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Thesis Plan

The present work is the result of a three-years period as a Ph. D. student,
under the supervision and guidance of Dr. Annamaria Petrozza. All the
results included have been achieved personally in the labs of the Center
for NanoScience and Technology of the Italian Insitute of Technology (IIT)
in Milan, at Politecnico di Milano, unless otherwise stated. The thesis is
divided into 5 chapters. Here, a brief description of the contents.

Chapter 1 A general background about the world of photovoltaics is re-
ported. The physics of solar cells will be described shortly, to introduce the
concepts that will be fundamental in the following Chapters. A review of the
most recent results about hybrid and fully inorganic metal halide perovskites
is described.

Chapter 2 A comprehensive description of the materials and methods
employed is included. In addition, specifications about sample realization
and detailed protocols for the fabrication of photovoltaic devices. A list of
experimental techniques personally used during the work is comprised.

Chapter 3 The focus is on the optical properties of hybrid lead halide
perovskites, aiming to highlight the strong correlation between crystalline
morphology and opto-electronic behaviour of these materials. The effects
of the synthesis’ environmental conditions over the final morphology of per-
ovskite self-assembled crystals will be discussed.

Chapter 4 A novel synthesis of high-quality colloidal perovskite nanocrys-
tals is presented. Considerations about the role of many synthetic param-
eters will be discussed, including results obtained when these materials are
embodied in a device architecture.

Appendix Last pages are dedicated to the summary of scientific publica-
tions.
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Abstract

Tri-dimensional lead halide perovskite semiconductors are an emerging so-
lution-processed class of materials that has led to great advances in the
performances of solar cells since 2013, and has demonstrated good poten-
tial when embodied in light emitting devices and photodetectors. The ex-
ceptional opto-electronic properties of these materials, such as the tunable
direct band-gap, the extremely high absorption coefficient, the low exciton
binding energy, and the balanced ambipolar carrier transport have been ex-
tensively studied in the last few years. At the same time, many of the finer
details of the device physics remain under debate. In particular, the un-
derstanding of the role of structural and chemical defects, and their effects
on the properties of devices, has become imperative. Overall, the three-
year work highlights the primary properties of the same class of material
obtained by various synthetic routes, combining structural and morpholog-
ical characterizations to the photophysical ones. The thesis work shows a
direct comparison between two different approaches to the realization of a
perovskite-based thin film. The first one consists in the direct crystallization
of the semiconductive material onto a substrate, starting from precursors
solutions, while the second one relies on the deposition of pre-formed high-
quality colloidal perovskite-based nanocrystals. The first approach is the
most widely used in literature. It consists in the self-organization of ionized
precursors dispersed in high boiling point organic solvents, which undergo a
crystallization upon thermal treatment. Chemical purity of the precursors,
presence of additives, relative humidity, temperature and surface properties
of the substrates employed are just few of the parameters that can deeply
affect the organization of the perovskite crystalline lattice. In this case, a
non-negligible level of unintentional structural and chemical defects is ex-
pected, within the bulk and at the interfaces of the crystals. Such defects
can introduce localized energy levels that are confined in the band-gap of
the semiconductor, creating non-radiative recombination pathways for the
photo-generated charge carriers. A reproducible and reliable protocol to fab-
ricate polycrystalline thin film, with different average-crystallite dimensions,
is reported. Varying the crystallites mean size, from tens of nanometers to
a few micrometers, it is possible to tune the opto-electronic behaviour of
the material, directly influencing the number and the type of electrically-
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active defect sites. From these results, the existence of a tight tolerance
window for the optimal processing parameters of these self-assembled mate-
rials clearly emerges. A novel approach is then proposed, consisting in the
realization of the solar cell active layer by the deposition of an ink composed
by suspended nanoparticles. The ink formulation can be tailored prior to
the film formation, meaning that the co-optimization of large-area uniform
coverage with a high-quality crystal growth is no longer needed. The re-
sults obtained by following this approach are presented in the second part of
the thesis. A fully inorganic cesium lead bromide (CsPbBrs) perovskite has
been employed in the study. Since bromide-based compounds exhibit a wide
band-gap, around 2.32 €V, these materials can achieve much higher open-
circuit values, extending the interest for the applications to multijunction
solar cells, visible light-emitting devices and photo-electrochemical cells. A
new, fast and one-step-injection synthesis is proposed, leading to the forma-
tion of stable colloidal nano-crystalline perovskite nano-particles, passivated
by organic ligands. The innovative synthesis has the advantages of being a
room-temperature and moisture-insensitive process, that employs only low
boiling point and less toxic solvents, compared to the ones required in the
standard approach. The use of ligands, composed by short alkyl chains, cir-
cumvents post-synthesis treatments typical of the longer and bulkier chains
usually employed in this field. The passivating nature of the nanocrystal’s
ligands gives rise to extremely good photo-luminescence properties. The
photo-luminescence quantum yield for the colloidal suspension is higher than
75%, and it drops to 35% after the particles have been deposited. The thin
film obtained shows an amplified spontaneous emission (ASE) threshold as
low as 1.5 pJ/cm?, which sets a record for not-passivated inorganic nanos-
tructures. The optical quality observed is close to those of nanocrystals
made with high-temperature hot-injection syntheses previously reported in
literature. Interestingly, the quantum yield from the films prepared with
bulkier ligands are comparable to the ones typically observed from the films
here reported, but they remain non-conductive. Both the quantum yield
and the ASE threshold values are indicative of a lower defect density com-
pared to perovskite thin film obtained from standard direct-crystallization
approaches. The CsPbBrs perovskite inks are then used to fabricate a halide
perovskite nanocrystalline-based photovoltaic prototype device. The depo-
sition of highly uniform and complete films has been uniquely facilitated
by the use of low-boiling point solvents for the preparation of the colloidal
suspension. Sequential deposition cycles enable a fine control over the final
active-material thickness. In particular, a layer of 550 + 50 nm, correspond-
ing to an optical thickness of more than 1.5 OD, exhibited a power conversion
efficiency of 5.4%, which is comparable to the best-performing and fully op-
timized devices reported so far. The solar cell exhibits short circuit current
(Jsc) and an open circuit voltage (Voc) values of 5.6 mA /cm? and 1.5 V,
as well as a fill factor of 0.62. The value for Voc is among the highest re-
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ported for perovskite halides, underlying the high quality of the perovskite
crystals. For a better understanding of the reference, the calculated ideal
maximum Vg and Jgo are 2.05 V and 7.78 mA /cm2 under AML.5 illumi-
nation, considering a bandgap of about 2.38 eV. Finally, it has to be highlight
that this process is fully carried out in ambient air. Moreover, the technique
provides electrically stable devices. Finally, a fine analysis over the ligands’
role in the device performances has been carried out. At the same time,
the correlation between the nanocrystal size and the figures of merit of the
devices has been investigated, highlighting the nanocrystal size-dependence
of the current density in the device. The validity of this novel approach has
been further demonstrated by successfully applied it to large-area deposi-
tion techniques (bar-coating), obtaining working devices with performances
comparable to the previously reported ones.
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Chapter 1

Introduction

Improving the quality of life while counteracting the human impact on the
planet environment is one of the biggest challenges the mankind has to face
right now. A realistic strategy to tackle this problem combines the reduc-
tion of overall energy demand with a decrease in consumption of fossil fuels.
Among others, photovoltaic technologies represent one of the most promising
answers, and this effervescent research field is in constant expansion, with
the goal of developing more and more efficient devices.

The efficiency of a photovoltaic device can be increased by the identifica-
tion of new active materials, or by building a progressive and comprehensive
knowledge about how these materials work in a specific device architecture.
Among the most recent advancements in the field, the employment of halide
perovskites represented a breakthrough. These materials have recently come
in the spotlight for record power conversion efficiencies as photo-active layers
in solar cells, but they proved also to possess extremely interesting emission
properties for applications as light emitting devices and lasers. Before en-
tering in details for the specific case of perovskite-based photovoltaics, a
more general introduction over the physics behind solar-to-electrical energy
conversion is given.

1.1 The physics of solar cells

The solar cell is an optoelectronic device able to convert light photons into
electric current. The electro-magnetic radiation emitted by the Sun spun
over the entire spectrum of frequencies of a black body with a temperature
of 5777 K [1]. Only a fraction of this radiation reaches the surface of the
Earth. The air mass coefficient (AM1.5) is an index used to determine the
effective electromagnetic radiation emitted by the Sun at the sea level [2].
The main losses with respect the pristine emission are due absorption by
chemical components of the Earth’s atmosphere, like ozone, water, oxygen
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and carbon dioxide. These molecules absorb a relevant part of the spectrum
emitted, preventing ultraviolet (UV) and some parts of the infrared (IR)
portions of the solar spectrum to reach the surface of the planet. The AM1.5
spectrum represents the maximum amount of energy available for a solar cell
to be converted in electrical current.

A solar cell can be pictured as a «black box», in which light goes in and
electrons go out. In principle all the different kind of solar cells must respect
these characteristics [1]:

> Being able to absorb the incoming photons. The absorption process is
determined by the atomic and molecular composition of the material.
An ideal candidate core material for current generation in a solar cell
has an absorption spectrum that matches the AM1.5 spectrum.

> Being able to generate charges. Upon light absorption, generation
of photo-carriers must follows. There are several mechanisms through
which the photo-generation can occur. The nature of this process itself
defines the type of solar cell.

> Being able to transport charges. Once the charges are generated, the
device must be able to collect them, because without any driving force
the photo-generated species will recombine. The architecture of the
solar cell must provide an internal electric field, defined as buili-in field,
which guarantees the collection. The optimization of the structure,
with the engineering of the core active material or the inclusion of
other interlayers is the core of the advancement in the photovoltaic
field.

A brief overview of the technology evolution in the photovoltaic world can
be divided in four parts, as clearly reported in Fig. 1.1 [10]. The «first gener-
ation» of solar cell devices were based on ultra-pure silicon wafers. The main
problem for this technology was the requirement for high volume of active
materials. A «second generation» of solar cells was developed starting from
the early 80s, with the employment of thin film semiconductors. Regardless
of the chemical nature of the active material involved, thin-film technology
offers the great advantage of the cost reduction, by minimising the quantity
of material used. In the 90s, a novel paradigm entered the research: new
types of solar cells that exploited alternative mechanisms of energy conver-
sion, mimic the photosynthesis. This latter type of technology is represented
by the so called «third generation» solar cells. Overall, the most performing
technology is the multi-junction solar cell, in which a stack of different semi-
conductors is employed, in order to match perfectly the solar spectrum. This
match, and the related impressive efficiency, comes to the cost of extremely
expensive engineering of the devices, or bulky concentrator systems (cite). In
the last years, emerging photovoltaics are attracting more and more interest
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Figure 1.1: Reported timeline of best research solar cells energy conversion efficiencies
from 1975 up to today. Reproduced from [10].

due to their potential cost-benefits and their adaptability for a broad range
of advanced applications, from an alternative to reduce the cost of multi-
junction solar cells, to the use of flexible substrates. Even if the resulting
efficiencies are not as high as mono-crystalline silicon, many of these new ma-
terials can be processed from solution, with techniques that may drastically
lower the cost of production. These devices can be realized with industrial
printing techniques, such as roll-to-roll, slot dye coating, ink-jet printing
and bar coating processes, and thus are potentially scalable to high through-
put productions. In this category, many promising photovoltaics systems
are included: perovskite-based materials and inorganic quantum-confined
nanocrystals. It has to be mentioned that this class comprehends organic
photovoltaics, in which organic polymers and small molecules are employed
as active layers for light absorption and charge transport. These technolo-
gies have attracted a lot of research interest mainly due to the promising
properties of the final devices: the solar cells can be made flexible, light
in weight and semi-transparent, paving the way fot building-integrated sys-
tems and portable electronics [3]. A major limitation of this novel class is
mainly represented by the long term stability, that has to compete with the
silicon-based devices (> 25 years).

1.1.1 Characteristics of solar cells

The solar cell can be compared to a battery inserted in a simple electrical
circuit. When the cell is illuminated, it develops a photo-voltage. If the
two terminals of the cell are isolated, as with an infinite load resistance, the
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Figure 1.2: Current-Voltage characteristic of a real device, exposed to light (green dots) or
measured in dark (grey dots). Approximately, the net current is obtained by shifting up
the bias-dependent dark current, by a constant amount equal to the short circuit current
(Jsc). The sign convention is such that the photo-generated current is positive.

voltage created is defined as Open Circuit Voltage (Voc). When the two
terminals are connected together, the current, generated under illumination,
is denominated Short Circuit Current (Isc). For a given load resistance,
Ry, the cell provides a current I(V) according to Ohm’s law, for which V
=1 - Ry, for voltages between 0 and Vpc. Moreover, since the generated
current is proportional to the illuminated area, the more useful parameter
of Short Circuit Current Density (Jsc) is employed, a normalized value over
the active area of the cell. J(V) defines the Current-Voltage characteristic
(J-V curve, see Fig.1.2) of the solar cell.  An ideal solar cell behaves in
dark like a diode, with a different current under forward applied voltages (V
> () respect to reverse bias (V < 0). The rectifying behaviour is a feature of
photovoltaic devices, and it is a consequence of an asymmetric junction that
is needed to separate charges. Upon illumination, the J-V characteristic is
shifted up by a factor proportional to the short circuit current. Electrically,
the photo-current produced by the device is divided between the variable
resistances of the diode and of the load applied. In the range of voltages
from 0 to Vg corresponds to the working region of the device, thus within
this range the cell delivers power. The power density of the cell, defined as
P =V . J, shows the following properties (see Fig.1.3):

1. The maximum value Pyax is defined as the mazimum power point
(Mpp) of the cell, in which the product P = V - J is maximized.
For this value, it is possible to define Vy; and Jy;. Subsequently, the
optimum load for a solar cell has a resistance given by Vy;/Jum.
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Figure 1.3: The maximum power density Va-Ju is given by the area of the inner rectangle.
The area Voc - Jsc is the outer rectangle. The FF is the area of the largest rectangle
which will fit in the JV curve.

2. From Vy and Jy it is defined the so-called fill factor (FF), a parameter
used to describe the «squareness» of the J-V curve. In fact, FF =
Var - Im/Voc - Jsc.

3. The efficiency of a cell is expressed by the power delivered at the max-
imum power point as a function of the incident light power density
(Pin), and it is called power conversion efficiency (PCE).

PCE = JMP'.VM _ s 'Z}?C'FF (1.1)

4. The parameters Jgc, Voc, FF and PCE and are the figures of merit of
a solar cell. These must be defined under standard illumination condi-

tions, employing the AM1.5 spectrum of an incident power density of
1000 W /m?2.

