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ABSTRACT

The development and the increasing application of renewable
sources are two pivotal points of the solutions set for the huge
climatic challenge that all the world is facing nowadays.

Apart from the classical, well-known, and widespread silicon-
based photovoltaic panels, one of the most flourishing fields in
terms of renewable sources is that of metal halide perovskites
(MHPs).

The enormous attractiveness of these materials relies on their
outstanding optoelectronic properties and their applicability in
many different fields. In fact, they can be largely employed as
low-cost tunable light adsorbers in several optoelectronic
devices such as LEDs, lasers, photodetectors, transistors, and so
on.

The extreme tunability of MHPs is due to their structure, and
consequently their properties' ease of modification. However,
while there are several studies about chemical modulations
through alloying, physical tuning methods are not often taken
into consideration.

All MHPs are constituted by a network of BX¢ octahedra (where
B is a metal cation and X a halide anion): when they share 6, 4,
2, and 0 corners the structure is respectively called 3D, 2D, 1D,
and 0D perovskite.

However, even though only limited amounts of Pb are
implemented in solar cells, there is a potential risk of harm to
humans and the environment. To overcome the problem,
researchers are currently trying to substitute Pb with other
suitable elements to develop novel, low-cost, non-toxic, and
environment-friendly perovskite materials, that could be



possibly capable of various applications with superior
performances and long-term stability.

In almost all the devices, the perovskite is present in form of thin
film, therefore in literature many different growing methods can
be found, either solution or vapor-based. Solution based ones are
the most applied, but even the optimized techniques are affected
by many shortcomings, such as: 1) a lack of control over the low-
temperature crystallization process, which is affected by many
factors (i.e. solvents and precursors, surface properties of the
substrate, solvent evaporation during the deposition and
annealing conditions), and often leads to poor reproducibility in
properties (i.e. morphology, thickness, crystallinity, and crystal
size) that crucially influence the device performances; ii) the
solvent employed in depositing a perovskite layer washes away
the underlying ones, so the sequential film deposition and the
deriving perovskite-perovskite heterostructures are very
difficult to realize; iii) the complex fluid dynamics during the
scale-up of solution methods does not permit the growth of
uniform thin films in panel-size substrates due to the many
intermediate phases that coexist during the crystallization
process; iv) the common wet-chemistry protocols used for
hybrid organic-inorganic phases do not assure good results in
totally inorganic perovskite deposition, mainly because of the
poor solubility in apolar solvents (e.g. dimethylformamide or
dimethyl sulfoxide) of many halide precursors necessary to
insert the A-site cation into the structure.

The main aims of this thesis are: i) the realization of new
approaches to tune, in a stable way, the optical and structural
properties of perovskites in order to extend their range of
applications; and 11) the development of different
environmental-friendly scale-up methods suitable to prepare
perovskite phases for optoelectronic devices and to stabilize



metastable phases. For these purposes, we focused on industrial
types of equipment and techniques that could fit our scopes.
The first part of this work is about the employment and
optimization of a vapor-based technique to deposit metal halide
perovskites thin films.

At the beginning of this work, it was possible to find in literature
only a few papers about perovskite thin films growth by vapor-
based techniques: most of them dealt with co-deposition
methods and in only one Pulsed Laser Deposition (PLD) was
applied. Today vapor-based methods for the fabrication of
perovskite films are not yet widespread due to the relatively
more complex infrastructures required with respect to spin-
coating approaches.

The most employed physical vapor deposition method still
consists of different variations of thermal evaporation, therefore
we decided to explore radio-frequency magnetron sputtering
because of the advantages of simple equipment, easy control,
large coating area, and strong adhesion.

By means of this technique, a large number of thin films can be
prepared at relatively high purity, high speed, low temperature,
and low cost. The radio-frequency source does not require an
electrically conductive target, therefore any material can be
deposited, while the magnetron enhances the switching on of the
plasma and permits a more efficient deposition thanks to the
interaction between the magnetic and the electric fields.

The second section of the thesis focuses on preliminary in-situ
high-pressure studies of metal halide perovskites at large
facilities.

This investigation of MHPs is relatively recent and mainly
focused on methylammonium lead iodide perovskite (MAPbI3)
and, while studies of temperature dependence modification and
chemical tuning strategies exist, the knowledge of pressure-
induced effects remains scarce.
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Understanding the correlations between pressure-induced
structural and electronic changes could allow us to more
precisely tune the properties of a material through compression.
In addition, these studies could permit the discovery of new
phases that subsequently could be stabilized at ambient
conditions (and eventually produced on a large scale).

The last part of this work is focused on the tuning of metal halide
perovskites by the means of two industrial physical modulation
techniques: spark plasma sintering and ball-milling. We could
obtain interesting results with both these approaches, reporting,
for example, the first evidence of high-pressure quenching
thanks to a homemade apparatus, and by providing insights into
the role of extended ball-milling in the phase stability and optical
properties of 3D and 2D MHPs.



INTRODUCTION

The multilateral climate change process, the air pollution, and
the gradual but inexorable exhaustion of fossil fuels are now an
established reality.

Various initiatives sprung up to contrast the enormity of these
problems, one above all, the COP21 Paris Agreement adopted in
2015 by 196 Parties.

Since then a global “Energy Transition to Net Zero Carbon”
started with the main aim of downshifting the fossil fuel
production and employment to stay within the carbon emissions
budget to limit global warming to less than 1.5 °C!.

In order to gain these preset goals, the development and the
increasing application of renewable sources and devices
represent a key irreplaceable point.

One of the most flourishing fields in terms of renewable sources
is that of photovoltaic panels.

Currently, the most common ones contain crystalline silicon (c-
Si) wafers, granting high power conversion efficiencies, proven
manufacturability, and abundant material sources. However,
unfortunately, the fabrication process necessary to obtain good
quality c-Si panels is complex, expensive, and leads to a
significant amount of CO; emissions.

Industries and scientists recently tried to find better photovoltaic
alternatives to overcome c-Si panels problems: among the others
(such as organic solar cells and dye-sensitized solar cells), Metal
Halide Perovskites (MHPs) based panels burstingly stand out.

The enormous attractiveness of these materials relies on their
outstanding optoelectronic properties and their extreme
tunability and applicability in many different fields in addition
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to the photovoltaic one. In fact, they can be largely applied in
several devices such as LEDs, lasers, photodetectors, transistors,
and so on.

Most of their qualities are due to the atomic arrangement of these
materials that is the one of perovskite crystal structure.



1.1 Perovskites

The first perovskite was the mineral CaTiO; found in the Ural
Mountains of Russia in 1893 by the mineralogist Gustav Rose
and named after Count Lev Alekseyevich von Perovski, that was
a mineralogist too (Figure 1.1).

Nowadays the term identifies one of the most structurally
abundant families of materials that have a structure that is
somehow similar to the original one.

Figure 1.1 Gustav Rose on the left and Lev Perovski on the right.

Perovskites can be natural or synthetic and can exhibit many
different properties, such as colossal magnetoresistance,
superconductivity, ferroelectricity, charge ordering, dielectric
properties, and so on.

The most promising subgroup for optoelectronic devices is that
of MHPs??, containing both fully inorganic and hybrid organic-
inorganic materials.



1.1.1 Crystal structure and stability factors

The perovskite crystal lattice is perhaps the most adaptable one
and it is defined as a network of corner-sharing BXs octahedra
with A cations in between, that crystallize with a general ABXG,
or equivalent, stoichiometry*.

Figure 1.2 Schematic representation of 3D-ABX3 metal halide perovskite structure.

