pump
wavelengths between 1300-1740 nm are plotted in figure 5.4.1a (shaded areas). All
spectra show sharp peaks at the third harmonic wavelength. These peaks have an
intensity that depends on the wavelength of the pump field, as shown by the green
circles. The value of third harmonic maximum intensity at each measured
wavelength normalized by the value of THG intensity of the glass is shown in the
figure. The same nonlinear characterization has been carried out also in the case of
polycrystalline film, for comparison. As illustrated in figure 5.4.1b, from the
combination of the two spectral behaviours (NCs and bulk) it can be seen how it is
possible to tune the maximum emission of the third harmonic on different
frequencies. Because of the quantum confinement effect, the band gap moves as we
already seen in the photoluminescence and therefore the same happens to the
relative resonant effect that generates the enhancement in the nonlinear response.
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Figure 5.4.1 a) Spectral evolution of the intensity of the THG from
the FAPbBr; NCs 1is shown normalised to the THG intensity of the
glass sample after the background glass intensity is subtracted. The
THG 1intensity 1is taken at the maxima of measured spectrum at each
experimental wavelength. Green shaded peaks <correspond to THG
spectra recorder for FAPbBry nanocrystals film from a few
experimental wavelengths between 1340-1740 nm. b) Comparison between
THG spectral dependence of FAPbBr; NCs and bulk film with the two
maximum values shifted according to the different band gaps. THG
values are normalised as in a). c¢) THG maxima values obtained for a
MAPbBr; NCs-based film at four different wavelengths normalized to
the glass and compared to THG from FAPbBr; NCs sample.

As a further test, we also tested a sample composed of MAPbBr: nanocrystals
embedded in same Si0; nanoparticles porous film which in turn revealed a THG
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signal with a maximum pointing to the characteristic MA-based perovskite bandgap,
as shown in figure 5.4.1c. This corroborates the possibility of tuning the generation
of the third harmonic throughout the band gap range of the perovskites changing
chemical composition. Despite the encouraging results, we have chosen to focus the
study only on the FAPbBrs; nanocrystals which revealed a more intense THG
response than the methylammonium-based ones. As far as the bulk material is
concerned, however, we have already pointed out the complications related to the
analysis of optical constants which therefore make it more difficult to face the study
of non-linear susceptibility.

Figure 5.4.1d reports the absolute efficiency of generated third harmonic from the
FAPbBrs nanocrystal film. The absolute efficiency, n, is measured from n=
PN¢ /plaser where PNC and P!%5®" are the measured power of the third harmonic
signal of the FAPbBrs nanocrystal film and of the laser pump beam, respectively. In
addition, the nature of the THG signal transmitted through the film is verified by
recording the polarization of the generated third harmonic from the FAPbBrs
nanocrystal film, as shown in figure 5.4.1e, which, as expected, preserves the same
linear polarization as the incident beam. Furthermore, by measuring the intensity of
this generated third harmonic signal as a function of the excitation power, the
characteristic cubic-dependence of a third-order effect such as THG is confirmed,
as shown in figure 5.4.1f.
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Figure 5.4.1 d) Absolute THG efficiency from a ncFAPbBr;asio, film.
e) Polarization analysis of the third harmonic beam (A,=1542nm,
As=514nm) f Log-log plot of the third harmonic beam intensity versus

pump power at A,=1542 nm for the ncFAPbBr;asio, film. The fitting
(dotted Lline) demonstrates a linear dependence with slope 3 taken at
wavelength 1500 nm.

5.4.2 Two-photon Absorption

As a cumulative evidence of the strong nonlinear character, these materials have
also demonstrated an interesting nonlinear absorption as observable from the two-
photon induced photoluminescence measured when exciting the sample with laser
wavelengths in the range 840-1360 nm (see figure 5.4.2a) with a quadratic
dependence of the photoluminescence intensity with the excitation power.
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Figure 5.4.2 a) Spectral dependence of the Two Photon Emission
intensity (maximum of each photoluminescence peak).The inset shows
the log-log plot of the TPE induced Lluminescence intensity versus
the excitation power. Dotted red Lline corresponds to the Llinear
fitting with slope 2.

5.5 THIRD ORDER SUSCEPTIBILITY

From the spectra of the THG signal in the wavelength range 1340-1740 nm (Fig
5.4.1a), the spectral behaviour of X, the third-order susceptibility of the FAPbBrs
nanocrystal, can be extracted by fitting the experimental data with a length-
dependant, L, function f (4, L), which is proportional to the predicted third harmonic
intensity of the nanocrystal I3, as calculated by an analytical solution of nonlinear
Maxwell's equations® assuming a non-depleting pump wave in the film:

2
L=fAD®R (2)
Where X© is the third-order nonlinear susceptibility, | is the pump intensity and the
function
2 —2asl —asl
w e %t —2cos(dkL)e " + 1
FOL) = —— ( (kL) Jeor @
16|iiz|nje5ct as? + Ak

includes the refractive indices of the material at the pump and third harmonic
wavelength as well as the frequency at the pump wavelength and the film thickness
(D). Ak is the phase mismatch between the pump and third harmonic wave, and as
the absorption coefficient of the third harmonic wave, which both influence the
generated third harmonic intensity, |s. Also, in equation (3), w is the angular
frequency of the pump, |fi;| is the complete refractive index of the composite film
made of FAPbBrs nanocrystals at the third harmonic wavelength while € and c
constants maintain the usual definition.

118
AMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-5896-1d2d-b245-489c-82f2-4fcb-0a77-3cfb 19/10/2020 08:06:39 Horario peninsular
Ne registro DIRECCION DE VALIDACION
8745e2000050937 https://sede.administracionespublicas.gob.es/valida
GEISER-5896-1d2d-b245-489¢-82f2-4fcb-0a77-3cfb



https://sede.administracionespublicas.gob.es/valida

Cadigo seguro de Verificacion : GEISER-5896-1d2d-b245-489c-82f2-4fchb-0a77-3cfb | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

as and Ak can be calculated from the linear optical properties of the FAPbBr3
nanocrystal composite film plotted in the figure 5.3.1c, as az is dependent upon the
extinction coefficient (ks), at the third harmonic wavelength (13), and Ak(L) is
proportional to the difference in the refractive index between at the pump
wavelength (m) and third harmonic wavelength (n:) and dependent upon the pump
wavelength (1,).