1.1.2 The physics of semiconductors

The nature of the band gap in a material is related to its atomic characteris-
tics. The electrons of an isolated atom occupy atomic orbitals, characterized
by a specific energy level. When two atoms form a molecule, their atomic
orbitals overlap. According to the Pauli ezclusion principle, in a molecule,
two electrons can not have the same quantum numbers. So, each starting
atomic orbital splits into two molecular orbitals of different energy, allowing
the electrons in the former atomic orbitals, to occupy the new molecular
orbital without breaking Pauli’s principle. This can be repeated indefinitely,
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as for a solid, in which a large number (N) of identical atoms come together,
in a crystal lattice. Since the number of atoms in a macroscopic piece of
solid is a very large number (N ~ 10??) the number of new orbitals is very
large, and these are very closely spaced in energy. The splitting, in fact,
will be in the order of 10722 eV. The energy of two adjacent levels will be
so close that they can be considered as a continuum, the so-called energy
band. Band-gaps are essentially ranges of energy not covered by any band,
as a result of the finite widths of the energy bands. The width of a band
can be very different, depending upon the degree of overlap in the starting
atomic orbitals. The separation in energy between the two bands, expressed
in eV, determine the type of material: metals (0 eV), semi-metals (less than
0.5 V), semiconductors (between 0.5 and 3 €V) and insulators (more than
3 eV). In a very simple way, with the term generation is identified any elec-
tronic excitation event which increases the number of free carriers available
in a material. In this sense, any recombination is an electronic relaxation
event in which the number of available free carriers is reduced. The gener-
ation process requires the absorption of energy quanta, either vibrations of
the lattice (phonons) or electro-magnetic radiation (photons). The recom-
bination releases energy as the same quanta, as the inverse mechanisms of
generation. As above mentioned, in a solar cell the charge-carrier generation
is guaranteed by light absorption and it is called photo-generation. Without
a band gap, like in metals, the excited electrons don’t have enough time to
be collected: the carriers would decay through a continuum of intermediate
levels. In the presence of a band-gap, after the excitation event, they quickly
decay to the minimum energy of the upper band, the so-called conduction
band (CB), within few femto-seconds. The recombination to the lower band,
valence band (VB), will occur afterwards with a slower timescale compared
to the first one, up to about several micro-seconds, giving enough time to the
solar cell to extract the carriers. When an electron is promoted from the VB
to the CB, a positively charged vacancy remains in the VB. This vacancy
is usually filled by the near electrons in the VB, moving the vacancy to the
neighbour site. In the presence of an electric field, this process can be re-
peated resulting in a photo-generated current given by the movement of the
vacancy in the opposite direction to the promoted electron. Since this va-
cancy results from a lack of negative charge, it can be described as a current
of positively charged holes in the VB. The electron and the relative hole are
charges with opposite signs. Depending on the photo-physical characteristics
of the material, these two charges can be independent or strongly interact-
ing. In specific conditions the Coulomb interaction, manifested between the
two different charges, bind the photo-generated carriers in a unique state,
called ezciton. They result in a series of intra-band gap states slightly above
the VB and below the CB. These excitonic states can play a major role in
determining the opto-electronic properties of semiconductors.
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1.1.3 Generation and recombination mechanisms

The principle of detailed balance for carrier generation and recombination
processes imposes radiative recombination within a semiconductor [27]. At
the same time, photo-generated free carriers may recombine through addi-
tional mechanisms. Whether a particular recombination mechanism is rel-
evant, for a given excitation density and given temperature, is dependent
on the densities of the carrier population and on the statistics of carrier
interactions with the defect states in the band-gap. When a structural de-
fect energetically lies within the semiconductor band-gap, a chance that an
excited species will be captured by it is different from zero. The trapped
carrier is likely to be emitted back to the band by phonon absorption if|
and only if, the activation energy of the de-trapping process is sufficiently
small. However, if this energy is large, it is likely that the trapped carrier
will annihilate, recombining with the opposite carrier before it can be re-
emitted. The rate of every recombination processes can be determined by
the Shockley-Read-Hall (SRH) statistics. At low excitation densities, the
photo-excited population decays with a mono-molecular rate. As the photo-
excitation density increases, this decay channel saturates, and bimolecular
band-to-band recombination between free electrons and holes increasingly
contributes to the overall recombination rate. At much higher densities,
three-body interactions become probable and Auger recombination becomes
preponderant. The time-dependent behaviour of the carrier population can
be described with a rate equation that accounts for all these processes, as:

dn
I = _kAug;ern3 - kraan — kin

where n is the excited carrier density, and k; , krag , and kayger are the rate
constants for, respectively, mono-, bi-molecular and three-body recombina-
tion. These rates can be experimentally determined by time-resolved pho-
toluminescence decay and pump-probe spectroscopy. In solar cells, defect-
mediated non-radiative carrier recombination is of fundamental importance
under open-circuit conditions. In fact, under steady-state illumination, elec-
trons are photo-excited from the valence to the conduction band, splitting
the electron and hole quasi-Fermi levels. The charge density at which the
recombination rate equals the generation rate determines the difference in
quasi-Fermi levels. All the additional non-radiative recombination processes
that have a shorter lifetime than the radiative one reduce the steady-state
charge density. Thus, the gap between quasi-Fermi levels will be reduced,
and the value of the open-circuit voltage will follow it.
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Figure 1.4: A representation of the tri-dimensional perovskite crystal structure (in the
cubic phase), comprehending more than one unit cell. B cations (dark green) assembled
around X anions (light green) to form BXs octahedra. The octahedra share all their
corners, creating a «cage» in which the A cation is confinated.

1.2 Perovskites

A German mineralogist, Gustav Rose, discovered in 1839 the calcium ti-
tanate mineral (CaTiOs3), and few years later, its crystal structure was named
after the Russian mineralogist Lev A. Perovski. This crystal structure was
first described and characterized by Victor Goldschmidt, in 1926. Then, it
lent its name to a more broad class of compounds, now known as perovskites,
which share the same type of crystal structure, represented by the general
chemical formula ABX3. A and B stand for cations of different size, while
X are anions, typically oxygen or halogens. Historically, oxide-based per-
ovskites (in which X = Oxygen) have been the most studied of the family,
as a result of their intriguing ferroelectric, magnetic, and superconductive
properties [4]. The first to report in literature a lead-halide based perovskite
was Mgller, in 1958, investigating the photoconductive properties of CsPbX35
perovskite [5]. The first appearance of organic cation lead-halide perovskite
was in 1978, in the work by Weber and Naturforsch [6]. But it was not
until Kagan and Mitzi, the end of the 20*" century, that the perovskite were
introduced in electronic devices as semiconductors. These pioneering works
demonstrated the possibility to employ layered organic-inorganic halide per-
ovskites as the active phase in light emitting diodes (LEDs) and thin film
transistors (TFTs) [7], [8]. Later on, Miyasaka and coworkers introduced
methylammonium lead bromide (A = CH3NHs, B = Pb and X = Br) as
sensitizer in a photovoltaic device, in 2006. The power conversion efficiency
(PCE) obtained was 2.2% [8]. Over the past few years, the PCE of perovskite
solar cells (PSCs) increased from 3.8% [9] to 22.7% [10], surpassing the well-
studied organic-based dye-sensitized solar cells and rivaling the established
technologies based on CdTe, Si, and copper indium gallium selenide devices.
Currently, lead-halide perovskite is regarded as the most promising photo-

18



Light Harvester Light Emitter

- ——

"

h—t

mmu

mesaion waveleagt inm)

Abs.

400 500 00 700 800
Wavelength (nm)

<4 Dimension -

@ @@\ £ @u\

\%@*’ \ \/\Q}/
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Chemical Society.

voltaic technology for the next generation of solar cells. This is due mostly
to the optimal optoelectronic properties showed by these materials, such as
high charge-carrier mobility and large spectral tunability of the absorption
coefficient, together with the low cost solution-process deposition.

1.2.1 Crystalline structure

In this section we briefly present the structural properties of the lead-halide
perovskite (from now on, PVK) crystal.

In the case of hybrid perovskite the A site is occupied by an organic
species. The most widely used in the past years is the Methylammonium
ion CH3NHZ (MA), however more recently also Formamidinium CH(NHz)3
(FA), Cesium (Cs) and Rubidium (Rb) have been widely and successfully
employed. The X site is occupied by an halide anion. The B is a metal cation
from the IVA group in a divalent oxidation (Pb?* or Sn?*). In this thesis we
will consider only the case of lead-halide PVK. This choice is dictated by the
fact that, up to now, lead has proven to be superior with respect to tin, both
in terms of performance and long term stability. Anyway, an entire sector of
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the research community is focusing in replacing lead with less toxic species,
as demonstrated by some preliminary results from Noel et al.[11] and Hao
[12]. The size, shape and charge distribution of the A cations relatively to the
B atom are of paramount importance for the stability of the structures. The
ideal symmetry of the 3D crystalline structure is a face centered cubic cell,
consists of corner-sharing |BXg|*~ octahedra, in which the A cations occupy
the voids existing between the adjacent octahedra. Goldschmidt introduced
a tolerance factor, ¢, to predict the stability and distortion of the crystalline
structure of PVK materials [13|. This factor is expressed by the formula:

TA+TXx

V2(rg +rx)

t =

in which r4, rp and rx represent respectively the ionic radii of the A, B and
X species. In general, PVK materials with a ¢ value between 0.91 and 1.0
prefer a cubic PVK structure [14], [15]. While, a value for ¢ ranging from 0.71
to 0.90 corresponds to a tetragonal or orthorhombic structure. Given this
range of ¢, the ionic radii of chosen organic cations should be limited to 2.9
A, considering the ionic radii of Pb (1.2 A) and I (2.2 A). This reduces the
choice to organic molecules with fewer than two or three C-C and C-N bonds
[16]. Otherwise, low-dimensional PVK crystalline lattices are obtained, as
will be discussed. In terms of electronic properties, the valance band maxi-
mum of a PVK material is composed of anti-bonding state between B-s and
X-p orbitals, while the conduction band minimum is determined by a non-
bonding state between B-p and X-p orbitals [17]. The size of the A ion does
not directly affect the overall electronic structure of the perovskite but it in-
fluences crystal symmetry by the distortion of BXg octahedra, or it induces
a variation in the dimensionality of the final lattice [18]. Enlarging the size
of the A cations, the structural dimensionality of halide perovskites can be
easily tuned, to obtain two-, one- or zero-dimensional PVK lattices. These
PVK possess different photo-physical and electronic properties compared to
the conventional tri-dimensional counterparts. They show larger band-gap
and higher excitonic binding energy [20], that grows correspondingly to the
size of cations. The band-gap of 2D crystals can be tuned through tailoring
the number of inorganic layers (n value, as show in Fig.1.5). Among the ad-
vantages of these lower-dimensional materials, it has been demonstrated that
these material can show a slower rate of degradation of the device perfor-
mances under high umidity conditions. However, the directionality of metal
halide lattices in 2D perovskite usually imposes limitations in charge trans-
port and extraction, contributing to the lower efficiencies obtained, compared
to the ones given by the tri-dimensional counterparts [19].

20



1.3 Optoelectronic properties of perovskites

The core of optoelectronic applications is the management of light, such as
absorption, transmission, emission and modulation, and it is governed by the
quantum-mechanical properties of optoelectronic materials. Thus, the elec-
tronic structures of the semiconductors, as the optical band-gap and density
of quantum states, along with the characteristics of exciton, carrier lifetimes
and mobility, are significant parameters for opto-electronic materials. The
wide tunability of the perovskite electronic structures enables the realization
of various opto-electronic devices such as solar cells, light-emitting diodes,
photodetectors, and lasers. In the following subsections, the basic opto-
electronic properties of the PVK-based materials are discussed.

1.3.1 Energy band-gap and chemical composition

The band-gap of an organic-inorganic hybrid perovskite is in the visible range
of the light spectrum (1.2-3.0 V). Moving down in the VIIA group of the
periodic table, the halogen ionic radius increases. Once incorporated in a
PVK structure, this will affect the electronic distribution, inducing a red-
shift of the absorption onset of the material. This translates in a reduction
of the semiconductor band gap [22]. For example, according to the MAPbX3
composition, the band gap is widely controllable from 1.55 to 3.11 eV, along
with the halogen substitution. In this section, a summary of the state-of-the-
art results concerning the technology based on different cation and different
halide PVK is reported.

¢ Pure iodide perovskites For photovoltaic applications, the iodine based
lead-halide materials have shown unrivalled superiority with respect to the
pure chlorine and bromine-based counterparts. The band-gaps of the mostly
widely used PVK light harvesters, such as MAPbI3 (1.55 €V) and FAPbI;
(1.43-1.48 V) are close to the desirable optimal value of 1.4 €V, as suggested
by the Shockley-Queisser efficiency limit [27]. Among them, MAPbDI3 is the
prototypical absorber material for PSCs. Though the PCE of the devices
based on MAPDbI3 reaches 20%, several intrinsic characteristics of this mate-
rial hinder its industrialization. The first and most critical one is related to
its instabilities. These comprehend thermal, electrical and moisture insta-
bilities [17], [23], [24], |25], [26]. Second, the MAPbI3 absorber shows a high
absorption coefficient only for photons above 800 nm, which impede the fur-
ther improvement of PCE. The formamidinium ion, with an ionic size of 2.2
A is slightly larger than MA (1.8 A). FAPbI3 possess a bandgap of 1.48 eV,
which allows for the collection of photons in near infrared (NIR) range in PV
devices. Angelis and co-worker’s calculations have concluded that FAPbI;
exhibits improved charge transport properties compared to MAPbI3 [28].
However, FAPblIs-based PSCs display inferior photovoltaic performance due
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to an undesirable phase transition from the black PVK phase (a-FAPbI;3)
to a yellow photo-inactive phase (0-FAPbI3) at room temperature [29], [30].
The pure inorganic iodide PVK, CsPbls, exhibits excellent thermal stability
[31], however, as FAPbI3, the stable phase for this material is the orthorhom-
bic alpha-phase, not suitable for PV application. The photo-active phase is
only stable at temperatures higher than 300°C [5]. Moreover, in this case the
band-gap increases to 1.73 eV, moving away from the optimal value reported
previously. These two factors, i.e. the phase instability and the not-optimal
band-gap of the pure iodide materials, are the main reason for the growth
of a new branch of the research field in perovskite, which focuses on the
investigation of mixed-halide and/or mixed-cation alternatives.

o Mixed-composition perovskites The mixed PVK have become now-a-
days an important approach to achieve highly efficient and more stable solar
cells. The highest PCE of PSCs reported so far, in fact, come from PVK
materials with composition in which both cations and halides are mixed.
Before the discussion, it is noteworthy that the reported compositions of the
solution-processed films usually refer to the molar ratio of elements in the
precursor solution, rather than the actual composition in the final material.
The mixed PVK include mixing of individual sites (A, B, and X sites)
and mixing of multiple sites (as known as double or triple PVK). For sake of
clarity, the various alternatives will be presented as they have been discovered
in literature.

1. X-gsite mixed perovskites The common X site occupant is a
halide anion, such as C17, Br™ and [T. Due to their electronic states, the
halide species have great influence on the valence band energy. For example,
going from Cl to I, the valence band changes, and meanwhile, the electron
binding energy decrease [50]. As a result, the valence band of the chloride-
based PVK is 0.6 eV higher than the iodide-based one [51].