When the octahedra share all their corners the structure is called
3D perovskite (in Figure 1.2 the unit cell of the classical 3D
perovskite is shown). If they share 4, 2, and 0 corners instead
they are respectively named 2D, 1D, and 0D perovskites>.
Deviations from the standard stoichiometry can be obtained
when the A and B cation sites become partially or fully vacant
(vacancy-ordered perovskites), or when they are replaced by a
combination of other cations with different valences but with an
overall neutral charge balance, forming double or quadruple
perovskites®.
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The aristotype (the highest symmetric structure of the group)
belongs to the Pm3m cubic space group, but the vast majority of
perovskites have a reduced symmetry, due to many reasons:
lattice distortions, distorted octahedra, ordered cations,
vacancies, the presence of organic cations, or inorganic
clusters®.

In the general formula ABX3 A is a monovalent cation (A"), B a
divalent one (B*") and X represent a halogen anion (X°) (see
Figure 1.2)
As already mentioned, there are many variations (see Figure
1.3): from the “classical” stoichiometry*:
- Antiperovskites, with A being a monovalent metal, X a
halide, and B a chalcogenide
- Inverse perovskites, in which A cation is very large and
has a higher oxidation state than the small B cation
- Vacant perovskites, with A-site vacant BX3 octahedra
- Ordered (in sense of replacing) perovskites, here the B
cations are heterovalently replaced by a combination of
two or more cations that are located at specific
crystallographic sites
- Vacancy-ordered perovskites, with the B-site cation
partially replaced with a vacancy

However, opinions are conflicting about some materials that
many scientists consider perovskites despite not falling in the
previous categories, while others talk about them as “pseudo-
perovskite structures” or “perovskite-like structures”.
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Figure 1.3 Schematic representation of different metal halide perovskite crystal
structures of 3-D cubic-phase AMX3, 2-D A2MXa, 2-D A3zM2Xo, 2-D AM2Xs, 0-D
A4MXe, and 3-D double perovskites Ao MM’ Xe. Reprinted with permission by ref. 4,
Copyright © 2020 American Chemical Society.

Tolerance and octahedral factors

The unusual adaptability of the perovskite crystal lattice often
generated doubts about the structure stability, in simple terms:
what can we put in a perovskite without destroying the structure?
To predict the stability of a perovskite, two factors must be
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considered as necessary but not sufficient conditions: the
Goldsmith tolerance factor and the octahedral factor.

The first is a figure of merit that indicates whether ternary metal
halides can or not form geometrically stable ABX3 perovskites:

_ (ra +71x)
V2(r +1%)

where 74, 75 and 1y are the radii of the respective ions®. The
accepted values of t are between 0.7 and 1.1. The more t moves
away from the range, the more the structure deforms.

The octahedral factor relies instead on the stability of the BXs
octahedrons:

s
U e

where 1z and 1y are the radii of the respective ions. The correct
range of pu varies from 0.377 and 0.895 and the principle is the
same as the tolerance factor, but applied to octahedrons®.

1.1.2 Optoelectronic properties

The optoelectronic properties are all those properties due to the
quantum mechanical effects of light on electronic materials,
especially semiconductors, sometimes in presence of electric
fields.

Historically, the interest in the electronic properties of
perovskites rose after the demonstration of ferroelectricity in
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BaTiOs in the mid-1940s’. Shortly thereafter, the vibrant colors
of CsPbX3 compounds motivated the first study of metal halide
perovskite electronic properties, which revealed a frequency-
dependent photoconductive response®.

The transition to MHP optoelectronics began with pioneering
works on hybrid organic-inorganic 2D systems. Of particular
interest was the natural self-assembly of quantum well (QW)
structures in (RNH3)2MX4 compounds’.

A transition from semiconducting to metallic behavior as a
function of the number of adjacent inorganic layers in layered
tin-based hybrid perovskites highlighted the electronic tunability
of these materials, pointing out their applicability in devices
such as organic-inorganic light-emitting diodes (OILEDs) and
as semiconducting channels in thin-film field-effect transistors
(TFTs)!%12,

Propelling current interest in MHPs optoelectronic properties is
their recent success as low-cost, tunable light absorbers in next-
generation photovoltaics (PVs) due also to the remarkable
performance of perovskite solar cells (PSCs), with record
laboratory-scale power conversion efficiency now certified at
25.5% (https://www.nrel.gov/pv/cell-efficiency.html).

To check if a material is good or not for optoelectronic devices
it is required to define the bandgap (or energy gap, Ey),
photoluminescence (PL) response, and carrier lifetime/diffusion
length.

The energy gap is an energy range in which no electronic state
can exist and corresponds to a value in electronvolts referring to
the energy difference between the top of the valence band and
the bottom of the conduction band.

A material can have a direct and/or indirect E,: if the lowest
energy state in the conduction band and the highest one of the
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valence band have the same momentum, the bandgap is direct,
otherwise, it is indirect.

For the first, valence electrons can be directly excited into the
conduction band by a photon whose energy is larger than the
bandgap. In the presence of an indirect bandgap the photon must
both be involved in a transition from the valence band top to the
conduction band bottom.

Speaking about device applications, the energy gap matches the
emission energy of a LED or a laser, and it is equal to the energy
of the photons that a solar cell adsorbs (so, if we consider the
solar spectrum, the ideal bandgap for solar cells is around 1.4
eV).

In materials with a large exciton binding energys, it is possible to
observe two different bandgaps: "optical bandgap" and
"electrical bandgap" (or "transport gap"). The optical one is the
threshold for photons to be absorbed, while the electrical one is
the threshold for creating an electron-hole pair that is not bound
together. The first is found at lower energy'>.

The measure of the photoluminescence, that is the light
emission after the absorption of electromagnetic radiation, gives
much information about a material: the pure PL, the TR-PL
(time-resolved  photoluminescence), and the PLQY
(photoluminescence quantum yield) permit to gain information
about the E,, the recombination mechanisms, and the carrier
density.

Carriers interesting for optoelectronic devices are the electronic
ones: separate couples of electrons and holes that form when a
material is struck by light at proper energy.

The recombination mechanisms are all the processes that re-put
the couple together and are usually an obstacle for a good
optoelectronic device because they affect the carrier lifetime and
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the diffusion length: the more these last two are high, the more
the electrons and the holes can be separated and collected by the
electrodes to be used as electric energy. In fact, the electron-hole
diffusion lengths must be much longer than the film thickness
required to obtain complete solar light absorption.

On the other side, the carrier density helps to indicate which is
the best application for a material: if it is low the material, e.g.
in solar cells or lasers'.

It is challenging to properly predict and comprehend the
electronic structure and the deriving properties of these
materials.

Halide perovskites most relevant for optoelectronics, namely
those with main group metal centers, are direct gap
semiconductors with strong band-edge optical absorption and
luminescence. The direct gap nature of MHPs is a valid
generalization, but recent calculations suggest there may be
subtle yet important exceptions that arise in non-
centrosymmetric hybrid compounds!® (as evidenced in Table 1).

Table 1.1 Band Gaps (Eg) for Select MHPs with variable chemistries and
dimensionality

Compound E; (eV) Type Dimensionality
CH;NH;PbI3 1.61 Direct 3D
CH;NH;Gels 1.90 Direct 3D
(CH3NH3)3(Co)2Pbal i3 2.03 Direct 2D
(CH3NH3)2(C9)2Pb3I10 2.17 Direct 2D
C(NH»);Gels 2.70 Indirect 1D
(NHzClZNH2)3PbI3 3.10 Direct 1D
(CH3NH3)4Pbls-2H,0 3.87 Direct 0D

The electronic structure near the band edge is primarily dictated
by the basic BX¢ building blocks, while the A-site component's
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influence on octahedral orientation and dimensionality leads to
profound effects on electronic structure'.

Structures containing smaller A-site cations with reduced cell
volumes should exhibit smaller band gaps, but for many MHPs,
the situation is more complex since the size and nature of A-site
cations drive reorientation of the octahedral units. Therefore the
A cation acts as a templating agent for the inorganic motif'>.
However, it is not sufficient to take into account both octahedra
and the A-site cation, because perovskites are affected by
dynamic disorder too, that correspond to structural re-
orientations and distortions occurring when external physical
conditions (such as temperature and pressure) or morphology
(single crystal-bulk-film or different thickness and roughness)
change'®. In fact, the carrier lifetime is also strongly dependent
on the polycrystalline nature of the film and the defect density
or electronic trap density within the films!® (as evidenced in
Table 1.2).