2mks
= T

(4)

a3

Ak = 2m(ny —n3) (5)
)

Ak()) and a()) are plotted in figure 5.5a: a(1) (green solid line) falls off after the
band-edge at 520 nm (THG) where the absorbance of the FAPbBr; nanocrystal film
reduces drastically while Ak(A) (grey dashed line) follows the same spectral
behaviour of the real part of the linear refractive index of FAPbBrs nanocrystal film
(figure 5.3.1c). The spectrum discloses a sharp increase for energies above the
bandgap. For a fixed pump wavelength of 1560 nm, where the maximum THG
intensity is experimentally observed, the predicted length-dependency f(4,L) is
shown (figure 5.5b). This function presents a maximum and the green dotted line
indicates the sample thickness used in our experiments. At this wavelength,
absorption dominates the model, as the absorption length (1/a) is much shorter than
the coherence length (2r/Ak), and therefore THG oscillations with film thickness are
exponentially attenuated. Moreover, it is clear that the length of the nanocrystal
used here, which is 1300 nm, resides on the positive gradient of the graph. The
efficiency of the third harmonic generation could be increased by a factor of around
2 by fine tuning the film thickness.

3 } b)
' |
Sz | Length of —60 —
/>_<\ 2 : Ff\P%Br?NCs sam;Ié ,>\—
& THG @ 1560 nm — I
E excitation wavelength \;
= L 130 7.
o [ <2
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Figure 5.5 a) Spectral absorption coefficient of the third harmonic
wave and the phase mismatch between pump and third harmonic wave in
the wavelength range of 1340-1740 nm; b) Llength-dependant function

f(A,L) versus ncFAPbBr3asio2 film thickness (X,=1560nm, A;=520nm).
The vertical dotted Lline 1indicates the actual thickness of the
composite film (1300 nm)
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Finally, as anticipated, it is possible to extract the third order susceptibility of the
perovskite nanocrystals contained in the porous film. For this calculus it is
necessary knowing the experimental value of Is, in equation (2), for the composite
system and for the glass, or I)“/9'**. Both values are obtained from spectra
measured at every 20 nm from FAPbBrs nanocrystal (NC) film and glass in the
wavelength range 1340-1740 nm. The model described in equation (2), therefore,
becomes
Iévc/glass — fNC/glaSS(ﬂ, L)|X(3)NC/glass|2113 (4)

By simulating the function fN¢/9!4ss(2) at the length L of 1300 nm and Tmm,
respectively, for the nanocrystals and the glass it is possible then to isolate the
X in equation (&) by splitting the system as the ratio between the susceptibility of
the composite film and that of the glass. In this way we cancel out the fluctuations

of the pump intensity k:

|X(3)NC(/1)| _ ( IéVC f.glaSS(/’D>% (5)
|X(3)glass| - Iéglass fNC D)

In the end, taking into account the contribution, in volume, of the nanocrystals with

respect to the porous matrix and the spectrally flat third order non-linearity of the

glass®®, we were able to derive the spectral dependence of x® of the FAPbBrs

nanocrystals as shown in figure 5.5¢c.

1

oy = (e L DY
3

A clear peak in Y"°()) is evident for wavelengths around 520 nm, which is also

close to the frequency of the excitonic resonance of the nanocrystals as show in the

linear results (figure 2). This can be confirmed when comparing to the plot of Re(n)

(green line) which is over-imposed in the same figure.

(6)
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Figure 5.5 c) Spectral shape of the third order nonlinear
susceptibility for the FAPbBr; nanocrystal encapsulated in the Si0,
NPs porous film, compared with the spectral dependence of real part
of the Llinear refractive index of the FAPbBr; nanocrystal film in
the experimental wavelength range.

The maximum absolute value of (L) obtained at 1560 nm pump wavelength is
1.46+0.2 x10" "m?/\?, which is in the order of magnitude of few other examples of low
dimensional perovskite systems reported so far like two-dimensional layered
system™®®“” and cesium-based perovskite colloidal nanocrystals*® (in this case, x©
values are extracted from Z-scan technique). In general, however, the calculated
susceptibility shows a nonlinear character of the third order similar to organic
materials currently employed in this field*’ and to some more similar system, which
are nanocrystalline semiconductors infiltrated in glass matrices (normally Si- or
Al-based).50%

5. 6CONCLUSIONS

In conclusion, this analysis has allowed, in the first place, to investigate an aspect
of the fundamental properties of perovskite nanocrystals that is still underexplored
and a nonlinear phenomenon rarely reported in the case of perovskites. The optical
response of the third order in the form of a third harmonic generation, although
rather common with the adequate field intensity applied, was demonstrated here for
the first time in the case of perovskite FAPbBr: nanocrystals. We further
characterise the spectral dependence of the generated third harmonic and extract
the spectral shape and value of the nonlinear susceptibility of the (FAPbBrs)
nanocrystals film, x®N=1.46+0.2 x10 "m?/\% Obviously it is necessary to keep in
mind the limitations of the third order susceptibility extraction method related to
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the approximations already known also in the calculation of the linear properties
and which depend above all on the description of the components of the composite
system (for example exact quantity and dispersion of the nanocrystals inside the
porous matrix) together with the fact that the model used for the X®¢ simulation®
assumes a non-depleting pump wavelength. In any case, the templated synthesis in
porous matrices in the form of optically transparent films demonstrates again an
indisputable advantage in the possibility of adapting to more sophisticated and
sensitive experimental analysis set ups in terms of the optical quality of the
samples (consider, for example, as the susceptibility spectral dependence is a
result that is already quite interesting beyond the values obtained). From the point
of view of the result, however, it should be noted that compared to, for example, 2D
materials, the composite systems presented in this work are certainly easier to
fabricate, while the structure, as we have already discussed previously, can be very
advantageous when integrating the perovskites in more complex architectures and
improve or control their properties. The same consideration, of course, becomes
valid in the assembly of new devices for the technological application. Furthermore,
as can be deduced from the phase mismatch analysis, there is the possibility of
optimizing the structure in terms of thickness, but also in terms of volume ratio as
well as from the point of view of the composition of the perovskites. Considering,
then, what has already been observed in chapter 3, it is also possible to improve the
stability problems in particular with respect to the humidity of the environment
which is one of the factors notoriously slowing down the development of
technologies based on perovskites.

5.7 NOTES

THG measurements were performed during a secondment at the Complex
Nanophotonics group (Imperial College London) led by Dr. Riccardo Sapienza. |
would like to thank the group for the support in the nonlinear optics analysis and
the collaboration for the extracting of X (section 5.5).
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APPENDIX 1: SPECULAR
REFLAGTANCE POROSIMETRY

The study through specular reflectance when the vapour pressure of a solvent
increases (or decreases) within the pores of the matrix composed of Si0; particles,
allows to obtain useful information to quantify the total volume of the pores and
their size. The reflectance spectra are recorded at each variation of the relative
pressure of the introduced vapour (IpOH), from 0 to 1 (considering a minimum
waiting time to allow the system to reach the equilibrium, before each
measurement). So the pressure range extends from the minimum value obtained in
the chamber with the porous matrix under vacuum, P, up to the saturation
pressure of the solvent, Ps.