1l.a ¢ CI-I mixture. Starting from the pioneering work by Lee et al.,
the CI species incorporation within MAPbI3 was regarded as one of the main
route towards highly efficient PSCs [52]. The adoption of PbCly to replace
Pbly generated the mixed halide compounds of MAPbI3_,Cl,. Devices with
this configuration initially delivered a PCE of 10.9%. The mixed halide PVK
act as an electron transporter and light absorber which demonstrate better
light harvesting abilities than the MAPbI3 prepared with Pbly. Despite the
presence of Cl™ in the precursor, the chlorine is not able to be observed in
the resulted films [53], [55], [54]. Research efforts focused on the lost of C17,
and Yu et al. proposed that most of C1~ was released in the form of MACI
gas [56]. They suggested that the excess of MACI is beneficial to form larger
crystal domains. This is due to the slower crystal lattice formation process.
Moreover, the larger grain size would effectively decreased the number of
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grain boundary per area, enabling the charge carriers to move across the
films in a single-crystal-like environment, reducing charge recombination [57].
The addition of Cl improved the film morphology, and this guaranteed better
device performances.

1.b ¢ Br-I mixture. Analogous to Cl™ doping, the introduction of
Br~ during thin film fabrication can also enhance film quality [32|. In the
perspective of crystallography, at RT, MAPDI; is tetragonal while MAPbBr3
presents a cubic structure [33]. Therefore, gradually replacing I~ with Br~
also increases the symmetry of the lattice. Furthermore, the conversion from
tetragonal structure to the cubic one enhanced the device stability against
humid environment. It is well known that MAPDbIj3 is susceptible to moisture:
upon ambient exposure the film rapidly deteriorates into Pbls. The Br-doped
sample was demonstrated better humidity stability, and could still deliver
higher PCE even after 20 days at relatively high humidity (>55%), in respect
to the un-doped sample [34]. In addition to improving film morphology, the
incorporation of Br~ has a significant impact on the band-gap of the final
film. It has been reported that the substitution of I~ with Br~ will cause the
phase segregation in the resultant films, which decreases the device overall
performance [35], [36]. The Open-Circuit Voltage (Voc) decreased in the
MAPbH(BrgI1_,)s based devices with the increasing amount of Br~, when
the content exceed 20%. This issue has attracted an incredible amount of
research efforts. Hoke and co-workers studied the PL spectra of the mixed
Br-1 PVK and observed the PL spectra evolution along with the time. Upon
constant illumination, the XRD peaks split. They concluded this was a
result of light-induced phase segregation into iodide- and bromide-rich phases
[35]. Interestingly, the photo-induced process is reversible: when relaxed in
the dark, the film reverted back to its original single-phase state. They
suggested that photo-generated polarons induce a local strain, which assists
halide phase separation, and results in the formation of I-rich clusters. This
was one of the first evidences that suggested halogen motion in the crystal
lattice. McGehee et al. speculates this ion migration strongly linked with
the Current-Voltage hysteresis [36]. Recent research has demonstrated that
halide migration is promoted by halogen vacancies [58] and migrated faster at
the grain boundary compared to that of the grain interior [59]. This implies
that reducing grain boundary density maybe an effective way to alleviate
phase separation. Very recently, Barker et al. found that this segregation
may be driven by the strong gradient in carrier generation rate through
the thickness of these PVK, which are strongly absorbing materials [60].
Moreover, it has been shown that the Br~ ions move more rapidly compared
to the I™ ones. Once returned to the dark, entropically driven intermixing of
halides returns the system to a homogeneous condition. In order to suppress
this effect, they suggested to control either the internal light distribution or
the defect density within the film. These results are extremely relevant to
reach the stability in both single- and mixed-halide perovskites, leading the
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way toward tunable and stable perovskite thin films for photovoltaic and
light-emitting applications.

2. A-site mixed perovskites Mono-A-cation PVK generally suffer
from thermal or structural instabilities, or imperfect band-gaps. To achieve
improved stability and more suitable optoelectronic properties, mixture of
FAT with MA™ or Cs™ have proven a feasible solution. Pellet et al., in their
pioneering work, proposed the use of MA,FA;_,Pbls in mesoscopic PSCs.
In the paper, a detailed analysis on the structure, electrical, and optoelec-
tronic properties of the mixed material is reported [41]. They showed that
the undesirable 0-FAPbI3 could be completely avoided when x = 0.2, while
the band-gap of pure FAPbl3 was maintained. The best photovoltaic per-
formance was obtained for a ratio of MA : FA = 0.6 : 0.4, with a PCE of
14.9%, due to the higher harvesting efficiency of light in longer wavelength re-
gions. After this seminal work, several works followed. Han et al. developed
a novel strategy for fabricating pure-phase MAxzFA;_,Pbls from a a non-
stoichiometric intermediate (FAI);_,-Pbls, showing overall improved perfor-
mances compared to MAPbI3 [42]. Snaith et al. developed a facile cation
exchange approach for the interconversion between MAPbI3 and FAPbI3, in
order to obtain mixed-organic-cation films by a simple dip coating step in
isopropanol solution of FAI or MAI at room temperature [43]. By optimiz-
ing the cation exchange reaction time and process, the hybrid PVK solar cell
performance can be significantly enhanced. Similar to MA, incorporation of
Cs™ into FA-based materials can also enhance the stability of a-FAPbX3.
Li et al. found that by introducing moderate amount of Cs* into FAPDI;
the PVK displayed a more stable phase, and accordingly, the PSCs showed
increased device stability compared to their pure FAPbI3 counterparts [44].
Similarly Park and co-workers, showed that the photo and moisture stabil-
ity of FAp.9Csg.1Pbls films were improved significantly. Furthermore,upon
incorporation of Cs™, trap density was reduced resulting in enhancement of
average PCE from 14.9% to 16.5% [45].

In addition to the double-cation PVK, materials with more complex com-
positions were studied to further increase device efficiency, such as the triple
or quadruple cation PVK. Saliba et al. were the first to employ the triple
cation PVK (with a mixture of halides too) Cs;(MAg17FA¢.83)100—2Pb-
(In.s3Bro.17)s as active layer. The resulting films were more thermally stable
and less sensitive to processing conditions, which enabled more reproducible
devices. They achieved stabilized PCE of 21.1%, dropped to 18% after 250
hours under operational conditions [38]. Then, they introduced Rb*, con-
sidering that the ionic size of this ion is slightly smaller than Cs™ [39]. PSCs
based on this quadruple cation PVK showed a stabilized PCE of 21.6%
on small areas. More importantly, after the coating with a thin layer of
poly-triarylamine polymer, the solar cells could maintain 95% of their initial
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efficiencies, operating at 85°C for 500 hours.

3. B-site mixed perovskites B-site mixed PVK are formed by in-
troducing other metal cations into crystals. The well-known toxicity of Pb%*
limits the lead-based PVK technology industrial application potential. Thus,
the development of lead-free material without sacrificing the device perfor-
mance is attracting a lot of interest. Among the candidates, Sn?* is an
excellent selection to completely or partially replace Pb, since the ionic ra-
dius of Sn?* is very close to the lead. In recent years, CsSnlz or MASnI3
were studied as lead-free light absorbers [46], [47], [48]. However, low PCE
have been obtained compared with Ph-based PSCs due to the easy oxida-
tion of Sn?* to Sn**, which results in structural changes and consequently
metal-like conductivity [49].

4. Dual/triple-site mixed perovskite Motivated by the need to
improve stability and PCE of PSCs, more complex combinations of ABX3
hybrid organic-inorganic PVK have been explored, namely, mixed-A/mixed-
X, mixed-A/mixed-B, mixed-A/mixed-B/mixed-X materials. The multi-
site mixed PVK are of interest mainly due to two motivations: to enhance
both stability and efficiency, for commercialization, and to tune the band-
gap for tandem applications. Eperon and co-workers combined a 1.2 eV
mixed-cation tin PVK with a wider band-gap material, with a mixed-cation
mixed-halide lead PVK, obtaining two-terminal and four-terminal tandem
solar cells with an efficiency of 17.0% and 20.3%, respectively, with impressive
stablity in compare to the pure-Sn-based counterparts [40]. Anyway, though
these combinations show the highest PCE, a deep understanding regarding
the microscopic elemental distribution of these multi-site mixed solid solution
films is missing, which is crucial for device optimization.

1.3.2 Photo-generated carrier behaviour

Optoelectronic devices rely on the behaviour of excitons generated by ex-
ternal stimulation of the semiconducting materials, such as light absorption
or external bias. An exciton is defined as a neutral quasi-particle composed
of bound electron-hole pair by electrostatic Coulombic attraction [61], [62].
Representative types of excitons are identified as Wannier—Mott type exci-
tons (binding Energy, E, < 0.1 eV) and Frenkel type excitons (E; > 0.1 eV)
[63]. The understanding of photo-generated carriers behaviour in a PVK ma-
terial is crucial for the exploration of these as promising optoelectronic active
components. The first two years of research activities saw a major debate on
this topic. It was unclear whether, upon photon absorption, the generated
carriers existed as bounded excitons or free electrons and holes pairs. It
is now accepted that PVK harvester-materials spontaneously generate free
electrons and holes, which is the main reason to the impressive performance
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in PV technology [64]. This is due to the low E; that characterize these
materials at RT, that ranges from 2 to 50 meV, compared with thermal en-
ergy of kpr ~ 25 meV [65]. In addition to the chemical composition, the
Ej value can be considerably altered depending on the crystal size and film
morphology [66]. Beyond the interest in PSCs, that are based on light ab-
sorption, the focus on exploitation of light emission from these materials is
increasing. In simple terms, while a solar cell requires low Ey, for efficient gen-
eration of free electron and holes, for a light-emitting diode (LED) a tightly
bound exciton is needed for efficient radiative decay. The management of
the crystalline structure and dimensionality of the PVK lattices has been
proven to enable a broad distribution of exciton binding energies, ranging
from 2 to a few hundred meV. Independently from the technological appli-
cation the research is targeting, a deep understanding of the photo-physical
mechanisms behind the charge generation, recombination, transport and col-
lection is essential. Specifically, an accurate analysis of the evolution of the
photo-generated species is needed: the efficiency in radiative recombination
(i.e., the photoluminescence quantum yield, PLQY) can be related to the
structural quality of the perovskite lattice, as it will be discussed in the next
sections. Thus, one of the main goals for the researchers in the field is the
development of synthesis protocols that can guarantee the growth of nearly
perfect perovskite lattices. Changing the parameters involved in the early
synthetic steps can have a huge impact on the quality of the crystals, that
can be investigated through a PLQY analysis.

1.4 The role of the crystallization process

The organic and inorganic components of the PVK materials facilitates low-
temperature solution processing. Thus, the crystallization process has a
major influence over the subsequent photovoltaic performances and stabil-
ity. Control over morphology is a key parameter to obtain high-performance
optoelectronic devices, and an additional step to be taken throughout the
commercialization process. In the following pages, several parameters influ-
encing the perovskite morphology due to different crystallization mechanisms
will be discussed.

1.4.1 Deposition methods

1. One-step depositions In the initial stage of hybrid perovskite re-
search for optoelectronics, a single-step spin-coating method was the main
deposition technique used to obtain thin films [67]. Although spin-coating
is an apparently simple method, the interactions between metal cations and
halogen anions usually leads to the formation of inhomogeneous morphol-
ogy, completely unsuitable for device application. In particular, the films
obtained showed pillared structure, very poor surface coverage [68], and
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non-uniform film thickness [85]. Commonly, this step involves a precur-
sor solution made of MAI and Pbly powders dissolved in polar solvents
such as dimethylformamide (DMF), dimethyl sulfoxide (DMSO) or gamma-
butyrolactone (GBL). In 2014, the anti-solvent dripping method was devel-
oped for highly uniform and homogeneous perovskite film formation. Anti-
solvents such as toluene and chlorobenzene, are dripped during the spinning
of precursor solutions [68], [70]. This simple approach results in homoge-
neous perovskite layers over large area, that show enhanced performances.
The method relies on two combined factors: i) the creation of chemical com-
plexes inside the precursor solution, prior to the deposition; ii) the dripping
of a specific anti-solvent during the spin-coating step. In the case of precursor
solutions containing dimethyl sulfoxide (DMSO), kinetically frozen uniform
layer of MAI-Pblo-DMSO is formed as an intermediate phase. Anti-solvent
dripping is known to induce rapid supersaturation of perovskite precursors,
thus it promotes a fast nucleation and growth of densely packed grains.
Solid-state conversion from the intermediate phase film to perovskite film by
thermal annealing yields remarkably uniform perovskite films thanks to the
delayed reaction between the organic and inorganic precursors. The type of
anti-solvent, dripping timing, and spinning rate are key factors influencing
the final perovskite film morphology. Benzene derivatives, diethyl ether, and
chloroform are reported to be effective anti-solvents for selective washing of
DMEF with high reproducibility [71], [72]. Ahn et al. investigated the forma-
tion mechanism of the solvent-meditated intermediate phase [73]. To date,
all the most performing solar cell devices are prepared following this method.
Moreover, such devices demonstrate highly reproducible performance with
the best PCE of 21.6% [39].

2. Two-step depositions In contrast to the single-step spin-coating from
pre-mixed organic and inorganic precursor solution, perovskite can be syn-
thesized by a sequential deposition of separated inorganic and organic com-
ponents, called two-step process [74]. The inorganic component is deposited
prior to organic species. The contact between these two components initi-
ates the phase transition to the perovskite structure. The thermal annealing
that follows completes the perovskite lattice formation by the inter-diffusion
of two components. In this category, a great number of different deposition
methods can be found. The very first to be optimized has been the dual
source evaporation of organic and inorganic components, which enables the
formation of highly crystalline perovskite over large area with superior ho-
mogeneity. In the report by Liu et al. [42], vapor evaporation of mixed
halide perovskite showed more uniform coverage than other solution pro-
cesses. Another example is represented by the spin-coating step for the
inorganic component, followed by the dipping in a solution containing the
organic cation. This route has been proven to be extremely useful in order
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to be able to control the mean crystallite size, as will be discussed in the
next Chapter.

3. Other deposition methods Recently, a wide variety of up-scalable
deposition methods have been proposed: among them, slot-die coating, spray
deposition and doctor blading of perovskite have been reported as alterna-
tives to the conventional spin coating process. Although these deposition
techniques presents several advantages in terms of mass production, the PCE
of the devices obtained with these alternatives are still lower than the one
produced by the previously discussed techniques. Hwang et al. demon-
strated the fabrication of a slot-die coated perovskite solar cells [75]. A
pin-hole-free perovskite layer can be obtained by sequential slot-die coating
steps with nitrogen gas quenching, with a reduction in the material loss.
Spray-coating has also been explored for scalable deposition of perovskite
[76], [77]. Doctor-blade coating also offers many attractive features for large
area deposition of materials, including low-temperature, simplicity, and com-
patibility with roll-to-roll fabrication. In 2015, Deng et al. demonstrated a
doctor-bladed MAPbDI3 perovskite active layer for solar cells [78]. The pre-
cursor solution is swiped linearly by a glass blade with a fixed speed, on
a pre-heated substrate. The film thickness is controllable by the blading
channel and by the solution concentration. Nevertheless, the necessity for
thermal annealing and further purification of materials is pointed out as a
critical problem to address. Another method has been proposed by Li et al.,
called vacuum flash-assisted solution process, which enables the formation of
highly crystalline and smooth perovskite films [79]. A rapid crystallization
of the perovskite intermediate phases is promoted by a few second storage
of the as-coated films in vacuum (20 Pa). This method allows an excellent
infiltration of the active material into the meso-porous scaffold. A maximum
PCE of 20.5% has been observed with an active area of 1 cm?.