Table 1.2 Examples of measured mobilities and diffusion lengths for various metal
halide perovskites

Mobility Diffusion
Compound Sample type (em?V-is™) length (um)
CH:NH;Pbl, L hin film 1.4 0.13
(solution)
CH:sNH;Pbl; Single crystal 2.5 2-8
CH:NH;PbBr; _\unfilm 8.9 1.06
(vapor assisted)
CHsNH3;PbBr;  Single crystal 24 4.2

Significant changes in optical properties occur also upon
reduction in dimensionality (from 3D to 2D, 1D, and 0D)
leading to intensified oscillator strength and optical non-
linearities'.
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Anyway, the carrier recombination is predominantly radiative,
with  room-temperature ~ photoluminescence  quantum
efficiencies of up to 70%!'6, amplified spontaneous emission
(ASE) and lasing which have been reported for both bulk and
nanostructured hybrid MHPs!”!°, with favorable properties of
MHPs for lasing, including high PLQY at relatively large carrier
densities and long excited-state lifetime!'®.

The high carrier mobilities compared to other solution-
processed materials also opens the possibility for electrically-
pumped lasing?®, the considerable diffusion length is interesting
in photovoltaic devices implementation, while the extreme
energy gap variation makes perovskites perfect for LED,
photocatalysis, and photosensoristic applications.

1.1.3 Lead-free trend

The most extensively studied and also most efficient perovskite
absorber materials are based on semiconducting (hybrid) lead
halide perovskites adopting an ABX3 structure (see Figure 1.4),
where A is a monovalent cation, B is a divalent Pb?>" metal cation
and the X-site of the perovskite structure is occupied by halide
counterions (X = CI', Br, I)*.
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Figure 1.4 Schematic representation of MAPbIs (MA = methylammonium)

However, the use of lead in electronics is restricted to <1000
ppm (0.1 wt%) by the EU’s Restriction of Hazardous Substances
(RoHS) directive due to the toxicity of lead?.
In fact, the current limitations impeding the commercialization
of lead-based halide perovskite solar cells are:
- the toxicity, bioavailability, @ and  probable
carcinogenicity of lead and lead halides
- the water solubility of lead that might contaminate water
supplies
- the chemical instability under ambient conditions,
especially in the presence of heat, air, moisture, and
event light illumination?> %,

Therefore, even though only low amounts of Pb are
implemented in solar cells, there is a potential risk of harm to
humans and the environment?28,

To overcome the problem, researchers are currently searching
for a potential substitute of Pb with other suitable elements to
develop novel, low-cost, non-toxic, and environment-friendly
perovskite materials such that they are capable of various
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applications with superior performance and long-term
stability?® 3!,

Recently, lead-free metal halide perovskite (LFHP) materials
have shown their capability as potential materials for various
optoelectronic device applications (see Table 1.3), and their
current progress is quite impressive. LFHP materials are a
common group of compounds with the chemical formula
AxMyX; (X, y, z depends on the structural dimensionality), where
A is an organic or inorganic cation, M is a metal cation, and X
is a halide anion*Z.

LFHPs could be distinguished into the following four categories
depending on their crystal structure and the valence of the
metallic cation:

- divalent metal cation perovskites = contain M in +2
oxidation state (Sn, Ge, Mg, Ca, Sr, Cu, Fe, Pd, Eu) and
present AMX3 stoichiometry or the layered perovskites
stoichiometry A2A’n.1MnX3n+1, in which A’ is a long-
chained organic cation that does not fit in the [MXs]*
cavity

- trivalent metal cation perovskites = with M in 3+
oxidation state (Sb, Bi) and AsM»Xo stoichiometry

- tetravalent metal cation perovskites = present M in 4+
oxidation state (Sn, Ge, Pd, Te, Ti) and show A>MXe
stoichiometry

- double perovskites = contain M in both +1 and +3
oxidation state (+1: Cu, Ag, Au; 3+: In, Bi, Sb) and
present A;MM’X; stoichiometry?*!->2
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Table 1.3 Dimensionality, optical data and the highest obtained power conversion
efficiencies of the currently most promising lead-free halide perovskites

. . . Band o

Compound Dimensionality gap (eV) PCE%
CH,NH,Snl, 3D 11'2375' 5.3
CH3NH3GCI3 3D 2 0.2
(CH3(CH2)3NH3)2CHBI‘4 2D 1.76 0.63
RbsSbly 2D 2.1 0.66
Cs3Biolo 0D dimer 2.2 1.09

Sn** metal cation (ionic radius of 110 pm) is the most suitable
candidate for substitution with Pb®" cation (ionic radius of
119pm) in the perovskite structure because of very similar
valence electronic configuration and nearly similar ionic
radius®2.

Compared to lead, tin has lower uptake ability by plants which
suggests that its use could avoid serious contamination issues in
case of leaking in electronics®’.

The corresponding perovskites analogs MASnIs, FASnlz, and
CsSnl; have a direct bandgap of around 1.20, 1.41, and 1.3 eV,
respectively, which is lower than their Pb-based perovskite
counterparts (see Table 1.4 and Table 1.5)*>3,

The main draw-back of these tin halide perovskites is the
chemical instability of the divalent metal cation, which oxidizes
from 2+ to 4+ under ambient conditions*>*°. As a consequence,
the oxidation of Sn** to the chemically more stable Sn*" leads to
the possible formation of a 2D A>SnX perovskite structure with
an increase of the bandgap.
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Table 1.4 Structural and optical data of tin halide perovskites and the highest obtained
power conversion efficiencies

Crystal Band
Compound y Dimensionality gap PCE%
system (eV)
. 1.27-
CH3;NH;3Snl;  Pseudocubic 3D 135 523
CH3NH;3Snl3 Tetragonal 3D 11%’15_ 6.4
CH:;NH;SnBr;  Pseudocubic 3D 2'215 . 427
CsSnl; Ortorombic 3D 11'2371_ 3.31
CsSnBr; Cubic 3D 1'175' 2.1

Table 1.5 Dimensionality and optical data of lead halide perovskites and the highest
obtained power conversion efficiencies

Band
Compound Dimensionality gap PCE%
(eV)
1.56-
CH;3NH3PbI; 3D 1.59 19.89
CH;3NH3PbBr3 3D 2.2 0.82
CsPbl;s 3D 1.73 2.9
2.30-
CsPbBr3 3D 236 6.7

Though there are so many efforts were devoted to developing
LFHP, a systematic understanding of the properties of the
materials with the fabrication method was lacking. The
materials' properties largely depend on the fabrication methods,
especially for optoelectronic device applications®”¥.
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To produce any perovskite-based device is fundamental that the
active material is in form of thin film, therefore any fabrication
process has to include at least one deposition method.
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1.2 Thin films making techniques

Perovskite-based solar cells are primarily prepared in two device
architectures. The first one has been derived from dye-sensitized
solar cells using mainly mesoporous TiO; as electron transport
material and Spiro-OMeTAD (2,2°,7,7 -tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9’-spirobifluorene) as hole transport
material. The other one is derived from organic solar cells where
PEDOT : PSS (poly-3,4-ethylenedioxythiophene : poly-
styrenesulfonate) and PCBM ([6,6]-phenyl-C61-butyric acid
methyl ester) are used as hole and electron transport layer,
respectively’2.

Electrode (cathode)

Perovskite
ETL
Electrode (anode)
Glass

Figure 1.5 General scheme of perovskite solar cell; HTL= Hole Transport Layer;
ETL= Electron Transport Layer

Therefore, it is clear that in solar cells, but also in many other
devices (such as photosensors and photocatalysts), the
perovskite should be present in the form of a thin film.
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In literature many different growing methods can be found,
either solution or vapor-based>’.