The specular reflectance presents the typical oscillating shape resulting from the
optical interference characteristic of a thin film. But the increase in vapour
pressure, as can be seen in the figure 2.3.1c, causes a spectral translation towards
longer wavelengths. The spectral separation between one curve and the next
recorded at a higher vapour pressure is, in fact, due to a change in the optical
thickness of the film. Considering the latter as the product between the effective
refractive index of the film and its geometric thickness, the evolution of reflectance,
as a function of pressure, can be related to the variation of the effective index
caused by the adsorption and condensation of the vapour inside the pores of the
matrix.

Reflectance fitting

So, for the calculation of the effective refractive index, as already mentioned in
chapter 2, a MatLab code written on the basis of the transfer matrix method was
used.! Given the uniformity of the sample, the system, in this calculation, is
described by a dielectric layer between two semi-infinite media, assuming an
isotropic and homogeneous refractive index for each. According to the formalism of
the transfer matrix, a series of equations are solved to obtain the reflection and
transmission coefficients, imposing a condition of continuity of the electric and
magnetic field at the two interfaces present in the system.

The thickness and the effective refractive index of the porous film are then included
in the calculation as parameters for fitting the experimental reflectance data with
the calculated function, using the least squares method. For each fitting relative to
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the distinct reflectance spectra, the effective refractive index is adjusted as the
vapour pressure varies.

Pore volume fraction

The variation with respect to the pressure increase can, then, be related to the
occupation of a fraction of the pores volume by the solvent. For the volumetric
description of the porous film, in this case, the Bruggemann approximation of the
effective medium was applied In this picture the porous material is composed of
three elements: silica, with a known refractive index (nsioz=1.45, at 1um); the solvent
(in our case IpOH) with index nipon=1.37 (at Tum) and a homogeneous medium with a
refractive index, nmedium, €qual to 1 when the vapour has not yet started to enter the
pores. So, the effective index of the material thus composed can be defined by the
following equation:

2 2 2 a2 2 2
f Ngip2 — N ny Nipoy — N +f Nmedium — N
Sio2 2 2 IpOH _ 2 2 medium __ 2 2
Nsi02 +2n nIpOH +2n medium +2n (1)
=0

where fsi02, fipon fmeaium indicate the volume fractions of the corresponding
elements indicated above.

Having therefore extrapolated the value of the effective refractive index through the
fitting of the reflectance spectra of the system under vacuum (without any f,,04), it
is possible to find the total fraction of the pore volume:

fmedium = fpore =1- fsio2 (2)

Subsequently, in the same way, the fraction of pores volume occupied by the
adsorbed and/or condensed vapour of the solvent, f;,,o, can be found according to
the evolution of the effective refractive index, as the solvent vapour pressure
increase:
fmedium =1- fSiOZ - prOH (3)

The characteristic adsorption isothermal curve shown in the figure 2.3.1d is obtained
from the variation of the fi,0n/fpore (that is Vaas/Vpore volume ratio) as a function of
the solvent partial pressure. The observed behaviour can generally be traced back
to that of a structure with accessible and interconnected porosity®.

Pore size distribution

Finally, to obtain the Pore Size Distribution, through the measurements obtained so
far, it is possible to recall the Kelvin's law which governs the condensation
phenomenon of the solvent adsorbed inside the pores in the condition of low partial

pressure®:
P 2yV, 1
In (—) S e 4
P RT 1, (4)
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In this formalism the term P/Ps refers to the ratio between the pressure inside a
pore and the saturation pressure of the solvent. r« is the radius of the
aforementioned pore (Kelvin radius), V. and y are the molar volume and surface
tension of the solvent, respectively, while R and T refer to the gas constant and
temperature. Considering this law, at each relative pressure value, the
corresponding pores (i.e. those with radius ri) will be filled with condensed
isopropanol. Therefore, a variation of the pore volume fraction occupied by the
adsorbed solvent Vass is related to the presence of a greater fraction of pores with
radius ri, corresponding to that value of P/Ps.

More precisely, however, the radius of the real pore is obtained by adding to the
value of r« the thickness t of a layer of solvent molecules adsorbed on the pore
walls and calculated according to the Brunauer, Emmet, and Teller expression®:

d KC (%)

T efece-n ()

The parameter K depends on the solvent, C is the BET constant and do the thickness

of a single monolayer of molecules (approximately the diameter of a gas molecule

of the solvent used). The constant C can be obtained through the following equation

P 1 C—-1P P 1 C—-1P

T =rtver ®
Vads(P - Ps) Vm VmC Ps Vads(P - Ps) Vm VmC Ps

in which Vi indicates the ratio between the volume of the adsorbed monolayer and

the total volume of the pores.

(5)
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1 GENERAL CONGLUSIONS

In this thesis a new synthesis method of APbXs type perovskites (A=MA*, FA*, Cs"; X=I
, Br) in the form of nanocrystals was presented. The method allows the preparation
of thin films composed of perovskite nanocrystals encapsulated in porous matrices
formed by metal oxide nano-particles (in particular SiOz, but also TiO; and SnGQ):
pvk@MOx. The effectiveness of the control on the dimensions of the nanocrystals
has been demonstrated through the variation of the concentration of the perovskite
precursor solutions, infiltrated in the porous layers.

A complete structural characterization of the composite materials (porous matrices
and perovskite nanocrystals) has been presented which clearly highlights the
formation of perovskite nanocrystals inside the pores of the matrices, avoiding the
formation of bulk material but also nanocrystals aggregation.

For the first time, a study of the growth process of perovskite nanocrystals within
the matrices and of the effects of factors such as precursor concentration,
illumination and temperature was presented.

A linear analysis of the optical properties of films composed of perovskite
nanocrystals was presented. In particular, the control over the emission properties
(PL and PLQY) has been related to the effects of quantum confinement. We have
been able to change the optical environment of the matrix in order to modify the
emission properties of perovskite nanocrystals). This modification was also useful
to highlight the versatility of the synthetic method both as regards the scaffold and
the chemical composition of perovskites. This allowed us to prepare a series of
flexible and self-standing films based on the porous system with the perovskite
nanocrystals both embedded in a polymer matrix. The materials thus obtained have
shown not only mechanical functionality, but also the preservation of perovskites
from degradation in extreme humidity conditions (underwater). It has also been
demonstrated how such flexible systems can be used as colour converting layer for
the new generation of LEDs.

A study on the spectral dependence of the refractive index and extinction coefficient
of perovskite nanocrystals together with the variation with respect to the size was
presented for the first time. This analysis finds particular relevance in the future
design of optoelectronic devices based on such nanocrystals.

A judicious study of the photoluminescence of perovskite nanocrystals at low
temperatures (at ambient pressure) and high pressures (at ambient temperature)
has been presented. This characterization allowed us to distinguish the contribution
of thermal expansion and electron-phonon coupling in the dependence of the band
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gap with temperature, highlighting the role of lattice dynamics on the optical and
electronic response as perovskite size decreases. We also demonstrated how this
dependence varies with the size of the nanocrystals.