1.4.2 Parameters influencing the crystallization

The perovskite film quality, morphology, and material properties are greatly
influenced by this step provided that the precursor film is completely wet on
a substrate.

1. Heat Thermal annealing has been the mostly widely used method for
the crystallization of solution-deposited perovskite precursor films accompa-
nied by the evaporation of residual solvents and additives. The manipulation
of heating process variables, including annealing temperature, duration time
and substrate pre-heating offers an opportunity to optimize perovskite thin-
film by controlling crystalline nucleation and growth kinetics.
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Device structure a Voc Jsc FF PCE Ref
(V)  (mA/em?) (%) (%)

MAPbDI;_,Cl, /PCs1 BM/Bis-Ceo inv  0.92 17.5 73 11.8 124
mp-TiO2/MAPDI3/Spiro-MeOTAD  std  1.00 22.1 75 16.7 125
MAPbDI3-PCsBM/PCg1BM/Ca inv  0.97 20.2 82 16.0 126
MAPbDI;_,Cl,/Spiro-MeOTAD std  0.94 19.5 70 13.2 127
MAPbBI5_,Cl,/PCs1BM/Bis-Ces1 inv 0.94 18.5 75 13.1 128
MAPbDI;_,Cl, /Spiro-MeOTAD inv  0.98 22.9 69 14.8 129
MAPbDIs_,(SCN),/PCs1BM/Ca inv 0.85 17.9 76 11.6 130
MAPDI3/PCs1BM/Ca inv  0.88 14.1 80 9.9 131
MAPbDI;/PTAA std  1.10 20.5 78 17.2 132
mp-TiO2 /FAPbI3/Spiro-MeOTAD std  1.04 18.9 68 13.4 133
mp-TiO2 /FAPbI3/Spiro-MeOTAD  std  0.94 23.3 65 14.2 7
MAPbDBr3/PIFs-TAA std 1.51 8.4 82 10.4 62

Table 1.1: Effect of the additives on the performances of MAPbIs-based devices, with ref-
erences. Architectures (a) with c-TiO2 and Au are labelled with ’std’, while architectures
with PEDOT:PSS and Ag (or Al) labelled with ’inv’.

2. Additives Appropriate additives can be beneficial for film homogene-
ity, surface coverage, carrier lifetime, and even device stability. This is due
to the direct participation of the molecule into the crystallization process,
both during the nucleation and the growth. It can modulates the reaction
rate and bonding characteristics. This class of materials includes various
organic halide (MACI, FACI, NH4Cl), organic di-halide (1,8-dii-odooctane,
1,4-diiodobutane), pseudohalide (Pb(SCN)s), acid (HI, HCL, HaoPOgs), and
organic small molecules (PCgBM, CN), have been investigated to improve
the solar cell performance (see Table 1.1 for references). Organic halides,
such as MACI, NH4CI, and FACI, have commonly been used to improve per-
ovskite film morphology, optoelectronic properties, and even device stability.

3. Vapors Much research effort has been devoted to improve the quality
of perovskite films by the manipulation of surrounding environment under
solvent vapors including organic solvents, controlled moisture levels, methy-
lamine vapors and vacuum. The most successful method for this kind of
treatment is solvent annealing, in which the solvent vapor is introduced dur-
ing thermal annealing in a closed system [85]. Highly polar solvents make
perovskite grains large while the film recrystallizes starting from the surface.
Beyond organic solvent or molecule vapor systems, moisture in the atmo-
sphere can affect the film formation [80]. In general, different crystal growth
behaviours are observed under different atmospheres, which includes nitro-
gen, oxygen, and ambient air with a fixed relative humidity [84].
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1.5 Defects in perovskite and their effects in solar
cells

In more established semiconductors, such as silicon, the control and under-
standing of defects has been a cornerstone of their technological deployment
[81]. Many of the finer details of perovskite halide device physics remain
unclear, despite significant research effort. The rate of progress in PCEs
for these solar cells is unprecedented, however, suggesting that perovskite
halides have a relatively high tolerance for defects. At temperatures relevant
for device operation, one could expect a non-negligible level of unintentional
defects in the PVK crystal structure, given the simple processability pre-
sented earlier. However, although impressive, the highest observed power
conversion efficiencies are still far from the thermodynamic limit of 30-33%,
for band-gaps in the range 1.2-1.6 eV [27|. In addition, much of the debate
in the field surrounding the electrical instability in devices, is concerned
with the nature of defects in these materials. Defects, thus, remain one
of the interesting material characteristics that determine limitations in de-
vice operation, and influence further progress towards reaching the highest
PCEs possible. Defects in semiconductors can be either interruptions to
an otherwise perfect crystalline lattice or foreign atoms in the structure, as
known as impurities. They can be in the form of point defects, such as
atomic vacancies, interstitials, and anti-site substitutions, or higher dimen-
sional defects, such as dislocations, grain boundaries, and voids (see Figure
1.6 for a schematic representation). The formation of a given defect within
a semiconductor is thermodynamically favourable when its formation energy
is negative. This factor is dependent on the atomic and electronic chemical
potential: the first is related to the concentrations and activity of reactants,
while the second is related to the Fermi level. Thus, the internal defect
structure can vary significantly under specific growth conditions, such as dif-
ferent precursor concentrations, temperatures, type of solvent, doping, and
more. A key point towards the commercialization of perovskite-based opto-
electronic devices is a comprehensive understanding of the defect formation
processes and their chemistry. In the following, a brief overview is given
of the optoelectronic processes that can be affected by the presence of de-
fects, which will influence device performance metrics. In a solar cell, the
active layer thickness should compromise between a maximization of light
absorption and an efficient collection of the photo-generated carriers. The
collection efficiency is determined by the competition between the processes
of recombination and transport towards the contacts. Defects can affect
charge transport, because in semiconductors free carriers accelerate through
the crystal lattice under an electric field, until they scatter, or interact, with
such entities. The mobility of charge carriers is inversely proportional to the
carrier effective mass, and proportional to the scattering lifetime. The most
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Figure 1.6: Illustration of defects in a perovskite crystal lattice (grey, dark green and
green dots represent the A, B, and X ions respectively): a) perfect lattice; b) vacancy; c)
interstitial; d) anti-site substitution; e) Frenkel defect, a coupled interstitial and vacancy
created from the same ion; f) Schottky defect, an anion and cation vacancies occurring
together; g) edge dislocation, a linear defect propagating perpendicularly to the page, and
h) grain boundary.

typical interaction between a carrier and a defect is the so called ionized de-
fect scattering: the carrier is deflected by a Coulomb-type interaction. This
process shows a temperature dependence. In the extreme limit of highly dis-
ordered materials, charge transport becomes dominated by multiple trapping
and release process or hopping-like mechanisms [82]. The resulting effective
mobility is still thermally activated, but with a limited magnitude. For in-
termediate trap densities, charge transport is dependent on the applied bias,
where the carrier density in steady-state is low near short-circuit conditions,
but increases towards open-circuit conditions. The electric-field distribution
within an operating solar cell is one of the defining characteristics of its oper-
ational mechanism, determining which regions are dominated by carrier drift
or diffusion under given biasing conditions. Unintentional defects in the bulk
or at device interfaces can affect the electric field inside the device. When
the localized states are deep-lying energy levels within the band-gap, they
can pin the Fermi level in the bulk of the intrinsic layer or at the interfaces,
limiting the control over the electric field distribution [83]. In particular,
the Fermi-level pinning can impose a limitation on Voc, where the filling of
sub-bandgap states under illumination limits the quasi-Fermi level splitting.

In conclusion, as mentioned above, a deep understanding of the defect
zoology, its nature, the related energy activation levels, and their behaviour
in a working device is of paramount importance to achieve high conversion
efficiencies. One of the key steps in the realization of light-harvester systems
based on perovskites is the development of reproducible synthetic protocols
that enables the control over the defect chemistry.
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Chapter 2

Materials and Methods

In this chapter we will describe the experimental details of the research. We
will discuss the sample fabrication processes and the specification of materials
employed. Subsequently, we will present the commercial set-up used for the
characterization.

2.1 Device and sample fabrication

2.1.1 Chemicals

Since has been proven (citation CHen) that the material used to synthe-
size the perovskite materials have an impact on the morphology and opto-
electronic properties of the semiconductor, here is the list of the materials
employed. All chemicals were used without any further purification.

Sigma Aldrich (Mercks): Lead(1l) bromide (PbBra, 99.999% trace met-
als basis), cesium carbonate (CsoCOg3, reagentPlus, 99%), methylamine (33
wt.% in ethanol, >98%) butylamine (BuAm, 99.5%), iso-propanol (IPA,
anhydrous, 99.5%), Acetone, Chlorobenzene (CB), Diethyl ether (DE, an-
hydrous, >99.7%), Hydroiodic acid (HI, 57wt.% in HyO, with stabilizer),
Toluene (TOL, anhydrous, 99.8%) propionic acid (PrAc, 99.5%), n-hexane
(HEX 99.5%), titanium(IV) iso-propoxide (99.999%), 4-tert-butylpyridine
(tBP), and lithium bis(trifluoromethylsulfonyl)imide (Li-TFSI).

DyeSol: Methylammonium iodide (MAI), methylammonium bromide
(MABr), formamidinium iodide (FAT).

Lumtec: 2,27, 7-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluore-
ne (spiro-MeOTAD).

33



Concentration Temperature (°C) d (nm)

of MAI (mM)
63 25 < 200
45 25 ~ 250
63 70 ~ 300
63 90 ~ 450
31 25 ~ 750
45 70 ~ 2000
45 90 ~ 4000
31 70 ~ 5000
31 90 > 5000

Table 2.1: Two-step deposition details regarding concentration of MAI (reported in mM)
and temperature of the isopropanol solution and relative average crystallite size dimensions
(d), obtained from SEM images (Fig. 3.2 in Chapter 3).

2.1.2 Methylammonium lead halide perovskites
Precursor synthesis

For the preparation of MAPbI3, a home-made organic precursor was em-
ployed. The synthesis of MAI salt follows a well established procedure.
Methylamine (MA) solution reacted with HI, in presence of Ethanol (EtOH)
at 0°C. The reaction is lead in excess of methylamine. Typical quantity
employed are: 48 ml of MA solution, 20 ml of HI and 200 ml of EtOH.
After two hours under continuous stirring, the solution was dried using a
rotary evaporator, obtaining a white-colored powder. To increase the purity
of MALI salt, the product was washed at least two times in EtOH and DE,
and subsequently dried in a vacuum oven for 24 hours.

Thin film deposition

The MAPbDI3 perovskite samples were deposited following the two-step de-
position process, under nitrogen atmosphere.

Soda-lime glass. The substrate is cleaned by an ultra-sonication bath
in acetone and IPA for 10 minutes each, and treated with oxygen plasma
for 10 minutes before the use. The clean glass is then heated on a hotplate
at 70°C. The Pbly precursor, dissolved in DMF (1 M, i.e. 462 mg/ml)
is warmed up at 70°C and spin-coated at 2000 r.p.m. for 60 s, obtaining
a uniform layer, with a thickness of 300 nm. A subsequent annealing at
70°C for 30 min was required in order to obtain the Pbly thin film. The
conversion to perovskite happens when the substrate is dipped in a MAI
solution in TPA. After 2 minutes, the sample is finally rinsed in anhydrous
IPA, to remove the non-reacted components. The details about the effect
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of different concentration and different temperatures of the MAI bath are
presented in details in Table 2.1.

Meso-porous Al,O3. A commercial alumina nanoparticles dispersion
(20 wt.% in IPA, purchased from Sigma Aldrich) was spin-coated at 2000
r.p.m. to form a 1pm thick meso-porous layer, dried at 150°C for 45 min.
The MAPDI3 perovskite was deposited as explained in the previous para-
graph. The MAPbBr3 solution (5 wt.% in DMF, equimolar ratio for MABr
to PbBrg) was spin-coated at 3000 r.p.m. and immediately heated on an
hotplate at 100°C for 15 min.

2.1.3 Cesium lead bromide perovskite nanocrystal inks

The synthesis requires 2 ml of HEX, 1 ml IPA, and 5 pl of Cs precursor
solution. This is prepared as following: 2 M of CseCOg3 in PrAc, with the
cesium salt dissolved in pure PrAc at room temperature. Quickly after, 100
wl of PbBry precursor solution was injected. This solution contains 0.5 M
of inorganic salt dissolved in a mixture of PrAc, IPA and BuAm (in equal
volume ratio). The two solution are mixed in ambient air and at room
temperature, under heavy stirring. All the details about the optimization
of the concentration of the latter solution and the volume ratio between
the solvents are present in the Chapter 4. The reaction is completed in 10
seconds, turning bright green, which indicates the successful crystallization.
CsPbBrs nanocrystals are then centrifuged for 2 min at 1000 r.p.m. and
re-dispersed in the desired amount of the solvent chosen for the thin film
deposition.

2.1.4 Device fabrication

To realize the so-called «standard architecture» device the following steps
are followed. Fluorine doped Tin Oxide (FTO)-coated glass sheets (2.5 x
2.5 cm?) are etched with zinc powder and HCI (2 M, diluted with distilled
water) to obtain the required electrode pattern. The substrates are cleaned
in a ultrasonic bath in a sequence of Alconox detergent (2% v/v in distilled
water), distilled water (two times), IPA, acetone and IPA again for 10 min,
respectively. The substrates are then blown dry with a No gun and finally
treated with oxygen plasma to remove the last traces of organic residues. For
the electron-extracting material, a compact layer of titanium oxide (TiOg) is
deposited as following: the TiOo precursor solution is filtered with a 0.22pm
PTFE filter, and then spin-coated at 2000 r.p.m. for 40 s. The substrates
are sintered at 500°C for 45 min. The precursor solution is prepared by
mixing 6 pl of HC1 (2 M in distilled water) in 1 ml of anhydrous IPA, with a
titanium iso-propoxide solution (Ti-iso) in anhydrous IPA (140 ul Ti-iso in 1
ml of TPA). Once the substrates are cooled down, the perovskite-based active
layer can be deposited on top, by spin-coating or bar-coating techniques. The
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samples are then transferred into a No-filled glove box for the deposition of
spiro-MeOTAD as the hole-transporting material (HTM). The HTM is spin-
coated at 1000 r.p.m. for 45 s. The HTM solution employed is prepared
by dissolving 75 mg of spiro-MeOTAD, 32 pl tBP, and 18.8 ul of a stock
solution of 520 mg/ml Li-TFSI in acetonitrile in 1 ml anhydrous CB. After
12 h of exposure to dry air, a 75-nm-thick gold film is thermally evaporated
at pressure below 1x107% . The total area obtained for the devices was 0.0935

CHI2 .

2.2 Sample characterization techniques

Absorption

All the absorption measurements have been performed with a Perkin Elmer
Lambda 1050 spectrophotometer. In order to evaluate the Optical Density
(OD) of the samples in an accurate way, a special module of the spectropho-
tometer with an integrating sphere has been selected. This allowed the col-
lection of both the total reflectance (R%) and the total transmittance (T%)
of the samples. According to Lambert-Beer’s law:

Ir = (I — Ig)1079P¢

where I, Iy and IR are, respectively, the intensity of the transmitted, inci-
dent and reflected light, while d represent the material thickness. To evaluate
the value of d, a cross-section SEM image is acquired.