Deposition of
Dual source thermal Flasr perovskites in PSCs
VACUUM- co-evaporation Evaporation architecture
BASED 1 1 — 1
: 5 2093 1994 1998 2009 o e 2012 2013 2014
1997 1999
SOLUTION- ! | | | ! |
BASED pin coating Spin coating Spin coating Sequential Diop Solvent engineering
} Photovoltaics MAPD: spin-dip casting “antisolvent”
DSSCarchitecture solid state coating L
£
= =T} = Eed Sequential
Slol-die nkjet Blade spin  Lewisacid-  Blage  Siot Hot  Spin-spin  Spray
SOLUTION coaling p |‘ll|'." coatit = n codling  base adduet  €oating ! ¢ 3 coating :v“"
BASED ra 2020's 2019 2018 | 4 2017 2016 2015
C w~
VACUUM co-evaporatior '
BASED RIR-MAPLE

Figure 1.6 Timeline of thin-film fabrication methods for inorganic and hybrid halide
perovskites. Reprinted with permission by ref. 39, Copyright © 2020 APL Materials.

1.2.1 The flaws of solution methods

Solution-based deposition methods have been the most explored
routes to deposit halide perovskites, especially as proof of
concept studies of a full breadth of optoelectronic devices,
namely, solar cells, LEDs, lasers, photodetectors, X-ray
detectors, waveguides, and resistive memory devices.

From 1994 to date, works about different liquid-based
techniques have been published (see Figure 1.6): spray
coating*®*! hot casting®?, inkjet printing®, slot-die coating***’
blade coating*®, and drop casting*’ (schemes in Figure 1.7).

In 1994, the spin coating method was first conceived to deposit
hybrid  (C¢HsC2HsNH3)Pbls  layered  perovskites in
electroluminescence (EL) devices and now it is still the most
straightforward and successful procedure to grow thin films
from precursor inks®.

9
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However, solutions containing inorganic and organic salts have
shown several bottlenecks during crystallization of perovskite
thin films due to the different miscibility of the components,
leading to different crystallization rates in a single film*’.
Moreover, pinholes and cracks were often observed because of
inadequate control over crystal growth. The perovskite
crystallization process is affected by many other parameters
such as the composition and concentration of the precursors’
solution, the spin speed, the medium temperature, and the
solvent vapor pressure inside the glovebox*®.

To tackle this, strategies such as gas-assisted and solvent
extraction approaches were implemented to quickly remove the
solvent from the precursor solution, improving the
crystallization process, but many issues remain unsolved*->’,
Two-step spin coating, interdiffusion, and vapor-assisted
solution process (VASP) have demonstrated improved
morphology and usually higher solar cell efficiency as compared
with the single-step spin coating method®!>2.

However, two-step methods still need to solve the challenges
associated with the proper diffusion of the organic component
while reacting with the compact inorganic film, since they
consist in firstly depositing the inorganic precursor and then the
organic one over the first (instead of depositing them together).
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Figure 1.7 Schemes of a selection of many solution-based thin films deposition
methods. Reprinted with permission by ref. 39, Copyright © 2020 APL Materials,
and ref. 62 of ref. 39, Copyright © 2020 Springer Nature.

All in, even optimized solution-process methods are affected by
shortcomings. One is a lack of control over the low-temperature
crystallization process, which is affected by many factors such
as solvents and precursors, surface properties of the substrate,
solvent evaporation during the deposition and annealing
conditions, often leading to poor reproducibility of films
morphology, thickness, crystallinity, and crystal size, properties
that in turn have crucial influences on the photovoltaic
performance. The second major shortcoming, more fundamental
than the first one, is that sequential film deposition from solution
cannot produce perovskite-perovskite heterostructures, since the
solvent employed in depositing subsequent layers washes away
the underlying ones. As a consequence, multijunction tandem
solar cells and p-n junctions fully based on MHPs are advancing
very slowly™.

In addition, the complex fluid dynamics during upscalable
solution methods is a hurdle for uniform thin films in
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module/panel-size substrates due to the many intermediate
phases that coexist during the crystallization process>*>>.

In addition, the common wet-chemistry protocols used for
hybrid organic-inorganic (HOIP) phases do not reliably assure
good results in totally inorganic perovskite deposition: for
example because of the poor solubility in apolar solvents (such
as dimethylformamide or dimethyl sulfoxide) of many halide
precursors of inorganic metals>®

All the overmentioned considerations are more or less valid for
hybrid methods too, because they consist of mixed procedures
exploiting both vapor and liquid-based methods (see an example
in Figure 1.8): the result is an upgrade of liquid-based ones but
without the whole set of advantages given by the vapor based*’.

Pbl-coated substrates  CHsNHsl powder

§ =

29\ e

Figure 1.8 Two examples of equipment for HCVD (Hybrid Chemical Vapor
Deposition): firstly a solution method is applied to deposit the inorganic part of the
MAPDI; hybrid halide perovskite, then the organic part is grown by CVD Reprinted
with permission by ref. 66, Copyright © 2020 APL Materials.
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1.2.2 Vapor-based techniques

Many different vapor-based deposition methods are potentially
available in depositing perovskite thin films and they can be
divided into two main categories: CVD (Chemical Vapor
Deposition) and PVD (Physical Vapor Deposition).

The chemical techniques rely on one (or more) volatile
precursor(s) that reacts at high temperature and form a product
that finally deposits on a substrate. It is possible to classify them
into 4 groups:

Thermal CVD: %’

Aerosol Assisted CVD (AACVD), that occurs under
ambient pressure and requires moderately volatile
precursors’®

Photo Assisted CVD (PACVD), in which the deposition
is helped by a light source such as a Hg-vapor lamp>’
Plasma Enhanced CVD (PECVD), in which the chemical
reactions occur after the switching on of a plasma of the
reagent(s)®’

The physical methods occur in vacuum: the starting material
passes from a condensed to a vapor phase and it is subsequently
deposited on the substrate. The main ones are:

Vacuum Evaporation, that needs high vacuum (10 atm)
and heating or an electron stream to sublimate the target
material and lay it down on a substrate (see Figure 1.9)
Pulsed Laser Deposition, that is assisted by a High-
Density Laser Beam (10° W/cm?) which removes
material from a target forming a 12000 K plasma that is
subsequently focused by magnetic lenses to be
deposited®! (see Figure 1.10)

Radio Frequency Sputtering, successfully employed in
this work
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Figure 1.9 Two schemes of vacuum methods: co-evaporation on the left, and flash
evaporation on the right. Reprinted with permission by ref. 39, Copyright © 2020 APL
Materials.

At the beginning of this work, it was possible to find in literature
only a few papers about thin films growth by vapor-based
techniques: most of them were about co-deposition methods™>62-
%5 and in only one PLD was applied®'.
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Figure 1.10 Pulsed Laser Deposition and Resonance Infrared Matrix-Assisted Pulsed
Laser Evaporation. Reprinted with permission by ref. 39, Copyright © 2020 APL
Materials.
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Today vapor-based methods for the fabrication of perovskite
optoelectronics are not yet widespread due to the rather complex
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infrastructures required. This explains the prevalent adoption of
lab-scale, solution-processing methods by the research
community working in the field. Anyway, the large discrepancy
in the number of groups working on solution processing and
vapor deposition is not so evident in the best performances
obtained®®.

The most widespread PVD method still consists of different
variations of thermal evaporation®®®’ (see an example in Figure
1.11), such as LPCVD%%° and AACVD’%"!, and only one group
worked on CsPbBr3-CsPbBrs phases by the means of an RF
magnetron sputtering equipment’?,

Lead halide, HTLs, ETLs, Organic halide sublimation
electrode deposition VoL Eau
Chamber A ‘:;a .