In what respect to non-linear optical properties, a characterization of the third
order response (in particular the spectral shape of susceptibility x°) of FAPbBrs
perovskite nanocrystals was presented, through which the possibility of using
perovskite nanocrystals for the effective generation of third harmonics was
demonstrated.

The fabrication and characterization of solar cells and LEDs based on perovskite
nanocrystals encapsulated in porous SiO; matrices was presented. The performance
of these devices irrefutably demonstrates the percolation of the charges through
the population of nanocrystals inside the isolated matrices, up to the electrodes. In
addition, with regard to solar cells, the use of a matrix for the preparation
(encapsulation) of the nanocrystals demonstrated to slow down their degradation
as well. Such cells revealed an improvement in stability over time compared to the
cell with a bulk layer.

Together with the fundamental study, the composite systems developed in this
thesis have therefore revealed the possibility of further developments in direct
technological applications.
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NANOCRISTALES DE PEROVSKITAS
ABX; EN MATRICES POROSAS:
RESUMEN

1. Introduccion

El término perovskita define una clase de materiales con la estructura cristalina
ABX; del titanato de calcio (tipicamente pseudo-cubica).'? Aunque esta familia de
compuestos es bien conocida desde mediados del siglo XIX, las especies formadas
por plomo (cation B), haluros (anion X) y cationes A de tipo organico y / o inorganico
(MA, FA Cs) se han convertido en objetos de un renovado interés en toda la
comunidad cientifica y de un intenso estudio en los Ultimos veinte afios. Las razones
de su importancia residen en las propiedades optoelectronicas que han hecho de
estos semiconductores hibridos materiales excelentes, en particular para la
tecnologia fotovoltaica y para la iluminacion3* Una contribucion igualmente
importante a su éxito proviene de la facilidad de preparacion, mediante procesos en
solucion. Esto se traduce en unos costes de produccion reducidos, que junto con
unos rendimientos excelentes hacen que este tipo de perovskitas sea bastante
competitivo en el contexto energético actual. Como parte negativa para el avance
tecnoldgico de estos semiconductores encontramos cuestiones relacionadas con la
estabilidad a largo plazo. Las perovskitas de haluro de plomo son particularmente
sensibles a las condiciones ambientales y pueden degradarse bajo la influencia de
agua, oxigeno, temperatura y luz.3¢ Sin embargo, estos semiconductores son muy
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versdtiles y, desde su reciente desarrollo, la investigacion se dedicd a la
exploracion de la composicion quimica ideal (perovskitas completamente
inorganicas, perovskitas mixtas, perovskitas sin plomo, etc) en términos de
propiedades y estabilidad, de su morfologia, de las técnicas de preparacion y en la
exploracion de estos semiconductores en la nano-escala.

La nanotecnologia ha acompafado la investigacion en muchos otros campos e
incluso en el caso de las perovskitas los resultados hasta ahora han sido
sorprendentes. Los materiales de baja dimensionalidad, ya sean nanocristales u
otras posibles conformaciones en 0, 1 6 2 dimensiones, han ampliado el potencial de
las perovskitas aumentando la estabilidad de las celdas solares o bien mejorando
sus propiedades opticas de emision de luz. Ademas su fabricacion es facilmente
integrable en las arquitecturas de dispositivos optoelectronicos o en nuevas
estructuras mas complejas (p. ej. ejemplo cristales fotonicos) para su
funcionalizacion adicional.’”? Sin embargo, uno de los aspectos mas relevantes de
los nanocristales de perovskita sigue siendo el efecto del confinamiento cuantico.
Para entender esta importancia es necesario recordar que estos semiconductores
cuando se fabrican en su forma "bulk" pueden variar su bandgap a lo largo del
espectro visible. Esto se logra a través de la composicion quimica y en particular en
la substitucion de los haldgenos (iodo, bromo, cloro). No obstante una de las
consecuencias de la sintesis de perovskitas mixtas (por ejemplo MAPbBrls.) es la
migracion ionica que conduce facilmente a una segregacion de fases o incluso a la
descomposicion del material’®" En los nanocristales, en cambio, gracias al
fenomeno del confinamiento cuantico, cuando el radio del semiconductor alcanza
las dimensiones del radio de Bohr, es posible controlar el bandgap a través del
tamanio de los cristales." Otra ventaja interesante del confinamiento cuantico es
la estabilidad del exciton fotogenerado y una mejor eficiencia en términos de
emision. Sin embargo, este Ultimo aspecto esta fuertemente condicionado por una
de las cualidades mas interesantes de los nanocristales de perovskita, que es la
tolerancia con respecto a la presencia de defectos o trampas para las cargas.”

En cuanto a la preparacion de nanocristales de perovskita, los métodos mas
utilizados hasta la fecha involucran procesos mediados por ligandos organicos o
sea sintesis de tipo coloidal.® A pesar de la tolerancia anterior, los ligandos
permiten controlar el tamafio y la forma de las perovskitas, pero también actdan
como agentes pasivantes de defectos mejorando el rendimiento de los
semiconductores.” Sin embargo, existen algunos inconvenientes relacionados con
el uso de ligandos al momento del depdsito de particulas coloidales para la
formacion de peliculas. El desprendimiento de los ligandos durante los ciclos de
lavado y purificacion y los fendmenos de auto-agregacion de los nanocristales
inducen una pérdida de estabilidad y un empeoramiento de las propiedades
oOpticas.””*® En este contexto, mucho mas recientemente se ha presentado una
sintesis alternativa, sin ligandos, es decir la preparacion de nanocristales de
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perovskita mediante moldes o femplates” Este método consiste generalmente en la
infiltracion de una solucion de precursores de perovskita en una matriz porosa que
puede ser de distinta naturaleza (organica o inorganica). El tamafio y/o la forma de
los poros fuerzan la cristalizacion de las perovskitas dentro de los mismos. Por
tanto, si se controlan las caracteristicas microestructurales de la matriz utilizada
es posible gobernar, por ejemplo, el confinamiento cuantico de los nanocristales de
perovskita, pero también es posible manipular sus propiedades quimico-fisicas
segun el tipo de material elegido para la matriz porosa.