Photoluminescence

The continuous-wave excitation photoluminescence measurements (PL) were
performed with a spectro-fluorimeter (Horiba JobinYvon). A 450 W Xenon
short-arc lamp coupled with two single-grating excitation and emission mono-
chromators is used to excite the sample. The emission spectra were collected
using a VIS Si-based (400-800 nm) solid-state photo-diode. On the collec-
tion line, a long pass filter was used in order to filter the excitation light.

Time Resolved Fluorescence

Time-resolved photoluminescence measurements are performed qith a femto-
second laser source and a streak camera as detection system (Hamamatsu
C5680). An unamplified Ti:Sapphire laser (Coherent Chameleon Ultra IT)
with an operational frequency of 80 MHz is tuned to obtain pulses at 700
nm, energies of ~50 nJ, and temporal bandwidth of ~140 fs and and spectral
bandwidth ~5 nm, respectively. The emitted fluorescence is collected and
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filtered with a long-pass filter chosen accordingly to the emission range (to
remove the excitation light). The light is then focused on a spectrometer of
the detection system.

Scanning Electron Microscopy

All the images have been collected using a commercial Jeol 6010-LV, working
in high vacuum with a tungsten filament keeped at bias of 20 kV.

X-Ray Diffraction

The X-ray diffraction spectra are recorded with a diffractometer (Bruker D8
Advance) equipped with Bragg-Brentano geometry. The X-Ray emission is
obtained with a Cu Ka; (A = 1.544060 A) anode at operating voltage of
40 kV and operating current of 40 mA. All the diffraction patterns were
recorded at room temperature over an angular range (20) between 10° and
60°, a step size of 0.020° and an acquisition time of 2 s.

2.3 Devices performance investigation

Current density—Voltage measurements set-up

The current density-voltage (J-V) characteristics have been measured with a
computer-controlled Keithley 2400 SourceMeter. The simulated Air Mass 1.5
Global (AM 1.5G) irradiance was provided by a Class AAA Newport solar
simulator. The light intensity was calibrated with a silicon reference cell with
a spectral mismatch factor of 0.99. The specific parameters such as scan rate,
scan direction and pre-treatment are reported for each measurement along
with the J-V curve. All the devices have been measured in air, without any
device encapsulation.
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Chapter 3

Role of micro-structure in the
opto-electronic properties of
hybrid lead halide perovskites

This chapter is dedicated to the accurate analysis of the effects of the syn-
thesis’ environmental conditions over the final morphology of perovskite self-
assembled crystals. The related optical properties of perovskites are then in-
vestigated, retrieving a strong correlation between the two. The guideline is
represented by the need of progressive insights on the optical properties of
the semiconductor. Starting from concepts embedded in the devices, up to a
general comprehension of the properties of the material, with the purpose of
focusing the problems that affect the realization of highly efficient solar cells.

Lead-halide perovskite thin films present a wide range of morphologies,
depending on the processing method, with average grain size varying from
tens to thousands of nanometers. It has been shown that the final device
performances, as well as the absorption and the photoluminescence proper-
ties together, are heavily affected by the obtained crystalline morphology.
This knowledge is a cornerstone of the research in the field, and it has been
built in the last few years with a joint effort of the community. The aim of
the initial work was, back in 2014, trying to build a reliable and reproducible
protocol for the deposition of the material, as some fundamental questions
were still to be addressed. In this context, a variety of behaviours were ob-
served: different selective materials are embodied into solar cell architectures
as charge-selective contacts, and perovskite materials must be directly crys-
tallized on them. Various chemical compositions, surface energies and mor-
phologies were affecting the photo-physical response of the semiconductor,
producing a plethora of responses, sometimes unwanted. Building a coherent
and comprehensive vision of the subject was, then, urgently crucial.
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Figure 3.1: On top left, a) absorption and b) PL spectra of MAPbI3 deposited on glass,
by a two-step deposition method. Varying the dipping time of the Pbly thin film (fixed
thickness at 300 nm) into the organic solution (fixed concentration at 0.063 M). From
black to bright green, the dipping time is varied from 1 minute to 10 minutes. On top
right, ¢) absorption and d) PL of MAPbI3; obtained with a variation on the initial Pbl,
layer thickness (fixed concentration at 0.063 M, dipping time at 2 minutes). From black
to bright blue, the PbI, thickness is varied from 200 nm to 500 nm. In both experiments,
the temperature of the MAI bath is fixed at 25°C. As a result, no influence on the basic
optical properties is observable. On the bottom, top-view SEM images of the samples
investigated: e) dip time of 2 minutes with Pbl, thickness of 300 nm; f) dip time of 10
minutes with Pbly thickness of 300 nm; g) dip time of 2 minutes with Pbly thickness of
500 nm. As a guide for the eye, in the images, scale bars of 1 pum are reported.

3.1 How to control the average crystallite size

To shed light on the growth mechanism of the hybrid methylammonium
lead iodide perovskite (MAPbDI3), the choice of the deposition method is
of paramount importance. The final aim is to gain a fine control over the
obtained mean crystal dimensions, in order to systematically probe the basic
optical behaviour of the material in each condition. In this sense, the simplest
sample architecture is chosen: the semiconductor is grown on a clean and
inert glass slide, with a two-step deposition method. This represent the
best choice, since it is possible to control independently the greatest number
of environmental parameters active in the synthesis process. In fact, the
perovskite material is obtained by sequentially expose the inorganic Pbls
thin film to the organic MAI, which is dissolved in isopropanol (IPA). This
process allows the variation over Pbls thickness and, only in a second time,
the condition over the MAT exposure (i.e. reaction time, concentration of
the organic moiety and temperature of the environment during the reaction).

40



In Fig. 3.1, on top, are reported the absorption and photoluminescence
spectra of MAPbI3 samples obtained by varying the dipping time of the
Pbl; thin film into the organic solution. The value of Pbly film thickness, the
concentration of the MAI solution and the temperature of the bath are kept
fixed at 300 nm, 0.063 M and 25°C, respectively. In the same figure, on the
bottom, is reported the results of the Pbls-thickness-variation experiment.
If the Pbly solution (1 M in DMF) is deposited by spin coating at different
spin speed, the final thickness will vary accordingly. Going from spin speed
of 1000 r.p.m. to 6000 r.p.m., the thickness is reduced from 500 nm to 200
nm. After the evaporation of the solvent and the crystallization of the Pbl,
film, these samples are dipped into the room-temperature MAI solution for
the same time (2 minutes) and at a fixed MAI concentration (0.063 M). It
is clear that none of the two parameters have a role in the determination
of the optical characteristics of the final material. As a cross-check, the
morphology of the so-obtained perovskite films are investigated by secondary
electron microscopy (SEM), as shown in Fig. 3.1, bottom panel.

Conversely, it is possible to observe a growth in the mean crystallite
dimension (d) when the temperature of the bath is increased, or when the
concentration of the organic molecule is reduced, as reported the first two
panels in Fig. 3.2. Here, the SEM images of a series of MAPbI3 thin films are
reported, in which the samples are named with the corrispondent synthesis
procedure (M = millimolar concentration of MAI used, T = temperature of
the solution). Subsequently, a set of perovskite thin film is realized varying
simultaneously temperature and concentration. A combined action of the
two parameters (i.e. decreased concentration and increased temperature)
allows the crystallization of macro-domains up to 20 times bigger than the
starting ones. Specifically, it is possible to go from d = 200 nm (M63T25) to
d > 5000 nm (M31T90). In Fig. 3.3 are reported the optical characteristics
of this last set of samples. It has to be noticed, first of all, that the optical
band-gap undergoes a continuous red-shift towards longer wavelengths, as
the value d increases. At the same time, the shape of the absorption spectra
changes, with an excitonic-like feature superimposed to the step-function-like
absorption which becomes clearer as d decreases. Interestingly, the effect of
the micro-structure on the optical behaviour of these hybrid materials is not
limited to the absorption features. In the right panel of Fig. 3.3 it is clearly
visible a dependence of the photoluminescence (PL) emission peak from the
value d. Specifically, as d increases, a red-shift of the maximum emission
wavelength is registered.

The possibility to finely tune the perovskite average crystallite size offers
the chance to uniquely prove that the optical behaviour of the semiconduc-
tor is deeply interconnected with the morphology. The observed shrinkage
of the optical band-gap in larger crystallites can be explained if a stress-
induced tilting of the I-Pb-I bond angle is considered. In fact, previous
reports investigating 2D-perovskite materials had shown a possible tuning of
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Figure 3.2: SEM images of MAPbI3, showing different average crystallite size. The sam-
ples are named with the corrispondent synthesis procedure (M = millimolar concentration
of MAI used, T = temperature of the solution). On top, variation over the bath temper-
ature, changed from 25°C to 90°C. In this case, the concentration of MAI in IPA is kept
fixed at 0.063M, as the Pbl, film thickness (300 nm) and the dipping time (2 minutes).
In the middle, variation over the molar concentration of MAI, decreased from 0.063 M to
0.031 M, while the temperature is kept at 25°C, with a Pbls thickness of 300 nm and a
dipping time of 2 minutes. On the bottom, simultaneous variation over temperature and
concentration of MAI in IPA, while the PbI; film thickness (300 nm) and the dipping time
(2 minutes) are identical for all the samples. As a reference, scale bars are 1um.

the halide-metal-halide bonding angle exploiting a different degree of relax-
ation in the arrangement of the organic moieties [86]. This suggests that the
same effect could play a role even in the 3D counterparts. More recently, as
a matter of fact, some theoretical studies had simulated the behaviour of the
optical band-gap of MAPbIs when the I-Pb-I bond is distorted, predicting a
variation over 1 eV of the latter [18], [28]. In the case considered here, the
larger the crystal is grown, the lower is the stress accumulated in the lattice
over the Pb-I bond angle, inducing a red-shift in the absorption onset. To
demonstrate the last point, a more detailed investigation has been carried
out, as discussed in the next section.
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Figure 3.3: Absorption and photoluminescence spectra of MAPbDI3 on glass, with different
average crystallite size (d). Specifically, M63T25 (d = 200 nm), M45T25 (d = 500 nm),
M45T70 (d = 1000 nm), M31T90 (d = 5000 nm).

3.2 The role of the orientational order of the or-
ganic cation

To investigate more deeply the correlation between morphology and opto-
electronic behaviour, a MAPbDIj3 film is fabricated by two-step deposition on
a 3-pm-thick alumina meso-porous scaffold (meso-AlaOs3, details about the
preparation of the samples are reported in Chapter 2). This configuration
provides simultaneous access to two distinctive structural morphologies: the
crystalline phase grown within the scaffold («meso-phase») which, on aver-
age, limits the crystal size below 50 nm, and a thick capping layer on top
of the scaffold, consisting of crystals up to hundreds of nanometers (> 500
nm). Varying the pore sizes of the meso-AlsOs, it is possible to confine
the growth of the semiconductor to specific ranges. This allows to optically
probe selectively different crystalline dimensions in a reproducible way. In
Fig. 3.4, in the left panel, are presented the UV-Visible absorption spectra
collected at 4.2 K of MAPbI3 samples of three different d ranges. Notably,
the spectrum given by the largest crystals (d > 500 nm, red curve) shows the
expected red-shift, but also a strong excitonic feature which, conversely, is
undetected in the same material grown in the meso-porous scaffold (d < 50
nm, blue curve).

Lead-halide materials show exciton binding energies of different values,
going from 2 up to 50 meV. Initially it was ascribed to the use of various
techniques employed to assess the value, while it has been shown that the
major cause for the discrepancy arise from the local micro-structure and its
variability from sample to sample. The exciton stability depending on the
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Figure 3.4: UV-Visible absorption spectra of MAPbI3 samples acquired at 4.2 K. The
samples are deposited on glass, with different d values. d > 500 nm, red curve, d ~ 80
nm, green curve and d < 30 nm, blue curve. On the right, photoluminescence dynamics
the same samples. Both measurements have been performed by Dr. V. D’Innocenzo. In
the center, SEM images of the samples measured.

value d has been intensively studied [89]. Dr. G. Grancini and Dr. A. R. S.
Kandada showed that the strong contribution of various phonon modes to
the electron-hole screening, with the variation of the degree of order/disorder
of the organic ion over different film architectures, can result in tuning of
the exciton binding energies. In short terms, the degree of polycrystallinity,
i.e. the mean crystallite size or the surface-to-volume ratio in perovskite
thin films, induces electrostatic potential variations that can suppress the
exciton formation or its stabilization. So, in polycrystalline environment the
orientational order of the organic cation is playing a crucial role. To better
explain this, it has to be considered that the organic cation possess a perma-
nent dipole moment, which generates an electrostatic potential gradient that
has an influence on the electron—hole separation. Thus, the orientation of a
single organic molecule is influencing the orientation of the nearest molecules
in the lattice. The freedom in rotation of the organic part generates a di-
electric response. Raman analysis on the meso-phase of MAPbI3 suggests
that dipoles in smaller crystals might be more randomly oriented in the in-
organic cage [87], [88]. Thus, it has to be expected larger perovskite crystals
to show more extended region of cooperatively ordered organic molecules. In
addition, to see the microscopic effects of molecular disorder, a simulation
of polycrystalline thin films has been elaborated by collaborators (Dr. J.
M. Frost and Dr. A. Walsh, University of Bath), in which the variation of
electrostatic potential is studied as a function of the polycrystalline degree
[89]. The grain boundaries are induced by incorporating inactive lattice sites
(point defects) in the simulation (at different densities, 6% and 10%). The
standard deviation in the electrostatic potential is evaluated against the tem-
perature and degree of polycrystallinity. Disorder grows with temperature in
both systems, as would be expected from statistical mechanics, generating
increasing electrostatic potential variance. Interestingly, the largest variation
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Figure 3.5: SEM images of three MAPbI3 samples obtained by the two-step M31T90
recipe, with progressively thinner starting Pbl, layer thickness (scale bars of 2 um. a)
Pbl; = 300 nm; b) Pbl = 200 nm; c¢) Pbl, = 100 nm; d) cross-section image of ¢) with
scale bar of 1 pum, in which the perovskite material has been highlighted in red.

occurs at grain boundaries, where the dipole twinning is disrupted. These
simulations confirm that the local screening can be controlled by the local
order within the crystal. With larger, less defective crystals (i.e. less bound-
aries) the local screening is minimized. Thus, electron—hole separation due
to electrostatic disorder should be significant in small crystals, countering
the Coulomb attraction that exists between electrons and holes, but weaker
in large crystals, allowing for Wannier-Mott-type exciton formation. It is
evident that a sensitivity of the molecular order to crystal quality, defects,
as well as induced strain and device history exists. It implies that the ma-
terial processing plays a crucial role in the determination of the nature and
dynamics of the photo-physical species and mechanisms characterizing each
hybrid perovskite-based sample.