Chamber B Heating sample
= holder

i Gate valve

Thermal couple

Figure 1.11 Example of sequential thermal evaporation. Reprinted with permission
by ref. 48, Copyright © 2020 Chem. Rev.
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1.3 Perovskites modulation

There are many ways to tune metal halide perovskites properties.
All of them can be divided into two groups: chemical
modulation techniques or physical modulation techniques.

The first ones, as the word ‘“chemical” suggests, involve a
change in the chemical content of the material: for instance, we
are speaking about an A cation substitution or a chemical
doping.

The second ones involve instead a physical modification, such
as a phase transition or a local distortion of the crystal structure.

Researchers have extensively dealt with chemical modulation
techniques because this field does not require either special
equipment or a “mixed” educational background: usually, it is
sufficient to have a good chemical preparation and a little more
than a hot plate and a spin coater, or a furnace (in terms of
physical tools) to perform the substitution of any ion present in
the structure of the perovskite” 78,

The most diffuse experimental procedures are:

- Liquid synthesis from solid precursors’®, in which proper
amounts (usually stoichiometric) of precursors are
dissolved in solvent(s)

- Liquid synthesis with amine injection®®®!, that involves
the addition of the desired amine(s) after the dissolution
in acid(s) of the solid precursor(s)

- Ionic exchange (usually for nanoparticles)®>**, in which
a solid or liquid precursor is injected in a suspension of
the starting perovskite and stirred (and possibly heated)
for the time necessary to obtain the desired exchange

32



However, although these methods proved to be convenient for
the research scale, the same cannot be asserted for the eventual
production one, as the vast majority of examples in literature
consist of solution techniques, with all the struggles mentioned
in paragraph 1.2.1.

These reasons, the lack of examples in the literature, and the
availability of the right equipment let us towards the application
of the physical methods.
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RE MAGNETRON
SPUTTERING

Sputter deposition is a physical vapor deposition (PVD) method
to grow thin films. The general sputtering method can be used
to prepare a variety of materials such as metals, semiconductors,
insulators, etc., and has the advantages of simple equipment,
easy control, large coating area, and strong adhesion®*.

Briefly, this involves ejecting material from a “target”, that is a
source, onto a ‘“substrate”: the application of a potential
difference between a cathode (covered with a target material)
and an anode (usually in the form of a ferrule and set at a defined
distance) ionizes the inert gas particles of the rarefied
atmosphere of the chamber, causing their collision to the target
and the following ejection of material (see Figure 2.1).

— Substrate and film growth
Spu’rterii I | —
Gas —p R
B 'y f=——"
“* ]/
- W,
Ar* ©
I 1

— Sputtering Target

Figure 2.1 Sputtering scheme. Reprinted with permission by ref. 84, Copyright ©
2020 IntechOpen.
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The addition of a magnetron was developed in the 1970s and is
the dominant method to grow thin films because a large number
of them can be prepared at relatively high purity, high speed, low
temperature, and low cost®>%,

The magnetron (see Figure 2.2) is based on the interaction
between the magnetic field and the electric field that causes the
electrons to spiral in the vicinity of the target surface, thereby
increasing the probability that electrons will strike the argon gas
to generate ions. The generated ions collide with the target
surface under the action of an electric field to sputter the target®*.

Clamped | Bonded Target

Anode Shield UD- Bolt-On Target

Target Clamg

Backing PIETE‘\

Magnet
Azsembly 'Il |

Cathode Body

Insulator

/
Anode Shiegld”

Stem -
e

Figure 2.2 Scheme of a magnetron-holding cathode. Reprinted with permission by
ref. AngstromSciences, Copyright © 2020.

It is possible to apply different sources. The main advantage of
the radio frequency source is that it does not require an
electrically conductive target. Therefore, any material can be
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theoretically sputter-deposited using RF magnetron sputtering®*,
also because the technique can be reactive or non-reactive.

Due to all its positive features, RF magnetron sputtering can be
employed in many fields, among the others:

Renewable energy (solar cells®’, batteries®, fuel cells®?)

Optics (sensors”, antireflective films®!, low-emissivity
glass®?)

Microelectronics (coating films)”?

Machining industry (functional films, super hard
coatings’, self-lubricating films®®)

Decoration (total reflective or translucent films)®®
Biomedical supports (cochlear implants, drug delivery®’)

Figure 2.3 SEM (Scanning Electron Microscope) images of submicrometer hollow
bioactive glass cones deposited by RF magnetron sputtering for drug delivery
applications.
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Considering that one of our aims was the employment and
optimization of a vapor-based technique to deposit metal halide
perovskites thin films, we have seen in this technique the
winning choice.

Starting from the following paragraph, several papers are
reported. They have all been published during this Ph.D. period
and are divided in relation with the hosting chapter:

in “RF Magnetron Sputtering” every paragraph
corresponds to a paper related to the application of this
vapor-based technique in depositing perovskite thin
films;

“High Pressure Studies” contains a paper about the high-
pressure in-situ study of lead-free perovskites carried out
at the European Synchrotron Radiation Facility;
“Physical Modulation Techniques” is separated into two
paragraphs (each one with its related paper) dealing with
the application of High Pressure Quenching and of
Extended Ball Milling;

37



2.1 MAPDI;

Novel Physical Vapor Deposition Approach to Hybrid
Perovskites: Growth of MAPbI3 Thin Films by RF-
Magnetron Sputtering

Purpose and scope

Methylammonium lead iodide is the first hybrid metal halide
perovskite used to build a solar device and it is still one of the
most interesting and efficient materials for perovskite-based
solar cells. Therefore, it is also the most known and studied
hybrid metal halide perovskite.

We have been the first group in the world to employ RF
magnetron sputtering to deposit this class of materials,
demonstrating the possibility to use this advantageous technique
to obtain thin films suitable to produce many different devices.
This work gave us the preliminary results that kicked off the
longer, more complete, and more variated one illustrated in this
Ph.D. thesis.

Introduction

Simple fabrication routes represent a major advantage of hybrid
organic-inorganic perovskites for the manufacturing of efficient
yet low-cost solar cells. Solution-based methods are the most
widespread approach to prepare perovskite thin films, being at
the same time reliable and cost-effective!™. However, even
optimized solution-process methods are affected by
shortcomings. One is a lack of control over the low-temperature
crystallization process, which is affected by many factors such
as solvents and precursors, surface properties of the substrate,
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solvent evaporation during the deposition and annealing
conditions, often leading to poor reproducibility of films
morphology, thickness, crystallinity, and crystal size, properties
that in turn have crucial influences on the photovoltaic
performance. The second major shortcoming, more fundamental
than the first one, is that sequential film deposition from solution
cannot produce perovskite-perovskite heterostructures, since the
solvent employed in depositing subsequent layers washes away
the underlying ones. As a consequence, multijunction tandem
solar cells and p-n junctions all perovskite based are advancing
very slowly.

A very promising alternative to solution-based methods are the
vapor-based deposition techniques, which started in the last few
years to attract significant interest as a possible route to
overcome the aforementioned problems®®. In general, these
methods are expected to provide purity of precursors and
deposited films due to the vacuum environment and fine control
of the deposition parameters, resulting in a high level of
perovskite crystallization and reproducible films. Furthermore,
vapor methods are suited for a scale-up preparation and large
area deposition. It is crucial that vapor methods do not require
the use of solvents and of annealing steps, allowing perovskite-
on-perovskite deposition to create heterostructures and
junctions.

To date, the vapor-based methods applied to the synthesis of
hybrid perovskites are mainly based on vacuum evaporation
process and vapor-assisted solution processes (VASP), with few
other attempts of flash evaporation and ultrasonic spray
coating’®. We propose here a route based on a sputtering
technique to provide highly reproducible single-phase hybrid
perovskite films, full coverage of substrate surface, with the
added bonus of being an industry-tested technique for large area
film growth. The relatively lower deposition efficiency of
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sputtering is overcome by a magnetron-based device. To date,
no reports about the deposition of hybrid perovskites thin films

by sputtering has been reported.