Aunque ya se habia explorado la posibilidad de confinar espacialmente
semiconductores en una matriz, al comienzo de esta tesis aun no se habia adaptado
al caso de estas "nuevas" perovskitas. En particular, la atencion de esta tesis se ha
dirigido al uso de matrices porosas en forma de peliculas delgadas en vista de una
aplicacion tecnoldgica directa de estos sistemas compuestos. El potencial de este
método, de hecho, también se refiere al uso de una inmensa variedad de
estructuras porosas con diferentes composiciones quimicas y por lo tanto
diferentes propiedades mas o menos compatibles con las de las perovskitas. Si bien
los primeros trabajos (ca. 2016) se centraron en particular en el fendmeno del
confinamiento y en el control espectral del bandgap de los nanocristales de
perovskita, las matrices utilizadas se procesaron en forma de polvo lo cual no
permite su posterior integracion en un dispositivo.2? En esta tesis, por otro lado,
luego de un estudio inicial sobre el uso de ldminas de matrices meso-
estructuradas, se trabaj0 con matrices formadas por estratificaciones de
nanoparticulas, especialmente adecuadas para la arquitectura de dispositivos
optoelectrdnicos de nueva generacion. Paralelamente al estudio realizado en esta
tesis, el método de moldeado para la sintesis de nanocristales de perovskita ha
demostrado no solo ser una alternativa valida a la sintesis coloidal, sino que ofrece
nuevas ventajas respecto, por ejemplo, a la estabilidad de perovskitas.? La
naturaleza de las matrices, ademas, como ya se menciond, puede influir en la
respuesta de las perovskitas con respecto, por ejemplo, a la extraccion de
portadores de carga. Finalmente, algunos casos reportados, han mostrado la
posibilidad de aplicar ciertos sistemas matriz-perovskitas en dispositivos
fotovoltaicos y de iluminacion.?2

Pero si bien el tema de los nanocristales de perovskita todavia ofrece mucho
espacio para la exploracion y optimizacion de sus propiedades optoelectronicas, el
uso de matrices porosas esta todavia menos estudiado y el objetivo de esta tesis ha
sido investigar esto nuevo método de sintesis y estudiar los nanocristales de
perovskita, sus propiedades opticas y estructurales fundamentales y sus posibles
implicaciones tecnoldgicas.

2. Nanocristales de perovskitas en pelfculas de MOx NPs
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La sintesis de nanocristales de perovskita (NCs) desarrollada en esta tesis consiste
en un proceso one-step en el que una solucion que contiene los precursores de
perovskita se infiltra en una matriz porosa. La matriz utilizada para este propdsito
consiste en nanoparticulas de dxido metalico (incluido Si0; MOx NPs) depositadas
por dijp-coating para formar una estratificacion porosa morfoldgicamente
homogénea y dpticamente transparente. Para distribuir uniformemente las especies
contenidas en la solucion precursora de perovskitas, dentro de la matriz, se utilizd
la técnica de deposicion spin-coating. Una vez impregnada la pelicula porosa, un
tratamiento térmico acelera la cristalizacion de las perovskitas dentro de los poros
gue actlan como nano-reactores para la sintesis de nanocristales. Para este
método se han optimizado diversos parametros implicados tanto en el propio
proceso de sintesis (concentracion de precursores, temperatura) como en las
deposiciones (velocidad de deposicion, espesor y uniformidad de la matriz). Las
técnicas de recubrimiento utilizadas son ventajosas, ya que son escalables y de
bajo costo y ademas permiten obtener deposiciones homogéneas (es importante
asegurar una buena calidad optica tanto para no obstaculizar la respuesta de la
perovskita y no comprometer el rendimiento de un dispositivo) y controlar con
extrema precision el espesor de la pelicula de nanoparticulas y en consecuencia el
volumen disponible para la sintesis de perovskitas.

La versatilidad del método se observa tanto a la posibilidad de utilizar, por ejemplo,
diferentes tipos de dxidos metalicos, como en la eleccion de la composicion quimica
de las perovskitas segin la aplicacion especifica (por ejemplo, MAPbl;, mas
adecuado para absorcion de la radiacion visible o0 MAPbBrs, mas adecuado para la
emision). En esta tesis, sin embargo, la matriz mas utilizada se basa en
nanoparticulas de Si0; que, ademas de la finalidad sintética en si, permite un buen
aislamiento eléctrico de los nanocristales y por tanto un andlisis mas limpio de su
comportamiento. Para una descripcion mas cuantitativa de la matriz, hemos podido
utilizar la técnica de porosimetria por reflectancia especular? con la que es posible
determinar la porosidad del sistema (alrededor del 50% en el caso de Si0;) y la
distribucion del tamafio de poro, PSD (alrededor de 8 nm). De esta manera se
confirma que a pesar de que la estructura porosa es relativamente simple,
caracterizandose por una PSD bastante estrecha. Esto nos ha permitido utilizar este
tipo de matrices para la sintesis homogenénea de nanocristales de perovskita.
Aparte del confinamiento espacial dentro de la matriz, con el método desarrollado
es posible ejercer un control especifico sobre las dimensiones de los nanocristales
de perovskita variando la concentracion de la solucion precursora infiltrada en los
poros. A medida que disminuye la concentracion, se obtienen cristales mas
pequeios. Este resultado se evidencia tanto por el desplazamiento espectral de
fotoluminiscencia (PL) con respecto a la emision de una pelicula bulk policristalina
(consecuencia directa de los efectos del confinamiento cuantico), como por el
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analisis estructural a través del microscopio electrénico de transmision de alta
resolucion.

El uso de la técnica de preparacion de moldeadoy en particular el uso de matrices
porosas en forma de peliculas homogéneas, nos ha permitido realizar un analisis
adicional que es particularmente interesante también porque mucho mas
complicado en otro tipo de sistemas (coloidales o matrices en polvos), es decir, un
estudio de la crecimiento de nanocristales dentro de las matrices. Con estos
materiales compuestos fue posible monitorizar la fotoluminiscencia de una misma
poblacion de nanocristales y analizar la cinética de crecimiento, evaluando también
algunos factores extrinsecos como la iluminacion, la temperatura y la
concentracion de precursores. Considerando, por ejemplo, la posicion espectral del
pico PL, es posible estimar las dimensiones de los nanocristales en relacion con el
corrimiento al rojo (mayor tamafio) a partir de las primeras fases de sintesis. Al
mismo tiempo, el ancho de pico PL (FWHM) puede proporcionar informacion sobre
un factor de calidad clave para los nanocristales, o sea, la dispersion de tamafio. En
concreto, observamos un ensanchamiento de la emision en el caso en el que se
utilizé una solucidn de precursor mas diluida que puede asociarse a un proceso de
defocusing?® que implica una mayor dispersion de dimensiones de nanocristales. El
estudio del crecimiento en tamafio se realizoutilizando el modelo Lifshitz-Slyozov-
Wagner?con el cual se aplicé la aproximacion de Brus®, para correlacionar los
radios de los nanocristales. . Siguiendo este modelo, se pueden distinguir tres
regimenes que pueden interpretarse como fases secuenciales de crecimiento
regidas por varios factores limitantes: una fase inicial controlada por las reacciones
de fase liquido-solido; luego, al disminuir la cantidad de reactivos, con el tiempo, la
cinética es dominada por la difusion de los precursores y finalmente, con la
evaporacion del solvente, la disolucion de las particulas mas pequefias domina la
etapa final. Ademds, como ya se menciond, monitoreamos la misma muestra en
diferentes condiciones de temperatura e iluminacion observando que si bien esta
dltima no parece afectar el crecimiento de los nanocristales, una temperatura alta
empeora el mecanismo conduciendo a una mayor dispersion de dimensiones.