3.3 Local probing of perovskite optical response

Despite the demonstration of the two regimes, it is not clear yet over which
spatial length scale the crystal coherence affects the photo-physical proper-
ties of the semiconductor. To address this question, the ultimate case study
should be a single-crystal sample. However, a single crystal shows energetic
dishomogeneities for the optical band-gap between surface and bulk, which
follows the same trend as the small and large crystallites. This is easily
explained taking into consideration that every surface of a crystal is an ex-
tended defect, and it should be considered comparable to the sample made
by small crystallites. Moreover, due to the extremely high absorbance of a
single crystal, the absorption spectra presented in the literature have been
measured through reflectivity, which is way more sensitive to the surface than
to the bulk, giving spectra that do not show any excitonic feature. But, at
the same time, the external quantum efficiency (EQE) spectra of solar cells
embodying a single crystal, which are more sensitive to the bulk than to
the surface, show a defined exciton feature at the band-edge, in contrast
to polycrystalline film-based devices [91]. To overcome the high-absorption
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Figure 3.6: On the left, top-view SEM image of the crystal investigated (scale bar 2
pm). On the right, XRD spectrum of the sample, (experimental data are dots, fitting
in red). The refined unit cell parameters employed are: a = 8.699 A, b=28699 A, and
¢ = 12.421 A. The XRD analysis has been performed by Dr. C. Giannini (Institute of
Crystallography, CNR, Bari).

issues, platelets of MAPDI3 are synthetized, which, thanks to their moder-
ate absorbance, allows to directly map the photo-carriers dynamics. This
is done with sub-micrometer spatial resolution by a combination of space-
and time-resolved optical spectroscopy. The samples investigated have been
obtained by a further optimized version of the two-step procedure explained
in the first part on the Chapter. The top-view of the crystals are reported
in Fig. 3.5. In this case, a progressively thinner Pbls layer is dipped in the
same hot solution of diluted MAT (0.031 M at 90°C). Going from a Pbly
thickness of 300 to 100 nm the crystals grow in a progressively ordered way.
These micro-crystals possess a large aspect-ratio, as showed in Fig. 3.5, d).

Fig. 3.6, on the left, shows top-view SEM image of the crystal investi-
gated. To assess the structural phase and the degree of crystallinity, or the
coherence-domain size of the sample, the XRD spectrum is required, and it
is shown in Fig. 3.6, on the right. Sharp diffraction peaks, indexed as the
tetragonal MAPDI3 structure, denote not only a high level of crystallinity
and a high degree of orientational order in the growth of the crystals. Fit-
ting of the profile (reported in red in the Figure) retrieves a coherence length
larger than 330 nm. It has to be noticed that this estimation is instrument
resolution-limited, and it indicates that the micrometer-large perovskite crys-
tals are made of mono-crystalline regions extending, at least, over 330 nm.
As reported in Fig. 3.7, a), the same crystal grown on a clean glass is investi-
gated through an optical probe, giving a transmission image. The absorption
at 680 nm is homogeneous across the crystal, indicative of a smooth surface
with uniform thickness. For probing the photo-physics on different spots
within the crystal itself, this is of high importance, because it ensures homo-
geneous excitation density. At the boundaries of the single platelet, a higher
degree of structural disorder is expected, which induces a local modulation
of the semiconductor optoelectronic properties, and a shift in the band-gap
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Figure 3.7: a) linear absorption image with a probe wavelegth of 680 nm. Marked, two
characteristic regions that are analyzed; b) normalized PL spectra obtained by using the
microscope exciting at 460 nm in region 1 and 2, reporting a spectral shift of 10 nm;
¢) micro-Raman spectra at region 1 (on top, in red) and 2 (on the bottom, in blue) of
the platelet (excitation at 532 nm). The measurements have been performed by Dr. G.
Grancini (Center for NanoScience and Technology, IIT at Politecnico di Milano) and D.
Viola (Politecnico di Milano).

is observed (Fig. 3.7, b). To gain a comprehensive picture of the structural
properties of the sample, the lattice vibrations have been characterized too.
The Raman spectra have been measured in two characteristic regions of the
crystal, marked in Fig. 3.7, a): region 1, closer to the center of the sample,
and region 2, closer to the border. The main features of the Raman spectra
(Fig. 3.7, ¢) match with those reported in literature for this type of material.
However, first of all, one can notice a greater sharpness of the vibronic bands
in region 1, which is generally a signature of higher structural order. This
comes along with the presence of a defined peak at 160 cm™!, assigned to
libration of the MA cation [88]. This feature is expected to be sharper when
the organic cation has a reduced degree of freedom within the crystal unit.
This is observed by reducing temperature, or in a more ordered crystalline
lattice, that is verified when the MA cations fix their position in the pref-
erential «head-to-tail» geometry. The presence of this marker proves that
the degree of freedom of the organic moiety is the switcher able to induce,
through hydrogen-bonding interactions, the local distortion of the lattice.
This modifies the local dielectric response, with the final effect of tuning the
optoelectronic properties of the material. In region 1, the cations have a
reduced degree of freedom within the crystal unit, resulting in a lower lattice
strain, and thus in a lower band-gap. To further investigate the sample, the
spatially resolved photo-induced dynamics (ultrafast TA microscopy) have
been measured. With respect to standard ultrafast TA spectroscopy, which
interrogates volumes of tens to hundreds of micrometers, TA microscopy and
its sub-micron spatial resolution, is able to resolve spatial dishomogeneities
in the photo-physical response of the sample. The TA microscopy experi-
ments indicate that the electron-hole correlation is higher in region 1, with
reduced local dielectric constant, with respect to region 2. Thus, the com-
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Figure 3.8: Two examples of MAPDbIs polycrystalline thin film for photovoltaic appli-
cations, obtained by SEM. The active material is assembled onto a) inorganic electron-
extraction layer (titanium oxide, accordingly to [110]) and b) onto polymeric hole-selective
contact (PEDOT:PSS, as reported in [92]). Both deposition techniques and environmental
parameters have been optimized independently. Scale bars represent 1 ym.

bination of Raman microscopy with TA microscopy has provided evidence
that an enhanced structural disorder, when moving from the center to the
border of the crystal, is responsible for an increase in the band-gap.

In light of the reported results, it is possible to conclude that the ob-
served changes in the characteristic absorption and emission features are
related to the local conformation of the crystalline lattice. The distortion of
the halide-metal bonding angle, thus the inorganic cage status is affecting
the overall electronic band structure, in which a shift towards longer wave-
lengths of the band-edge is created when the distortion increases. The steric
hindrance and the local cooperative motion of the organic cations are affect-
ing the ground state crystalline band structure, influencing the screening of
the photo-generated charges. This effect can provide both free-carrier and
excitonic regimes for a single chemical composition of the semiconductor,
with a dependence on the extension of the crystalline coherence regions.

3.4 Perovskite in a real photovoltaic device

As mentioned at the beginning of the Chapter, the urgency of addressing
fundamental questions regarding the nature of photo-excited species and the
ability to foreseen opto-electronic responses, while controlling synthetic pa-
rameters, were motivating the studies just presented. However, in a real
technological application, perovskite must assemble onto specific materials
that are different from bare soda-lime glass slides. Thus, optimizing the
photon-to-electron conversion performances of a photovoltaic device will re-
quire additional work, to assess the characteristics of contingently selected
solar cell architectures. Of course, there are few fundamental characteristics
that the active layer must, a priori, fulfil: the first ones are full coverage
of the substrate and reasonable roughness. Any pinholes in the vertical

48



direction would create shunting pathways for the photo-generated charges,
decreasing the overall performance of the devices. At the same time, per-
ovskite layers with 100% coverage but highly rough would still suffer from
not-optimal charge extraction, favouring the rise of hysteretic behaviours.
Specifically, in order to prevent direct contact between perovskite and the
evaporated metal, the thickness of the charge-selective interlayer must be
increased. The second characteristic is the correct optical thickness. The
absorber layer in a photovoltaic device must maximize light absorption, i.e.
be thick enough, but simultaneously efficient in the charge collection, i.e.
thin enough to prevent charge recombination, a parameter that will be in-
fluenced by the amount of non-radiative recombination centers present in
the semiconductor. The optimization of the perovskite deposition protocols,
moreover, must meet the requirements imposed by the choice of the charge-
extraction layers. Some advancements, in this contest, have been achieved in
parallel to the results here reported, simultaneously with several other con-
tributors from the scientific community. These works have been conducted
in the same research group, with a contribution of the author [92], [110].
From the latter and the just-exposed results, the existence of a tight toler-
ance window for the optimal processing parameters of these self-assembled
materials emerges. A novel approach is now proposed: the realization of a
perovskite active layer by the deposition of an ink composed by suspended
nanoparticles. The specific formulation of the ink can be tailored to guar-
antee the film formation and the best opto-electronic properties needed. In
this case, the simultaneous optimization of large-area uniform coverage with
a high-quality crystal growth is no longer needed. The results obtained by
following this approach will presented in the next Chapter.
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Chapter 4

Strongly emissive perovskite
nanocrystal inks for
high-voltage solar cells

In this chapter, a novel approach for the realization of stable and reproducible
perovskite materials is reported. The synthesis of high-quality colloidal per-
ovskite nanocrystals is presented, with an extended investigation over the
optimal conditions required to produce the best photon-to-electrical energy
conversion. The role of many parameters is considered, showing their role
in the crystallization process of the perovskite self-assembly.

4.1 A novel perovskite nanocrystals synthesis

In literature, two different strategies to obtain high-quality and mono-dispersed
nanoparticle solutions have been developed. A first one has been presented
in 2015 by Protesescu et al. [93], known as the hot injection method. In
this case a mono-disperse suspension of CsPbX3 nanocrystals (NCs) with
cubic shape is obtained by a controlled arrested precipitation of Cst , Pb2™,
and X~ ions. The synthesis requires the reaction of Cs-oleate with a Pb(II)-
halide precursors in a high boiling solvent (octadecene) at high temperatures
(140 — 200 °C). The reaction is extremely fast, and after few seconds the
perovskite colloidal suspension is obtained. The CsPbXg size control can
be achieved through the management of the reaction temperature, and it
is possible to tune the particle dimension between 4 and 15 nm. A mix-
ture of oleyl-amine and oleic acid are added into octadecene to solubilize the
lead precursor salt and to colloidally stabilize the nanocrystals. A second
strategy has been presented shortly after by Zhang et al. |94], which has
been called ligand-assisted re-precipitation, or LARP. The method relies on
the re-precipitation through solvent mixing, which is a simple technique em-
ployed in the preparation of organic nanoparticles or polymer dots [95], [96].
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Figure 4.1: Schematic representation of the NCs synthesis. In this, the PbBry precursor
solution is injected in a hexane/isopropanol mixture containing Cs™ cations, under heavy
stirring. After a mild centrifugation and the redispersion in the desired solvent, the ink
can be used for deposition of thin films.

The synthesis is accomplished by simply mixing a solution of CH3NH3Br
and PbBry in DMF into a vigorously stirred anti-solvent (toluene, hexane
and similar). Adding long organic chains, the controlled crystallization of
precursors into colloidal nanoparticles is achieved. Without using long-chain
lignds, the LARP method gives micrometer-sized particles with very low
PLQYs (<0.1%). By incorporating n-octylamine and oleic acid as ligands
into the reprecipitation process, it is possible to produce luminescent dots
with absolute PLQYs over 70%. Although it is possible to finely control
the size distribution of the NCs and their luminescence efficiency, the two
methods show several limitations. First, both syntheses require degassing for
the precursors as initial step. The solvents employed are toxic and possess
extremely high boiling points (octadecene T¢, = 315°C, DMF T, = 153°C,
DMSO T, = 189°C), therefore are less amenable to scale-up in industrial
processes. It is worth to highlight as well that solvents like DMF, other than
extremely toxic and harmful, are not neutralized by the glove-boxes filters.
As a matter of fact, they tend to accumulate in the atmosphere, affecting the
surface properties of the substrates and consequently the perovskite crystal
properties [97], [98]. Moreover, the choice of ligands was limiting the ap-
plication of NCs to down-converter materials [94]. In fact, once the NCs
have been deposited in a thin film, the long alkyl chains form an insulating
layer around the semiconductor, hampering the charge transport in the film
and their collection. Only in July 2016, Swarnkar A. et al. demonstrated
the first perovskite quantum-dot-based solar cells [109]. However, the pro-
cess presented in this work still relied on many delicate passages. First, the
nanocrystals are synthetized with a modified hot injection method, with the
use of long alkyl chains that must be removed while realizing the solar cell.
Second, as indicated in the paper, the preparation of the colloidal dots re-
quires several hours, with sequential purifying washing-steps, in which any
excess of components removes the surface ligands, causing the NCs to ag-
glomerate and revert to a photo-inactive phase. Moreover, the suspension
must be kept in the dark at 4°C for 48 hours, to precipitate the un-reacted
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Figure 4.2: a) TEM image of CsPbBr3 drop-casted on a substrate with a scale bar of
50 nm; b) TEM image that shows domain size of 15 — 20 nm, with scale bar of 5 nm;
c¢) HR-TEM image of a crystal (scale bar 5 nm), while in the inset diffraction pattern
matching the orthorhombic CsPbBrs phase. The analysis is carried out by Dr. G. Bertoni
(IIT, Genova).

precursors, and centrifuged multiple times before the use. Only now the ink
is ready to be deposited by sequential deposition cycles: at every step, the
thin film must be exposed to a saturated solution of Pb(Ac)s, or Pb(NO)s3,
to restore the conductivity in the final active layer. While the paper was
being published, the work presented here was under revision. The paradigm
on which this work was conducted is intrinsically different: the final goal is
the realization of a perovskite-based ink in which the ligands can be removed
quickly, if not at all.

The synthesis of the CsPbBrs NC inks has been developed at the Nano-
chemistry Department of Italian Institute of Technology (IIT) by Q. A.
Akkerman of Prof. Liberato Manna’s group. As depicted in Fig. 4.1, it is
carried out by a simple and fast one-step injection. CsoCOs3 salt is dissolved
in propionic acid (PrAc), to form a Cs™ propionate complex. The lead pre-
cursor is PbBry, and it is dissolved in a mixture of isopropanol (IPA), PrAc,
and butylamine (BuAm). The dissolution reaction is, in both cases, exother-
mic, thus no external source of heating is required. As soon as the solutions
are injected in the nucleation environment - a mixture of hexane (HEX) and
IPA - the crystallization reaction starts, and the nanoparticles form, reaching
their maximum size in just few seconds. A simple centrifugation step enables
the separation of the so-formed crystals from the reaction agents, followed
by a re-dispersion in a clean solvent as final passage. The ink is then ready
to be employed for the device preparation. As shown in Fig. 4.2, where the
transmission electron microscopy (TEM) investigation is reported, the NCs
tended to cluster in large aggregates. This behaviour is not induced by the
centrifugation step, since identical aggregates can be observed in samples
examined right before washing. These aggregates contain defined crystalline
NCs, composed by domains of roughly 15—20 nm in size. The atomic planes,
seen thanks to a high-resolution TEM analysis (HR-TEM, in Fig. 4.2, c),
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match those of orthorhombic CsPbBrs. The structural phase of the NCs
is then confirmed by the X-ray diffraction (XRD) pattern. Further details,
acquired by X-ray photo-electron spectroscopy (XPS), show that the surface
of a drop-casted thin film presents aCs : Pb : Br ratio of 0.90 : 1.00 : 3.00,
which is an indication of a slightly Cs-deficient material. It has to be no-
ticed that this technique is very sensitive to the first few nanometers of the
film, and this might suggest a surface termination composed by Br-Pb-Br
bondings. Thanks to the same measurement set-up, it is possible to deter-
mine the carbon content in the film deposited, resulted to be 22 at.%. As
reference, a sample of 8.5 nm cubic CsPbBr3 NCs are synthetized. In this
case the particles are prepared with the hot-injection technique, with the
use of octadecene, oleic acid and oleyl-amine [93]. The latter shows a surface
composed of carbon at 88 at.%, a percentage comparable to other reported
colloidal NCs synthesized under similar conditions, not necessarily composed
by halide perovskites [99]. Thus, the carbon ratio to the overall CsPbBrs
inorganic component shows a 25-fold decrease for this novel synthesis, which
is a good starting point to obtain a conductive thin film.