Motivated by the above reported issues related to the preparation
of hybrid organic-inorganic perovskites films, in this paper we
demonstrate the successful one-pot growth of methylammonium
lead iodide CH3NH3Pblz (MAPI) films by means of RF-
magnetron sputtering starting from a single target made of a
CH3NH;I (MAI) and Pbl; mixture with a 30% w/w excess of
MAL Sputtering technique allows to finely tune the deposition
conditions by adjusting different parameters such as, for
example, RF-power, gas pressure, and target to substrate
distance thus providing an excellent platform to further optimize
perovskite films as well as to extend the approach presented here
for MAPI to any other material of interest in the field of
Perovskite Solar Cells (PSCs).

Experimental Methods

Film deposition. Thin films of MAPI have been deposited on
amorphous silica substrates (MaTek, roughness ca. 1 nm) by
means of radio frequency magnetron sputtering starting from a
MAI/Pbl> mixture (Aldrich, > 99.9%) with a 30% w/w excess of
MALI The target (diameter 5.08 cm, thickness 1 cm) was made
of pressed powders of MAI/Pbl, mixture. Depositions
parameters were: 1) target-to-substrate distance, 2 cm, ii) RF-
power, 40 W, iii) argon pressure, 2 X 107> mbar. The depositions
have been carried out in DC-bias mode by setting the value to
80 V (with respect to the target electrode), thus assuring a good
control over the deposition rate. Film thickness has been
determined through a mechanical profilometer. Estimated film
growth is about 30 nm/min.
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XRD Diffraction. The structural properties of the deposited thin
films were characterized by X-ray diffraction (XRD) by means
of a Bruker D8 Advance instrument (Cu radiation) in a Bragg-
Brentano set-up.

Optical Properties Measurement. Reflectance (R) and
transmittance (T) measurements were performed at 8° angle of
incidence using a dual-beam spectrophotometer with an
integrating sphere accessory (Agilent Cary 5000 UV-Vis-NIR).
Absorptance (A) was calculated as 1-R-T.

Time-resolved photoluminescence. Samples were mounted
excited by a regenerative amplifier laser (Coherent Libra)
delivering 100-fs-long pulses at a repetition rate of 1 KHz.
Photoluminescence was dispersed with a grating spectrometer
(Princeton Instruments Acton SpectraPro 23001 equipped with a
50 gr/mm grating blazed at 600 nm), dispersed and detected by
a streak camera (Hamamatsu).

CW_photoluminescence. Samples were excited by a diode-
pumped Nd:YVO4 CW laser at 532 nm (Spectra Physics
Millennia). Photoluminescence was dispersed by a grating
spectrometer (Princeton Instruments Acton SpectraPro 23001)
and detected by a LN-cooled CCD camera (Princeton
Instruments PIXIS). At the highest excitation intensities, laser
beam was chopped to reduce the overall thermal loading.

AFM Measurements. Surface topography and film roughness
were measured by atomic force microscopy (AFM) with a NT-
MDT Solver P47H-Pro instrument in semi contact mode at 1 Hz
scan speed by a Etalon high-resolution non-contact silicon tip.
Images were analyzed by WSxM software.

Results and discussion
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Figure 2.4 Schematic representation of the sputtering deposition method used in the
present work to growth MAPI thin films

Figure 2.4 presents a sketch of the MAPI thin films growth
method used in the present work, i.e. the RF-magnetron
sputtering starting from a target made of MAI and Pbl, with a
MALI excess of 30 wt%. Depositions were carried out at a RF-
power of 40 W, with argon (P =2 x 1072 mbar) as the sputtering
gas in the DC-bias mode by setting its value to 80 V.
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Figure 2.5 XRD patterns of MAPI films reported in Table 2.1

Figure 2.5 shows the X-ray diffraction patterns (XRD) of a series
of representative MAPI films with variable thicknesses from
below 200 nm (Film 1) up to about 3.2 pm (Film 9) (details are
reported in Table 2.1). Optimal growth conditions were obtained
after extensive optimization work and are reported in the
Experimental Section. The starting target for the sputtering
deposition was a mixture of MAI and Pbl, with a 30% w/w
excess of MAL
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Table 2.1 Band Gaps (Eg) for Select MHPs with variable chemistries and
dimensionality

Film Thickness (nm) Lifetime (ns)
1 <200 1.2
2 220 1.9
3 300 1.7
4 350 4.3
5 440 13.2
6 510 2.7
7 640 5.6
8 940 1.8
9 3200 2.7

The films reported in Figure 2.5 have a crystal structure
compatible with that of tetragonal MAPI (vertical red bars in
Figure — main reflections indicated in the figure) and are single-
phase or present very low Pbl, impurities (below 5% - the only
peak of Pbl, observed is marked with an asterisk in the Figure).
In addition, the diffraction peaks are quite narrow, indicating a
good crystallization due to the sputtering process which is a
significant result considering that the substrate is not heated
during the deposition. The possibility of growing crystalline
MAPI thin films on any substrate without in-situ and/or ex-situ
thermal treatments, together with the use of a single target, are
unique advantages of the present deposition process. In general,
from Figure 2.5, it can be observed a slight preferential growth
along the (00 1) directions, as suggested by the relative intensity
of the experimental peaks corresponding to the (002) and (004)
reflections compared to the calculated intensities. No significant
shifts of the peaks as a function of film thickness are evident in
the XRD patterns.

The surface morphology of the MAPI films has been
investigated by Atomic Force Microscopy (AFM).
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Figure 2.6 AFM topography images of MAPI film over 40 x 40 um for film 1 (A), 4
(B), 7 (C) and 9 (D).

Figure 2.6 reports some selected images of films with variable
thickness.

From the images of Figure 2.6, it is possible to see complete
coverage of the substrate surface starting from film 4 (Figure
2.6-B) which has an estimated thickness of about 340 nm. The
morphology of the deposited layers is made of small spherical
grains with size in the 100-200 nm range which tends to increase
by increasing the film thickness. In particular, Figure 2.6-D
shows that, for a bulk-like film (thickness ~3200 nm), the grain
size is comparable to that of a polycrystalline powder. The
average roughness estimated from the AFM maps, and defined
as root mean square (RRMS) of surface height, is around 20 nm
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for film 1 (thickness <200 nm), 7 nm for film 4 (thickness ~340
nm), 10 nm for film 7 (thickness ~640 nm) and 20 nm for film 9
(thickness ~3200 nm), values low enough to suggest a
deposition mechanism based on layer growth on the fused silica
substrate used here. Further insight into the morphology of the
deposited film has been achieved by SEM microscopy.

Figure 2.7 SEM images of MAPI film 4 () agncation at . - ad (B)
magnification at 100 kX) and film 7 (C) magnification at 20 kX and (D) magnification
at 100 kX).

Figure 2.7 reports some representative images for film 4 (ca. 350
nm) and film 7 (ca. 640 nm) collected at two different
magnifications (i.e., 20 kX and 100 kX).