3. Optica lineal de los nanocristales de perovskitas

El estudio realizado sobre las propiedades opticas lineales de los nanocristales de
perovskita sintetizados en matrices porosas de SiO: se refiere, en particular, al
analisis de fotoluminiscencia y a la extraccion de constantes dpticas, es decir, el
indice de refraccion, n, y el coeficiente de extincion. k. En el primer caso, la
fotoluminiscencia también es una herramienta utilizada para evaluar el método de
preparacion. De la fotoluminiscencia hemos examinado la posicion espectral y por
tanto el control sobre el confinamiento cuantico de los nanocristales (~160meV), el
valor del FWHM y por tanto la homogeneidad del tamafio de los nanocristales (<90
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meV), pero también hemos examinado la intensidad, o mas bien la eficiencia del
emision a través de medidas de rendimiento cuantico de fotoluminiscencia (PLQY)
en funcion del tamafio de los nanocristales. Los resultados muestran un
rendimiento importante (35%), considerando un material ya en forma de pelicula
compuesta por nanocristales. El sistema de sintesis desarrollado en esta tesis, sin
embargo, otorga una funcionalizacion adicional que ha traido, en la practica, dos
ventajas. El volumen de poros de la matriz y la interconectividad dan espacio a la
posterior infiltracion de un polimero (utilizamos polidimetilsiloxano, PDMS) y la
primera de las ventajas es la posibilidad de analizar la variacion del entorno
dieléctrico de los nanocristales (antes Si0; y después PDMS). El resultado
observado es un aumento en PLQY (54%), gracias a un aumento en los caminos de
decaimiento radiativos. Al analizar el decaimiento de la PL también observamos
como la naturaleza de la matriz puede influir en el comportamiento de los
nanocristales. Una matriz basada en nanoparticulas de Ti0; implica, por ejemplo, un
apagamiento de la luminiscencia debido a la inyeccion de electrones de las
perovskitas a la banda de conduccion del oxido de titanio. La segunda ventaja que
aporta la incorporacion del polimero esta representada por la preparacion de una
version flexible y autosoportada de las peliculas a base de nanocristales de
perovskita y nanoparticulas de Si0; impregnadas con PDMS. Estas peliculas
flexibles ofrecen una proteccion completa de los nanocristales de perovskita frente
a las condiciones de humedad (PL registrada por las muestras directamente
sumergidas en agua) manteniendo excelentes propiedades de emision de luz, por lo
que pueden utilizarse como laminas para la conversion de color en LED de nueva
generacion.”? Para ello probamos el efecto cubriendo (gracias de nuevo a la
naturaleza flexible del film) una bombilla de LED azul, obteniendo la emision verde
de las perovskitas contenidas en el matriz.

Para la extraccion de las constantes opticas (n y k) se ha desarrollado un
procedimiento de andlisis que incluye la caracterizacion de la dependencia angular
de la luz transmitida (transmitancia, T) y reflejada (reflectancia, R) por los
materiales que contienen las perovskitas.De estos dos valores estimamos la
cantidad de luz absorbida (absortancia, A). Ademas se cuantifico la relacion
volumétrica entre perovskitas y Si0z. Nuevamente la estructura de los materiales
sintetizados en esta tesis posibilita este tipo de andlisis, a diferencia de los
sistemas coloidales o los propios materiales compuestos en los que las perovskitas
se encapsulan en matrices no transparentes a la luz. Los materiales en forma de
peliculas permiten de hecho las medidas espectroscopicas necesarias (a través del
espectrometro Cary + UMA o + esfera integradora) y la presencia de una matriz
homogénea y transparente facilita la separacion de su comportamiento mediante la
aproximacion de la medio efectivo® (en este caso en particular, usamos Maxwell-
Garnett). Ademas, a partir de las medidas de A, se obtuvo la posicion energética del
gap de los nanocristales de perovskita ((til para el calculo tedrico de n y k)
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mediante el método Tauc. Para obtener, en cambio, las cantidades, en volumen, de
las perovskitas, utilizamos medidas cuantitativas del plomo contenido en las
muestras (a través de ICP-OES). Una vez medido el comportamiento experimental,
el calculo real de n y k se basa en el ajuste de los datos experimentales mediante
una funcion dieléctrica que describe la dependencia espectral de Ty R en diferentes
angulos, segun un modelo tedrico (concretamente utilizamos el modelo de Forouhi-
Bloomer®). El resultado atestigua un interesante aumento de los valores n y k de
los nanocristales en comparacion con los de las correspondientes peliculas bulk,
tanto en el caso de MAPbI; como de MAPbBF, aunque la cantidad de perovskita con
respecto a la matriz de Si0; es bastante baja y el valor efectivo del indice del
material compuesto no presenta grandes cambios. En cualquier caso, los datos
relativos a los nanocristales por si solos son nuevos en comparacion con la
literatura y, de manera mas general, el andlisis realizado puede ser Util en el
desarrollo y disefio de dispositivos optoelectronicos basados en nanocristales de
perovskita.