4.2 Emission properties of CsPbBr; nanocrystals

The growth of the NCs during the synthesis was monitored over time by
tracking their PL, which grows as the NCs form and proves that the reaction
takes place within the first 10 seconds after the injection of the precursor.
The PL and optical absorption spectra have been measured on the purified
CsPbBrs NCs, both for toluene suspensions and for thin film obtained by
drop-casting, as reported in Fig. 4.3, a. The NCs in solution had a PL
peak centred at 510 nm, with a full-width-half-maximum (FWHM) of 24
nm. In the NC film, the optical absorption edge experiences a red-shifted
of about 7 nm, from 515 nm to 522 nm. This may be attributed to a
change in the local strain of the NCs surface in the different phase. The
PL spectra consistently follow the absorption edges, and retained the same
Stokes shift (approximately 10 nm) and FWHM. The photoluminescence
properties of the material have been further investigated with a femto-second
excitation source, to observe the behaviour under high photon fluxes. The
amplified spontaneous emission (ASE) is recorded in a thin film prepared
by spin coating (Fig. 4.3, b). The FWHM of the emission is reduced to
4.3 nm, peaking at 522 nm, slightly red-shifted compared to the standard
emission. Analysing the ASE intensity versus pump fluence it is possible to
determine the ASE threshold for the material, which is a good fingerprint
for the optical quality of the semiconductor. Several different NCs batches
have been tested, since it is known that the relatively high refractive index
of the layer and the film morphology itself could induce optical feedback
and modify the ASE threshold value, favouring random lasing. After 62
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Figure 4.3: a) Absorption and steady-state PL spectra of CsPbBrs NCs for both toluene
solution and spin-coated thin film. A spectral shift of ~ 10 nm towards longer wavelength
is observable. b) Amplified spontaneous emission spectra at increasing pump fluences.
Measurements performed by Dr. F. Di Stasio and P. Rastogi (IIT, Genova).

measurement, the value is assess around 2.44 ;J /cm?, with a minimum of 1.5
pJ /em?. Tt is worth to notice that 1.5 uJ /em? is the lowest value reported for
CsPbBrs NCs and overall for perovskite thin films. This is a strong evidence
supporting the high optical quality of the ink, which, even more importantly
it is preserved in the related thin films. The value showed here is among
the lowest ever reported, even considering other inorganic NCs commonly
used in laser devices [100], [101]. A second hint on the quality of the crystals
obtained by this novel synthesis comes from the PL quantum yield (PLQY),
i.e. the percentage of emitted photons respect to the absorbed ones. In a
material with a low density of defects the radiative recombination of photo-
excited species will be the predominant process following the excitation.
Defects, as explained extensively in the Introduction, represent alternative
routes to the bi-molecular recombination pathway. Thus, a high PLQY value
at low excitation fluences is an indicator of low density of active defects in the
lattice. The PLQY value recorded for the ink suspension is about 58 & 6%,
while the thin film shows 354+4% at excitation fluence of ~ 250 yW/cm?. As
a reference, the crystals obtained by hot injection show slightly lower values,
~ 30%. All of the above-mentioned characterizations have been carried out
by Dr. F. Di Stasio and P. Rastogi (IIT, Genova).

4.3 High voltage solar cells

Wide-band-gap semiconductors, including halides perovskites as CsPbBrs,
can achieve higher open-circuit voltages. Therefore, these materials are of
particular interest for applications such as multi-junction solar cells, light-
emitting devices with an emission in the visible range, and for solar-powered
water splitting applications [102], [107]. Among all the halides perovskite,

25



Figure 4.4: SEM top-view images of CsPbBrs thin films fabricated with a variety of state-
of-the-art processing protocols. a) d) hot casting technique, requiring substrates at 300°C
(adapted from [104]); b) one-step deposition, requiring a 0.3 M starting solution, with a
DMF-based solvent annealing step during the thermal treatment (adapted from [105]); ¢)
one-step deposition with low temperature annealing, resulting in a poor coverage of the
substrate ([106]); d) one-step deposition, requiring a 0.15 M starting solution, with no
solvent annealing (adapted from [105]). Scale bars are reported as reference.

a fully inorganic crystalline framework represents the most promising av-
enue for improving the thermal compositional stability [103], [105], which
is important for real device operation. However, this specific material has
been relatively unexplored up to now. This must be ascribed to the chem-
istry related to the Cesium precursor, CsBr. All the standard procedures
for the crystallization of tri-dimensional bulk perovskites rely on the disso-
lution of the salt in DMF or DMSO, but CsBr exhibits a particularly low
solubility even in these highly polar solvents. Since the thermodynamics
of crystallization depends on the chemical formulation of the solution and
its thermal treatment, the high level of control needed over the final thin
film morphology and its opto-electronic properties, is extremely difficult to
achieve. Conventional approaches can be employed, but compromises must
be made. In Fig. 4.4 are reported top-view SEM images of thin films fabri-
cated with a range of state-of-the-art processing protocols. To access these
routes, it was necessary to significantly reduce the precursor concentration
in order to dissolve the salt. Typically, precursor concentrations can vary
between 1 to 1.6 M. In the case reported here, a concentration of 0.15 M
was the highest achievable (Fig. 4.4, d). This produces thin films with very
poor uniformity or extremely low optical density, completely unsuitable for
device applications. Increasing the thickness or filling voids in the film using
the same precursor solutions is currently not impossible with multiple cycles
of depositions because they dissolve the layer formed in the previous step.
Moreover, a thermal treatment over 250°C must be performed, otherwise
either optically inactive phases or not-completely converted thin films are
obtained. Thus, to date just few examples of CsPbBrs-based devices have
been reported. Conversely, as showed in Fig. 4.5, ¢, the NC ink approach
offers the unique advantage of obtaining compact, continuous and uniform
thin film of orthorhombic CsPbBrs perovskite without any additional ther-
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Figure 4.5: Scheme of the standard architecture of the solar cell, composed by a stack-
ing of a transparent electrode (FTO), an electron extracting layer, the active material, a
hole extracting layer and the evaporated metal electrode (Au). b) Energy-level diagram
representing conduction band minimum and valence band maximum of the materials em-
ployed. The values are stated with respect to vacuum. c¢) Top-view SEM image of a single
spin-coated layer of CsPbBrs NCs (scale bar 20 pm).

mal treatment.

To test the electronic performances of such inks, a state-of-the-art ar-
chitecture have been chosen. Namely, a stack comprised of fluorine doped
tin oxide (FTO) glass, a compact layer of titanium dioxide (c-TiO2) as
the electron-extracting layer, a layer of 2,20,7,70-tetrakis-(N,N-pdimethoxy-
phenylamino)-90- spirobifluorene (Spiro-MeOTAD) as the hole-transporting
material and evaporated Au as the top contact. In Fig. 4.5, a and b, a sketch
of the device stack is presented, as the energy levels of each layer selected,
reporting literature values. To determine the NC thin films energy levels for
the conduction and valence band, ultraviolet photo-electron spectroscopy
(UPS) analysis is carried out (the measurement has been performed by Dr.
Mirko Prato, IIT, Genova). The solar cell, in this case, exhibited a short-
circuit current (Jgc) value of 1.26 mA /em?, an open-circuit voltage (Vo) of
0.87 V, and a fill factor (FF) of 65%, for a power conversion efficiency (PCE)
of 0.72%. The measured optical density for this film is limited to 0.3, as in
Fig. 4.6, a. Nevertheless, both FF and V¢ values suggest a good electronic
quality for such an extremely thin layer. The photo-current, however, is lim-
ited, accordingly to the reduced absorption. This can be increased preparing
a thicker film, by performing sequential deposition cycles of the ink. This
process, uniquely facilitated by the choice of a low boiling point solvent for
the dispersion, enables a fast drying of the film after each deposition step,
with no need to thermally treat the deposited material. Moreover, the or-
ganic molecule which acts as ligand for the particles, namely butylamine, can
be easily removed by evaporation already at room temperature. By increas-
ing the film thickness through sequential depositions, the optical density of
the sample grows monotonically, while the NCs maintained their structural
properties, as proved by comparing the XRD patterns of films obtained by
spin-coating and by drop-casting. As reported in Fig. 4.6, b, increasing
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Figure 4.6: Multiple layer deposition effects. a) Optical absorption of increasingly thicker
active layers, going from a single layer up to nine sequential deposition cycles (L). b)
J-V characteristics of correspondent photovoltaic devices prepared by multiple deposition
cycles.

the number of NC deposition cycles led to a direct increase of the optical
thickness of the active layer, which is beneficial both for the Jgc and V¢ of
the related devices. The FF remains almost constant, as reported in Table
4.1. The optimum has been achieved with an active layer of 550 £ 50 nm,
prepared with nine multiple depositions. The solar cell present a Jg¢ and a
Voc values of 5.6 mA /cm? and 1.52 V, as well as a FF of 62%. The Voc
recorded is among the highest reported for all perovskite halides, underlin-
ing the high opto-electronic quality of the crystalline material synthetized.
With this thickness, a PCE of 5.4% is measured, which is comparable to the
best-performing and fully optimized wide-band-gap perovskite-based devices
reported so far [107],[108]. As a reference, the ideal J-V characteristics of
a solar cell based on an active layer with a band-gap identical to CsPbBrs
(2.38 eV), reported a maximum Voc and Jso of 2.05 V and 7.78 mA /cm?,
respectively.

The measurements just mentioned have been performed employing an
excitation with a simulated AM 1.5G spectrum (mismatch factor of 0.99)
at 1 sun intensity. The voltage step and delay time are 10 mV and 10 ms,
respectively, for a scan rate of 1 V/s. The voltage scan is imposed from 1.8
V to -0.2 V, with a pre-conditioning step consisting in 5 s light exposure
at 1.8 V. Given these parameters, a dependence of the J-V characteristics
on the polarization hystory of the devices is expected, if the direction of
the scan rate is inverted (Fig. 4.7, a). As known, the use of TiOy as the
electron-extracting layer in a flat-junction architecture generally presents the
so-called electrical hysteresis. Usually, for MAPbIs-based solar cells, under
polarization, a reduction of the photo-current over time is observed [110].
Interestingly, in this case, decreasing the scan rate from 1 V/s to 0.1 V/s
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Layers Jsc (mA/cm?) Voo (V) FF (%) PCE (%)

1 1.385 0.845 97.5 0.67
2 1.836 0.942 65.0 1.12
3 3.182 1.151 62.7 2.30
6 3.964 1.209 52.1 2.50
7 4.090 1.405 63.8 3.67
8 4.367 1.403 63.9 3.91
9 5.653 1.536 62.4 5.42
10 5.369 1.448 96.5 4.39
12 5.512 1.505 62.8 5.20
14 5.289 1.455 61.4 4.73

Table 4.1: Performances of the NCs-based perovskite solar cells, depending on the number
of the deposited layers, measured at 1 sun intensity. The voltage step and delay time are
10 mV and 10 ms, respectively, for a scan rate of 1 V/s. The voltage scan is imposed from
1.8 V to -0.2 V. Pre-conditioning of the devices consists in 5 s of light exposure at 1.8 V.

induces an opposite behaviour than expected: an increase in the overall per-
formances is registered, even though the device results more stressed under
these conditions. Moreover, the devices show a rapid response of the photo-
current under polarization, resulting in electrically stable steady-state power
output, as reported in Fig. 4.7, b and c.

Although the results achieved are impressive for such an easy process, al-
lowing state-of-the-art PCEs and extremely high Vs, further optimization
of the ink formulation can be done. Specifically, it is crucial to understand
the role of many synthetic parameters in the crystallization process. Is it
possible to control the perovskite domain size? Is this size influencing the
J-V characteristics? Which parameters are directly linked to the aggregation
level obtained for the crystals? To answer these questions, with the aim of
increasing the power conversion efficiency of the final device, many aspects
of the ink formulation can be investigated. Starting from the demonstration
of the scalability of the volumes involved, the optimization will then probe
the effect of the polarity of the nucleation environment and the role of the
precursor concentration during the injection step. In addition, from the in-
dustrialization point-of-view, it is well known that the deposition method
employed (i.e. spin-coating) is not optimal to obtain high uniformity over
larger substrates. In fact, to achieve working devices with active areas of
1 cm?, printing methods can offer many advantages. Nevertheless, the ink
formulation employed in the just-reported case may not be suitable for such
methodology, thus, a finer tuning of the ink’s properties is required. The
results of such investigation will be discussed in the next section. It is worth
to noticed that the final goal is the realization of a hysteresis-free printed
device, which will be presented in the final part of the following section.
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Figure 4.7: Performances of the NCs-based perovskite solar cells. a) Hysteresis of the
devices depending on the scan rate of the applied voltage. At 0.1 V/s (light green) the
electrical hysteresis is reduced, and the overall performances of the cells increase in respect
to the behaviour measured for a scan rate of 1 V/s (dark green). The voltage applied from
1.8 V t0-0.2 V is identified as ‘reverse’ (rev), while ‘forward’ (fwd) is the opposite direction.
b) Transient photo-current density upon different polarizations, from 0 V to 1.2 V, for
300 s. c¢) Normalized PCE at maximum power point measured through MPP-tracking
method.

4.4 Ink optimization for printed active layers

4.4.1 Ink’s volume

Since the ultimate goal is the large-scale production compatibility, a first
step is the demonstration of the reproducibility of the synthesis at the gram-
scale. Thanks to the work of Q. A. Akkerman at IIT in Genova, this step
has been achieved, as shown in Fig. 4.8. In fact, simple scaling of the
quantities involved in the synthesis is sufficient to reproduce the high quality
crystalline perovskite. To prove this, the absorption spectra, as well the XRD
patterns of inks obtained at different volume scales have been investigated.
They present the same features, confirming that this process is robust and
reproducible in large quantities.

4.4.2 Ink’s formulation

A second step in the optimization, is represented by a finer investigation of
the role played by the details of the ink formulation. In fact, although this
synthesis is straightforward, several parameters come into play. These are
influencing both the crystallization dynamics and the stability of the colloidal
suspension, as they act directly on the subsequent deposition conditions.
Thus, it is important to remember that the recipe variations here reported
have been tested with the final goal of increasing the overall power-conversion
efficiency of the bar-coated devices, that will be presented in the next section.
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Figure 4.8: Characterization of NC inks during the scale-up process, for 3 ml solution
(green), 60 ml (blue) and 1 L (red). a) Absorption spectra of the samples; b) XRD
patterns; c) photos of the ink suspensions. The analysis has been performed by Q. A.
Akkerman (IIT, Genova).

While, in the following, the active layer has been deposited by spin coating.