SEM inspection reveals and confirms the very good coverage of
the substrate obtained with the present technique. In addition, a
more compact structure is observed in the images of the thicker
sample, i.e. figures 2.6-C and 2.6-D, suggesting a coalescence
of the film as the thickness increases. The morphology observed
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in the present films has some similarities with the morphology
reported for MAPI films deposited from different vapor methods
(such as CVD and thermal evaporation)!®!!. However, in the
present case, a more compact layer is always observed with
respect to the other techniques together with a better coverage of
the substrate! !,

Optical and excited-state properties of the deposited film have
been assessed by absorptance (A) and photoluminescence (PL)
measurements.
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Figure 2.8 Photoluminescence and absorptance spectra of MAPI films. Main panel.
Blue line: absorptance (A) spectrum of the film No. 4. The black and red lines are the
photoluminescence spectra. The former is the directly measured spontaneous
emission spectrum. The second one is the emission spectrum calculated from the
absorptance by using the reciprocity relation; the sharp drop of the calculated emission
intensity at the low energy side of the spectrum stems from the experimental noise of
the absorptance baseline. Inset. Directly measured photoluminescence spectra of
various films.
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Figure 2.8 shows a representative absorptance spectrum of a thin
MAPI film (4) grown by sputtering. The spectrum of thicker
samples clearly showed saturation phenomena for increasing
photon energies above the band-gap, caused by the strong
increase of the band-to-band absorption coefficient. As
expected, a sharp absorption edge is found in the typical region
of MAPI bandgap, i.e. around 1.6 eV'2. No evidence of
enhanced light absorption at 550 nm due to Pbl> is present,
confirming its absence or, when present, its relatively low
amount according to the XRD analysis. The measured
photoluminescence spectrum is also reported in Figure 2.8. The
spontaneous emission is almost resonant with absorption,
suggesting an intrinsic origin. Small variations of the emission
peak energy from sample to sample, in the range of 1020 meV,
were observed (see inset of Figure 2.8); an analogous effect was
indeed reported on solution-processed MAPI thin films, too'?.
The measured photoluminescence spectrum was compared with
the expected spectrum according to the reciprocity relation

—hw
between absorption and emission: PL(ho) « A(ho) ® e*sT!,
As the strong absorptance is due to direct band-to-band
transitions, the photoluminescence spectrum derived in this way
stems from spontaneous photon emission involving the very
same intrinsic states. The excellent agreement between the
expected and the measured spectra (red and black curves in
Figure 2.8) further supports the absence of any extrinsic
contribution to light emission in MAPI films grown by
sputtering.
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Figure 2.9 Photoluminescence dependence on excitation light intensity. Log-log plot
of the photoluminescence intensity versus laser intensity. Full circles: film No. 4;
Empty circles: film No. 12. The photoluminescence signal follows a power law as a
function of the laser intensity. At low excitation density, the power index is m = 1; at
higher excitation densities, m = 3/2. Insets: recombination processes at low and high
intensities. Electrons and holes mostly decay non-radiatively via mid-gap energy traps
(dashed line), which are assumed to capture only one type of carrier. At low
excitations, the majority of holes are generated by ionization of shallow acceptors
(unintentional chemical doping). At high excitations, the majority of holes are
generated by light. According to the Shockely-Read-Hall model, a high concentration
of free holes in the valence band (VB) is created, which turns out as a sort of
photodoping because most of electrons are trapped and the subsequent concentration
of free electrons in the conduction band (CB) remains low.

Figure 2.9 reports the dependence of the photoluminescence
intensity on the excitation power level of two films (4 and 12).
The reported behavior is representative of the whole set of
samples investigated in this work: in all films, the spontaneous
emission scaled linearly (m = 1) with the laser intensity at low
excitation regimes, then grew superlinearly at higher pumping
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intensities, following a m = 3/2 power-law. In absence of
nonradiative processes, light emission intensity is expected to
linearly scale with the excitation level, independently of the
nature of the involved electronic states, as all absorbed photons
are subsequently reemitted. Nonradiative channels change this
functional dependence. We have recently developed a simple
approach to relate nonradiative processes with the dependence
of the photoluminescence intensity on the excitation power!'>. In
simple terms, if the concentration of electrons (holes) as a
function of the laser intensity scales as a power law with index
me (mnp), the ensuing photoluminescence intensity also follows a
power-law, but with index m = me + my. We found that the
kinetics triggered by deep traps leads to m =me + mp =1 + 1/2
= 3/2, under the assumption (Shockley-Read-Hall model) that
traps in their ground state can be filled by only one type of carrier
(in the following we assume to be electrons)!”. This result can
be intuitively understood by looking at the recombination paths
sketched in Figure 2.9. Electrons undergo a conventional first
order decay process; their density is thereby linearly dependent
on the laser intensity in steady-state (me = 1). Holes recombine
with trapped electrons, following a true bimolecular process; the
square of the hole density is thus proportional to the laser
intensity, which leads to my = 1/2. The hole lifetime is much
longer than that of electrons, owing to the fact that the
bimolecular recombination is a slow process at low carrier
concentration. As a consequence, the densities of electrons and
holes are unbalanced: the concentration of holes is much larger,
and the semiconductor behaves as p-doped. m = 3/2 is indeed
the most common response observed in solution-processed
MAPI films'®".

In order to explain the linear behavior observed at low excitation
regime, we first note that m = 1 in our samples cannot be
explained in terms of radiative recombinations. At low power
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levels, the measured photoluminescence quantum yield was in
fact around 1073, proving that nonradiative recombinations are
the most efficient decays. Figure 2.8 shows the proposed model
to explain the experimental findings. We assume that films
contain a low concentration of shallow acceptors (unintentional
chemical p-doping). As long as the excitation rate is low, the
hole concentration is independent of excitation (mn = 0), while
the dynamics of electrons remains unaffected (me = 1) and thus
m = me. Increasing the excitation level, the concentration of
photogenerated holes becomes dominant and the m = 3/2
behavior is recovered. This analysis is consistent with the
observation that laser intensity, at which the transition from
chemical doping to photodoping occurs, depends on sample,
ranging from 10 mW/cm? (i.e., below the light intensity
delivered by sun) to a few 10> W/cm?. Unintentional doping
(both p- and n-type) is often reported also in solution-processed
MAPI films***!.
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Figure 2.10 Time resolved photoluminescence. Left panel. Decay curves of the
spectral-integrated photoluminescence signal for four films of different thicknesses.
Central panels. Photoluminescence spectrograms of film 5 and 7, respectively. Right
panels. Spectra of the spontaneous emission emitted in time window delimited by the
red and green rectangles shown in the spectrograms reported in the central panels.
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The time-resolved PL spectra of samples, representative of thin,
intermediate and thick samples, are shown in Figure 2.10,
together with the spectrograms of the two films with the longest
lifetimes. The spectrograms of all films show no spectral shift of
the emission with time (see the spectra recorded at two different
delays in the left panel of Figure 2.10), as expected from intrinsic
band-to-band emission following carrier thermalization at the
band edges.

The photoluminescence lifetimes of all the films investigated in
the present work are reported in Table 2.1 and provide a measure
of trap concentration and non-radiative recombination rates
associated to them. In general, the lifetimes are comparable to
those of as-prepared solution-processed MAPI thin films??2,
but fall short with respect to state-of-the-art MAPI thin films
optimized with post-growth treatments to passivate deep traps
that have been demonstrated to enhance the photoluminescence
lifetime and, consequently, quantum yield*’!. The results
reported in this work refer to films which did not undergo any
post-growth treatment and suggest that MAPI thin films
produced by sputtering could be also substantially improved in
their physico-chemical properties with future optimization
work. By way of example, a possible morphology tuning and/or
substrate heating to reduce the surface area of the film and/or to
modulate the grain size, and therefore the surface defects, could
already provide a significant increase in optical emission yield.
Figure 2.10 shows that the longest carrier lifetimes have been
obtained for intermediate thicknesses, which are close to the
optimal values for PSCs absorbing layers. On other hand, for
thinner and thicker films a reduction below 2 ns is observed. For
thinner films this may be related to a major role played by
surface defects, while for thicker film such reduction could be
possibly related to an increase of the polycrystallinity which is
known to enhance the nonradiative channels?’ !,
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Conclusions

We reported the successful deposition of MAPI thin films by
RF-magnetron sputtering. MAPI films were grown starting from
a single-target made of MAI and Pbl, (with a 30% w/w excess
of MAI) and appeared to be single-phase, with full surface
coverage and thickness ranging from less than 200 nm to more
than 3 um. The optical properties of the deposited films are
comparable to as-grown solution-processed MAPI films and, in
the future, the photoluminescence quantum yield could be
substantially improved with post-growth passivation treatments.
The development of vapor-phase deposition methods is of great
interest in the current research on hybrid perovskites in view of
a scale-up of device fabrication, the precise control of
stoichiometry and the possibility of growing perovskite-
perovskite heterostructures.
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2.2 CsSnBrs;, CsSn2Brs and Cs2SnBrs

Versatile vapor phase deposition approach to cesium tin
bromide materials CsSnBr3, CsSn2Brs and Cs2SnBrs

Purpose and scope

In this work, we reported on the successful application of RF-
magnetron sputtering to deposit, by using a single type of target,
three different materials in the form of thin films within the Cs—
Sn—Br compositional range

All that highlighted the wide tunability of the technique, the
possibility of using it to stabilize metastable phases, and its
successful application in the deposition of lead-free and all-
inorganic phases.