4. Dinamica de la red cristalina de los nanocristales

Hay caracteristicas mas relacionadas con la estructura cristalina que han
demostrado ser igualmente relevantes para el funcionamiento de dispositivos
basados en perovskitas de haluro de plomo. Se destacan las interconexiones entre
la movilidad de los portadores de carga y la dindmica de la red®® Una cuestion
todavia de gran interés se refiere precisamente a los modos colectivos de vibracion
de la red, es decir, los fonones y su papel en algunos procesos como el transporte
de cargas o la relajacion de los Aot carriers y su contribucion en algunas
propiedades fundamentales como el ancho de linea del excitdn y la renormalizacion
del bangap respecto a la temperatura.® El efecto del cambio de temperatura sobre
el gap energético de los semiconductores, en particular, esta ligado tanto al
movimiento de las bandas de conduccion y de valencia como consecuencia de la
contraccion o expansion de los cristales como a la polarizacion de las vibraciones
de la red y la consiguiente interaccion con las bandas electronicas. Es decir, la
derivada del gap con respecto a la temperatura contiene dos términos que se
refieren a la expansion térmica (TE) y al acoplamiento electron-fonon (EPC).% Las
perovskitas son un caso interesante, en comparacion con la mayoria de los
semiconductores porque el bandgap sufre un ensanchamiento con el aumento de
temperatura y, en cuanto a los materiales bulk los resultados mas recientes
atestiguan un peso igual entre TE y EPC sobre la variacion del gap**® Pero los
nanocristales son todavia bastante nuevos en este tipo de andlisis que, es mas
complicado para los sistemas coloidales. El método mas utilizado para investigar el
comportamiento de los semiconductores con respecto a la temperatura es el
analisis de PL a diferentes temperaturas. Hemos examinado la posicion espectral a
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medida que varia la temperatura en el caso de nanocristales MAPbI; de diferentes
tamafios, asumiendo como primera aproximacion la posicion energética del PL
cerca de la posicion energética del gap. De esta forma es posible obtener la
derivada de la energia del gap con respecto a la temperatura. Para separar las dos
contribuciones (TE y EPC) pudimos medir experimentalmente la primera y obtener
la segunda por sustraccion. La contribucion de la expansion térmica, o el cambio
del gap con respecto al volumen, se puede obtener mediante medidas de PL al
variar de la presion hidrostatica aplicada a los nanocristales.®® Una vez obtenidas
las derivados con respecto a temperatura y presion, tanto para los nancristales
como para los materiales bulk el utilizados para la comparacion, pudimos observar
un aumento relativo en la contribucion de EPC, en comparacion con TE, a medida
que disminuye el tamaio de los nanocristales. En cualquier caso, en ambos casos
experimentales, es decir, tanto con la variacion de la presion como con la
temperatura, notamos que junto a la reduccion de las dimensiones de los
nanocristales se observa una especie de aplanamiento de la curva del gap en
funcion de la temperatura, es decir, una dependencia mucho menos pronunciada.
También se estudiaron las transiciones de fase ortorrémbica-tetragonal que
ocurren normalmente en el rango de temperaturas examinado (80K-300K) e
inducen un cambio en la curva del gap en funcién de la temperatura.¥’ Mediante
medidas de difraccion de rayos X a baja temperatura hemos observado un posible
retraso de la transicion de fase, a medida que aumenta la temperatura, en el caso
de los nanocristales en comparacion con el material bulk

b. Optica no-lineal de los nanocristales de perovskitas

Una extension interesante, aunque poco explorada, del comportamiento de las
perovskitas, en general, y de los nanocristales en particular, es el estudio de los
fendmenos Opticos caracteristicos del régimen no lineal. Se trata de fendmenos
inducidos por la interaccion con una luz o campo electromagnético suficientemente
intenso como para modificar el comportamiento dptico de un material.“’ EL término
"no lineal" se refiere a la dependencia no lineal de la respuesta optica del sistema
bajo examen, con respecto a la fuerza del campo aplicado. Considerando la
estructura centro-simétrica de las perovskitas, la respuesta optica de segundo
orden no es la principal contribucion no lineal, aunque en algunos casos se han
reportado sefiales de segundos armonicos.”? Los efectos de tercer orden son
predominantes en estos semiconductores y hasta la fecha existen algunos
resultados interesantes en la literatura, en el caso de materiales bulk pero
especialmente en el caso de perovskitas de tipo 2D.%* Un Ultimo aspecto que hace
que estos materiales sean especialmente interesantes para futuras aplicaciones en
tecnologia basada en sistemas no lineales es la fabricacion como peliculas
delgadas mediante procesos en fase liquida y a bajas temperaturas. La
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conveniencia ya radica en los bajos costos de produccion para un uso directo de
estos materiales, pero especialmente en el campo de la fotdnica no lineal es
ventajoso tener materiales que puedan integrarse facilmente en arquitecturas mas
complejas que puedan, por ejemplo, refinar el control sobre las propiedades dpticas
o amplificar los efectos especifico.”’ En esta perspectiva, el cuadro se enriquece
obviamente con la posibilidad de sintesis de perovskitas de baja dimension en
diferentes formas y en fase liquida y solida, con una mayor expansion de la gama de
propiedades disponibles para la manipulacion de la luz.

En cuanto a los materiales compuestos preparados en esta tesis, hemos podido
profundizar en el comportamiento no lineal de los nanocristales de FAPbBrs
sintetizados en una matriz de Si0.. Mas concretamente, se realizaron medidas de
tercer armonico (THG) y los resultados confirman la fuerte dependencia espectral
de este fendmeno, con un pico de intensidad correspondiente a la resonancia
excitonica de los nanocristales (el analisis no lineal se realizo en paralelo al lineal
con PL, A ny k). Hasta ahora, esta es la primera evidencia de THG de tales
semiconductores en forma de nanocristales. Gracias a estas medidas y a la
caracterizacion estructural y de las propiedades lineales fue posible calcular la
susceptibilidad de tercer orden de los NCs (®) y su forma espectral, atestiguando
un valor maximo (correspondiente al maximo de THG) comparable a los reportados
para otras perovskitas de baja dimension y otros sistemas similares de
semiconductores inorganicos encapsulados en matrices de vidrio.* Sin embargo, el
método de preparacion todavia ofrece espacio para optimizaciones adicionales
como lo demuestra también el analisis de mis-match, o sea de la eficiencia del THG
respecto al espesor de las muestras. Aunque también se demostrd un fuerte
caracter no lineal mediante medidas de fotoluminiscencia a dos fotones.

6. Aplicaciones de los nanocristales de perovskitas

Teniendo en cuenta el enorme interés tecnoldgico de las perovskitas
nanocristalinas, en este trabajo hemos querido investigar la implementacion y
comportamiento de los composites de pelicula APbX:@Si0; como posibles
componentes activos en dispositivos de estado solido tanto para fotovoltaica (PV)
como para iluminacion. En cuanto a la fotovoltaica, partiendo de los primeros
ejemplos de celdas solares a base de perovskita, el éxito de estos semiconductores
en la tecnologia solar ha sido, ademas de la excelente funcion como absorbente con
el bandgap adecuado, la capacidad de difusion de las cargas libres que se forman
después la excitacion, es decir las propiedades de transporte.”’“® En base a los
trabajos ya reportados en la literatura, quisimos analizar el comportamiento de los
materiales compuestos, teniendo en cuenta la diferencia con los primeros trabajos
que utilizan andamios aislantes,”** como Si0; o Al;0;, en los que, sin embargo, no
hay confinamiento cuantico de perovskitas y la diferencia con el estudio con