1. Polarity of the nucleation environment

The variation of the polarity of the nucleation environment, i.e. the volume
ratio between IPA and HEX chosen, leads to a modification in the mean
crystalline domain sizes of the particle obtained. The effect of this variation
is reported in Fig. 4.9. As clearly shown in the first panel, in which TEM
images of two different samples are reported, the average crystal domain size
increases for more polar environments, going from an averaged value of less
than 15 nm (HEX : IPA = 3 : 1) to more than 40 nm (HEX : [IPA =1:1).
This averaged value is to be compared to the one reported in the previous
section (Fig. 4.2), of 15 - 20 nm for the ratio HEX : IPA = 2 : 1. Accordingly
to the increased average size, the absorption spectrum onset shift to longer
wavelengths (Fig. 4.9, b) as the PL emission peak (Fig. 4.9, ¢).

2. Polarity of the re-dispersion solvent

The colloidal stability of the suspension can be affected varying the polar-
ity of the solvent chosen to re-disperse the particles after the centrifugation
step. Compared to TPA, less polar solvents, as Chlorobenzene (CB) and
Toluene (TOL), favour the colloidal stability. As demonstrate previously,
TOL represent the best choice for spin-coating deposition, even if CB cre-
ates colloidally more stable suspensions, maybe due to a better interaction
with BuAm molecules. However, the PCE efficiencies of the CB-based de-
vices are lower than the TOL-based ones. The difficulties encountered in
the deposition of CB-based inks is due to the higher boiling point of the
solvent itself, which hampers the fast drying of the thin film needed to con-
trol the final active layer thickness and its homogeneity. Thus, per se, a
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Figure 4.9: a) TEM images of two drop-casted samples obtained varying the ratio be-
tween HEX and IPA (scale bars 100 nm, measurement performed by Dr. G Bertoni). b)
Normalized absorption spectra of the solutions. c¢) PL spectra of the same samples. A
red-shift of the emission peak is recorded for larger particles, in accordance with the shift
in the absorption edge, since the nucleation occurs in a more polar environment.

pre-aggregation of the suspended particles can represent an advantage dur-
ing the deposition, allowing thicker and more homogeneous films. At the
same time, if the polarity is increased further, as in the case of IPA-based
inks, the suspension becomes excessively aggregated prior the deposition,
and non-uniform coverage is obtained, affecting the overall performances of
the photovoltaic devices. These effects can be observed in Fig. 4.10, in which
normalized absorption spectra, XRD features and J-V characteristics of the
so-obtained devices are reported. Thanks to the Scherrer equation [111], it is
possible to calculate the average crystallite dimensions: for the TOL sample
it results 18.30 £ 1.98 nm, for CB 19.33 4+ 2.02 nm and for IPA the value
increases to 33.22 4+ 3.06 nm. The J-V curves are obtained with a scan rate
of 1 V/s.

3. Concentration of precursors solutions

The relative concentration and volume of the two precursor solution injected
can be tuned, leading to the crystallization of different particle sizes. As
demonstrated in the previous Chapter for MAPbI3, decreasing the molar
concentration of the precursors in the crystallization environment translates
into larger perovskite domains. To decrease the amount of lead reacting
with the Cs-precursor without affecting other parameters, a series of differ-
ent PbBry solutions is prepared. The standard recipe requires PbBry to be
dissolved in a mixture of IPA, PrAc and BuAm, for a concentration of 0.5 M.
The volume ratio for the solvents is fixed at IPA : PrAc: BuAm =1:1:1.
In this analysis, this ratio is kept constant, while progressively less powder
is dissolved, starting from 18.35 mg/ml to 7.32 mg/ml, giving 5 different
concentrations to be tested. The final effect is the synthesis of different
inks with various mean crystallite sizes. The increase in the domain exten-
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Figure 4.10: Dependence from the choice of the re-dispersion solvent for a) the absorp-
tion spectra, b) XRD main peaks, and c¢) J-V characteristics of related devices. Three
solvents have been analyzed: Chlorobenzene (CB, dark green), Toluene (TOL, green) and
Isopropanol (IPA, light green). The polarity of the solvents increases going from CB to
TPA.

sion can be observed both in the absorption spectra and in the variation of
the FWHM of the XRD peaks, which become smaller as the particles grow
(Fig. 4.11, a and b). From the latter, it is possible to retrieve the average
crystallite dimensions of the samples, which is reported in the Table 4.2.
The characteristics of the photovoltaic devices show an interesting trend: as
the particles grow, the measured Jgc constantly increases, and the increment
seems to be limited only by the morphology of the deposited film. As showed
in Fig. 4.12, in fact, the ink prepared with a diluted lead precursor solu-
tion (7.32 mg/ml) produces very inhomogeneous films, composed by larger
crystallites. Thus, it is difficult to handle the material with a standard de-
position technique, such as spin-coating. Rough surfaces and non-complete
coverages are obtained. Thus, the depositions of the subsequent layers, i.
e. the hole-transporting material and the evaporated electrode result highly
discontinuous, hampering the correct charge-collection. Moreover, the Ve
increases up to the devices made with 13.21 mg/ml PbBrg, which present
the best J-V curve, while progressively decreases afterwards. The figures of
merit of all the devices are reported in the Table 4.2. For these measure-
ments, the voltage step and delay time are 10 mV and 10 ms, respectively.
The voltage scan is imposed from 1.8 V to -0.2 V, with a pre-conditioning
step consisting in 5s light exposure at 1.8 V. In conclusion, from the ink
formulation point-of-view, the best results are obtained with the same nu-
cleation environment conditions (polarity given by a HEX to IPA ratio of 2
to 1), the same re-dispersion solvent (TOL), and a decreased PbBrs precur-
sor concentration (13.21 mg/ml, to obtain the most advantageous trade-off
between an increased Jgc and the surface roughness of the perovskite layer).
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Figure 4.11: PbBr; concentration dependence analysis (values expressed in mg/ml), re-
ported in a) the absorption spectra and in b) XRD patterns and c) J-V characteristics of
solar cells of NCs made starting from different concentration of the lead precursor solu-
tion (from 18.35 mg/ml to 7.32 mg/ml). Decreasing the concentration, the performances
increase, with the best cells given by a starting solution of 13.21 mg/ml of PbBrs.

PbBry conc. Mean domain Jso Voc FF PCE
(mg/ml) size (nm) (mA/em?) (V) (%) (%)

18.35 18.32 3.17 1.53 532 2.59
14.68 23.66 2.90 1.34 60.1 2.37
13.21 28.26 3.63 1.60 643 3.73
11.74 38.55 3.94 1.34 66.2 3.56
7.32 60.40 0.13 0.88 39.6 0.04

Table 4.2: Figures of merit of the solar cells presented in Fig.4.11. For each lead precursor
starting concentration, the average crystallite dimension is reported. For the J-V curves,
the voltage is applied from 1.8 V to -0.2 V, with a scan rate of 1 V/s.

4.4.3 Ink’s deposition

Finally, the ink employment opens new strategies for the deposition method.
In this case, a technique compatible with large-area substrates and high-
throughput is desirable. As a matter of fact, spin-coating method is ex-
tremely useful for small active area and lab-scale production. Thus, an
investigation over bar-coated perovskite thin film is performed. Bar-coating
is a simple and scalable printing technique, often used in polymer-based
technology: it consists in a grooved metal bar placed in contact with the
substrate, which is covered by the ink. Once the movement of the bar is
triggered, the ink is spread on the substrate. The final layer thickness can
be controlled through a combination of factors, such as the viscosity of the
ink, its concentration, the speed of the bar and the pitch of the grooves
selected [112], [113].

To be consistent, as mentioned previously, the device stack is kept the
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Figure 4.12: Top-view SEM images of two representative samples for the lead-
concentration dependence analysis. a) Thin film obtained from the deposition of the
ink prepared with 18.32 mg/ml PbBr; precursor solution, and b) the one from the 7.32
mg/ml precursor solution. Scale bars of 5 pm. Higher roughness hamper the uniformity
of the layers deposited on top, reducing the overall efficiency of the solar cells.

50 pm

Figure 4.13: Top-view SEM images of bar-coated thin films, with different scale bars. The
coverage of the substrate is sufficiently homogeneous to obtain working devices, but the
roughness of the surface is higher than the one obtained by spin-coating.

same, while the different ink formulations are studied. Here will be reported
the best results obtained, for the 13.21 mg/ml PbBry precursor dispersed
in TOL. Full coverage and the correct optical thickness are guaranteed by
3 subsequent bar-assisted depositions. In this case, 100 ul of perovskite
nanocrystals is spread at one border of the substrate, close to the metal
bar. The bar speed which gives the best result, in terms of homogeneity of
the final film, is set to 30 um/s. In Fig. 4.13, two top-view SEM images
are reported, showing the morphology of the so-obtained thin film. In Fig.
4.14, the characterization, comparing the two deposition methods, is pre-
sented: starting from the absorption spectra, to the XRD features and the
J-V curves, the same TOL-based ink is performing differently. In particular,
even if the optical thickness is comparable (Fig. 4.14, a), the spin-coated
films perform better. Up to the time this thesis have been completed, no
unambiguous and coherent explanation for this phenomenon is available.
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Figure 4.14: Bar- vs. spin-coating deposition techniques. a) Absorption spectra, b) XRD
measurements and ¢) J-V characteristics of solar cells obtained with the same CsPbBrs
ink formulation.
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Figure 4.15: Bar- vs. spin-coating deposition techniques. a) J-V curves of CsPbBrs
solar cells measured with fast scan rates (1 V/s) and a pre-conditioning step of 10 s light
exposure at 1.8 V. b) J-V curves for devices measured at a slower scan rate (0.1 V/s) with
a pre-conditioning step of 10 s in light (no bias).

Further investigations would be needed: for example, a HR-SEM analysis of
the layer-by-layer deposited perovskite could show if any modification over
the aggregation of the particles on the substrate is occurring; or a more de-
tailed XRD studies could perhaps indicate if an alteration in the symmetry
of the lattice is present, maybe provoked by the mechanical stress induced by
the metal bar action. Undoubtedly, the most interesting data comes from the
analysis over the polarization-induced electrical instability. The optimized
ink formulation shows less hysteresis compared to the previous case (Fig.
4.7). Best results are observed when the devices are measured with a scan
rate of 0.1 V/s, with a pre-conditioning step of 10 s in light, without any
bias applied. A detailed comparison of the figures of merit of these devices
is reported in Table 4.3.
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Deposition Scan Scan rate  Pre-bias Jsc Voc FF PCE

method direction (V/s) V) (mA/em?) (V) (%) (%)
spin-coating rev 1 1.8 2.79 1.53 52.2 229
spin-coating fwd 1 1.8 2.63 146 041 1.73
spin-coating rev 0.1 n. a. 3.52 1.58 57.2 3.29
spin-coating fwd 0.1 n. a. 3.46 1.58 54.0 3.04
bar-coating rev 1 1.8 1.47 1.50 64.9 1.47
bar-coating fwd 1 1.8 1.36 143 477 0.96
bar-coating rev 0.1 n. a. 2.28 146 64.2 2.20
bar-coating fwd 0.1 n. a. 2.21 1.50 60.9 2.08

Table 4.3: Figures of merit of the solar cells presented in Fig.4.15. A comparison between
different deposition methods and different measurement settings is presented: reverse-
(’rev’, voltage applied from 1.8 V to -0.2 V) versus forward-scan (’fwd’, from -0.2 V to
1.8 V); scan rates of 1 or 0.1 V/s; pre-conditioning step of 10 s light exposure with versus
without bias. In the case of no-bias and slower scan rate, the electrical hysteresis is highly

reduced in both spin- and bar-coated perovskite thin films.
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Chapter 5

Conclusion and perspectives

Since their introduction as photo-active materials in solar cells, tri-dimensional
lead halide perovskite semiconductors led to great advances in the perfor-
mances of this technology. This class of materials are an emerging solution-
processed that has demonstrated good potential even when embodied in
light emitting devices and photodetectors, thanks to the exceptional opto-
electronic properties. At the same time, many of the finer details of the
device physics remain under debate, in particular, the role of structural and
chemical defects, and their effects on the properties of devices.

Overall, the three-year work highlights the primary properties of the same
class of material obtained by various synthetic routes, combining structural
and morphological characterizations to the photo-physical ones. The results
reported shows a direct comparison between two different approaches to the
realization of a perovskite-based thin film. The first one consists in the di-
rect crystallization of the semiconductive material onto a substrate, starting
from precursors solutions, while the second one relies on the deposition of
pre-formed high-quality colloidal perovskite-based nanocrystals. The first
approach is the most widely used in literature, however, chemical purity of
the precursors, presence of additives, relative humidity, temperature and sur-
face properties of the substrates employed can deeply affect the organization
of the perovskite crystalline lattice. In this case, a non-negligible level of un-
intentional structural and chemical defects is created, both within the bulk
and at the interfaces of the crystals. Such defects can introduce localized en-
ergy levels that are confined in the band-gap of the semiconductor, creating
non-radiative recombination pathways for the photo-generated charge car-
riers. A reproducible and reliable protocol to fabricate polycrystalline thin
film, with different average-crystallite dimensions, is reported. Varying the
crystallites mean size, from tens of nanometers to a few micrometers, it is
possible to tune the opto-electronic behaviour of the material, directly influ-
encing the number and the type of electrically-active defect sites. From these
results, the existence of a tight tolerance window for the optimal processing
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parameters of these self-assembled materials clearly emerges.

A novel approach is then proposed, consisting in the realization of the
solar cell active layer by the deposition of an ink composed by suspended
nanoparticles. The ink formulation can be tailored prior to the film forma-
tion, meaning that the co-optimization of large-area uniform coverage with
a high-quality crystal growth is no longer needed. The results obtained by
following this approach are presented in the second part of the thesis. A fully
inorganic cesium lead bromide perovskite has been employed in the study,
thanks to a new, fast and one-step-injection synthesis. The use of ligands,
composed by short alkyl chains, circumvents post-synthesis treatments typi-
cal of the longer and bulkier chains usually employed in this field. The passi-
vating nature of the ligands gives rise to extremely good photo-luminescence
properties, a good fingerprint of the optical and structural quality of the
perovskite lattice obtained. The inks are then used to fabricate a halide
perovskite nanocrystalline-based photovoltaic prototype device, achieving
power-conversion efficiencies comparable to the best-performing and fully
optimized devices reported so far. Finally, a finer analysis over the role of
the synthetic parameters in the device performances has been proposed, with
the aim of demonstrating the validity of this approach by successfully ap-
plied it to large-area deposition techniques, to fabricate hysteresis-free solar
cells. However, the performances of such printed devices is limited by the
current extracted, while the Vocs are among the highest ever reported to
date. It is worth mentioning that, although there are several factors that
determine the Voc and their contribution is still an open issue in the field,
literature reports seem to suggest that further improvements will be possible
by carefully designing the charge-extracting layers, highlighting the potential
of our approach.

To conclude, the understanding of the limiting material properties is con-
stantly growing. For future efforts, an important area of focus is the control
of defects, which have an impact on several aspects of the semiconductor
itself, and of course, on the related device functionality. The ability to grow
high electronic quality crystals and thin films will be the basis to achieve
further improvements in the efficiency of perovskite-based opto-electronic
devices. Therefore, with greater control over the engineering of the thin
films, solar cell power conversion efficiencies can be expected to continue to
approach their thermodynamic limit.
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