167
AMBITO- PREFIJO CsVv FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-5896-1d2d-b245-489c-82f2-4fcb-0a77-3cfb 19/10/2020 08:06:39 Horario peninsular
Ne registro DIRECCION DE VALIDACION
8745e2000050937 https://sede.administracionespublicas.gob.es/valida
GEISER-5896-1d2d-b245-489¢-82f2-4fcb-0a77-3cfb


https://sede.administracionespublicas.gob.es/valida

Cadigo seguro de Verificacion : GEISER-5896-1d2d-b245-489c-82f2-4fchb-0a77-3cfb | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

perovskita nanocristalina empleada simplemente como material absorbente en
céldas solares de colorantes?**® (DSSC). La idea es poder utilizar estos materiales
basados en perovskitas confinadas para fabricar céldas solares de puntos
cuanticos (QDSC) con la posibilidad de mantener el control sobre el bandgap
variando el tamafio de los nanocristales de perovskita. Hemos podido integrar los
materiales constituidos por nanoparticulas de Si0; y nanocristales de MAPbI; en la
arquitectura de una celda meso-estructurada que normalmente se compone
superponiendo los distintos componentes en orden (FTO, TiO2 compacto, meso-Ti02,
perovskitas, Spiro, oro). Basicamente, en la nueva configuracion, la lamina de Si0;
poroso reemplaza la de TiO; meso y no hay una capa de perovskita bulk adicional,
sino solo los nanocristales encapsulados. Una lamina de Ti0, compacto y un film de
spiro-OMetad se depositan como materiales para el transporte de electrones y
huecos respectivamente hacia los dos electrodos. A continuacion, examinamos el
caso de las céldas solares preparadas con diferentes concentraciones de
precursores y, por tanto, nanocristales de diferentes tamanos (siempre confirmado
por PL). El resultado mas interesante, en general, es el funcionamiento de todos los
dispositivos a pesar de que los nanocristales de perovskita estan encapsulados en
una matriz eléctricamente aislante. Este resultado indica que las cargas pueden
viajar directamente a través de los nanocristales y producir la corriente para el
funcionamiento de la celda. La diferencia entre las diferentes muestras esta
principalmente en la cantidad de material activo presente en la matriz porosa y por
tanto en la capacidad de absorcion pero también en la continuidad del trayecto de
las cargas a través del SiO.. El analisis mediante espectroscopia de impedancia
confirma un comportamiento de los dispositivos solares como un electrodo poroso
de perovskita similar al de las células solares DSSC (con su "linea de transmision"
constituida por los NCs) que al de las céldas bulk pero con una diferencia de
resistencia al transporte (impedancia de Gerischer) y una capacitancia que indica el
papel bivalente de los de los nanocristales de perovskita solo, como absorbentes y
portadores de carga.

La posibilidad de soportar la transferencia de cargas hacia los electrodos de una
celda solar a través de la poblacion de nanocristales distribuidos dentro de la
matriz porosa sugiere que el proceso inverso también es posible, es decir, la
inyeccion de cargas a través de una corriente externa hacia los nanocristales con el
fin de explotar la recombinacion de los pares electron-hueco dentro de estos
Gltimos y emitir luz de acuerdo con el bandgap del perovskitas. Para obtener la
electroluminiscencia es posible construir un dispositivo estructuralmente muy
similar a una celda solar en el que, sin embargo, la union de los materiales debe
favorecer la transferencia de las cargas al material activo y no la extraccion.”
Como primera aproximacion, la composicion de la celda solar, como se describid
anteriormente, ya contiene unas capas de materiales y una alineacion energética de
bandgap que puede funcionar como un dispositivo de iluminacion cuando se conecta
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a una corriente. De hecho esta arquitectura se define como LED invertido y es la
primera que se ha utilizado para demostrar el funcionamiento de un LED basado en
perovskitas®? Para el andlisis de la electroluminiscencia, se sintetizaron
perovskitas totalmente inorganicas a base de cesio con el mismo método de
confinamiento en las matrices de SiO; y pudimos observar las emisiones en verde y
rojo, cada uno confinado, o separado espectralmente de la emision de los
dispositivos correspondientes con perovskitas bulk

El estudio destaca la capacidad de los nanocristales de perovskita de gestionar la
formacion y difusion de cargas también a través de la matriz de Si0;, controlando la
distribucion volumétrica de estos semiconductores dentro de la matriz porosa. El
mecanismo de transporte es posible por la peculiaridad de la estructura compuesta
y por la forma en que los nanocristales pueden distribuirse dentro de la matriz
porosa. La eficiencia de las celdas solares se acerca a los valores reportados en
sistemas con una arquitectura similar,** pero el método de preparacion aln
ofrece margen de mejora. Uno de los parametros mas prometedores es la
estabilidad a largo plazo de las celdas con nanocristales encapsulados, como se
demuestra en este trabajo, en comparacion con la celda solar bulk

1. Conclusiones generales

En esta tesis se presentd un nuevo método de sintesis de nanocristales de
perovskitas de tipo ABXs. El método permite la preparacion de peliculas delgadas
compuestas por nanocristales de perovskita encapsulados en matrices porosas
formadas por nanoparticulas de oxido metalico: pvk@MOx.

Se ha presentado una caracterizacion estructural completa de los materiales
compuestos (matrices porosas de SiO; y nanocristales de perovskita) que destaca
claramente la formacion de las perovskitas dentro de los poros de las matrices.
Ademas de un estudio del proceso de crecimiento de los nanocristales dentro de las
matrices porosas, se presento también un analisis de las propiedades opticas y, en
particular, del control sobre las propiedades de emision (PL y PLQY) relacionado
con los efectos del confinamiento cuantico. Hemos podido cambiar el entorno dptico
de la matriz para modificar las propiedades de emision de los nanocristales de
perovskita. Esta modificacion también resalta la versatilidad del método sintético
tanto en lo que respecta a la matriz como a la composicion quimica de las
perovskitas. Esto nos permitio preparar una serie de peliculas flexibles y
autosoportadas constituidas por la matriz porosa y los nanocristales de perovskita
embebidos en una matriz polimérica. Los materiales asi obtenidos han demostrado
no solo funcionalidad mecanica, sino también la proteccion de las perovskitas de
humedad extrema. También se ha demostrado cémo estos sistemas flexibles se
pueden utilizar como laminas para la conversion de color en la nueva generacion de
LED. Se presentd por primera vez un estudio sobre la dependencia espectral del
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indice de refraccion y el coeficiente de extincion de los nanocristales de perovskita
junto con su variacion con respecto al tamafio. Se ha presentado un estudio de la
fotoluminiscencia de nanocristales de perovskita a bajas temperaturas y altas
presiones. Esta caracterizacion nos permitid distinguir la contribucion de la
expansion térmica y el acoplamiento electrén-fondn en la dependencia del bandgap
con la temperatura, demostrando ademas como la variacion con respecto al tamafio
de los nanocristales. También se caracterizo la respuesta dptica no lineal del tercer
orden de los nanocristales de FAPbBrs3, demostrando la posibilidad de utilizar esos
nanocristales para la generacion de tercer armonicos.

Finalmente se ha presentado la fabricacion y caracterizacion de céldas solares y
LED basados en nanocristales de perovskita encapsulados en matrices porosas de
Si0;. Ademas de la percolacion de las cargas a través de la poblacion de
nanocristales dentro de las matrices aislantes, estas céldas revelaron una mejora
en la estabilidad con el tiempo, en comparacion con la célda bulk
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