Introduction

In recent times, there has been a growing interest towards all-
inorganic perovskite materials for their application in perovskite
solar cells (PSCs) and optoelectronics. Among others, it is
possible to mention the use of CsPbBr3 and CsPbls, and their
solid solutions, in the fabrication of PCSs, as well as their
possible use in optical devices due to the superior emission
properties when dealing with nanosized materials.! ™ Besides the
well-established Pb-based all inorganic 3D perovskites, there is
an intense and continuous interest in developing lead-free phases
together with the search of more stable compositions by
reducing the dimensionality of 3D materials, thus exploring 2D,
1D, 0D, and perovskite related phases.®!° 3D lead-free all-
inorganic materials are now currently employed in the
fabrication of photovoltaic devices, as can be seen by the recent
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use of CsSnl; or Bi-based double perovkites.!! On the other
hand, the exploration of lower-dimensional lead-free perovskite
and perovskite-related phases is still a challenge. One of the
main reasons can be found in the difficulty in achieving thin
films of all-inorganic materials, where the common wet-
chemistry protocols used for hybrid organic—inorganic (HOIP)
phases do not reliably assure good results. For example, CsBr
has a poor solubility in some apolar solvents such as dimethyl
formamide, DMF, dimethyl sulfoxide, DMSO, etc. thus limiting
the use of one-step depositions methods.12 Even with modified
one-step depositions, the methods do not provide uniform films
and in other cases annealing at elevated temperatures is required,
which is impractical and leads to a reduction of the overall
device performance.!> Two-step deposition methods provide
better results in terms of uniformity but are more time-
consuming and require the control of several parameters.!?

One possible method to overcome such limitation is the use of
vapor phase deposition methods, but also in this case the current
methods of target evaporation by heating (commonly used for
HOIPs) cannot be easily used for inorganic materials showing
low volatility. In many cases, after vacuum deposition methods,
a thermal annealing at temperature up to 320 °C is required.'* In
addition to this, when dealing with tin-based systems, one of the
most exploited choice to substitute for lead, the stabilization of
Sn?" oxidation state during usual solution-based synthetic
procedures can be a challenge, thus requiring the use of additives
or complex synthetic approaches.’

In this paper, we are going to focus on a series of phases, within
the Cs—Sn—Br compositional phase diagram, by showing a vapor
phase deposition approach based on RF-magnetron sputtering
which allows, by tuning the deposition parameters or the post-
synthetic treatments, to access at least three single-phase
compounds, namely: CsSnBr3, CsSn2Brs and Cs2SnBrs, by using
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the same starting target material. RF-magnetron sputtering has
been already shown, by our group, to be a suitable technique for
metal halide perovskites because of its benefits in terms of
reliability, simplicity, and scalability, among others, In addition,
in most of the cases, a fully crystalline and uniform film is
obtained without the requirement of any thermal annealing.
Quite surprisingly, however, this method has not yet been fully
explored in the photovoltaic field."

Experimental methods

Film deposition. All the thin films have been deposited on
amorphous silica substrates (MaTek, roughness ca. 1 nm) by
means of radiofrequency (RF) magnetron sputtering starting
from a CsBr/SnBr; mixture (Aldrich, > 99.9%). The target
(diameter 5.08 cm, thickness 1 cm) was made of pressed
powders of CsBr/SnBr, mixture. Depositions parameters were:
(1) target-to-substrate distance, 8 cm, (ii)) RF-power, 50 W and
70 W (iii) argon pressure, 2 - 1072 mbar (iv) argon flux 20 SCCM
(v) substrate temperature, 0 °C, 200 °C. The depositions have
been carried out in power-control mode. Film thickness has been
determined by means of a P-6 stylus profilometer KLA Tencor.

Post-deposition heating. After the deposition selected films
have been heated and cooled in vacuum by using a BUCHI glass
drying oven. Others were instead heated and cooled in air by
means of an oven.

XRD diffraction. The structural properties of the deposited thin
films were characterized by X-ray diffraction (XRD) by means
of a Bruker D8 Advance instrument (Cu radiation) in a Bragg-
Brentano setup. EDX analysis provided an agreement within 5%
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between  nominal and  experimental = compositions.
Microstructural characterization of the samples was made using
a high-resolution scanning electron microscope (SEM,
TESCAN Mira 3) operated at 25 kV.

Optical properties measurement. Absorptance (A) spectra
were collected by using a UV-vis spectrophotometer Jasco750
with an integration sphere.

AFM. Atomic Force Microscopy (AFM) images (256 x 256
pixels) were obtained with an AutoProbe CP microscope
(ThermoMicroscopes-VEECO), operating in contact mode
(CAFM), by means of sharpened silicon tips onto V-shaped
cantilevers (resonance frequency: 15 kHz; force constant: 0.03
N m™). For each analyzed film, scans of 10 mm x 10 mm and
4.0 mm x 4.0 mm have been carried out with a scan rate ranging
from 1.0 to 1.5 Hz. A standard second-order flatten processing
of the images has been performed to correct the scanner
nonlinearity.

Results and discussion

CsSnBr3 is a typical 3D perovskite with a cubic unit cell and a
band-gap around 1.72 eV, and was object of few studies
addressing the growth of films by using spin-coating and
reactive thermal deposition to achieve epitaxial materials.!¢!8

CsSnyBrs has never been reported in the form of film (except as
an impurity phase in ref. 17), and the few data available refer to
crystal structure investigation in single crystals.!” CsSnyBrs has
a 2D tetragonal crystal structure belonging to the 14/mcm space
group, and is composed by two adjacent SnoBrs layers separated
by a Cs layer along the c-axis. Significant work has been carried
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out on the Pb-based counterpart, namely CsPb;Brs, which is
considered a promising candidate for optoelectronic
applications.?*?? Finally, Cs,SnBrq is a Sn(IV) containing phase
of great actual interest for both solar cells and optoelectronic
applications, and is a vacancy ordered double perovskite with
cubic symmetry (space group Fm3m), and a reported band-gap
around 3.2 eV.>*?° For this phase no reports on thin film
preparation have been reported. A sketch of the crystal structures
of the three compounds is reported in Figure 2.11.

Figure 2.11 Sketch of the crystal structures of (a) CsSnBr3, (b) CsSn2Brs, and (c)
Cs2SnBre showing the peculiar octahedra arrangement in the different structures (see
main text for details).

The samples have been prepared in form of film on fused silica
substrates by RF-magnetron sputtering starting from a target
made of CsBr and SnBr.. In this paper, we are reporting
representative data for the three single-phase compounds
obtained, which are the results of several replica of film
depositions. As mentioned above, the three compositions have
been prepared using a single target by varying the sputtering
conditions as shown in Table 2.2.
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Table 2.2 Sputtering conditions used in the experiment. Average thickness of all films
was in the range of 800-1000 nm

Argon DC-
Phase Pressure gas Power bias Deposition Thermal
(mbar) flux W) V) time (min) treatment
(scem)
200°C
CsSnBr3 0.02 1.2 20 50 10 during
deposition
CsSn2Brs 0.02 1.9 20 70 10 -
200°C
Cs2SnBre 0.02 1.7 20 70 10 during
deposition

Essentially, the film growth conditions were quite similar for the
three phases, with tuning of sputtering power and thermal
treatments as key parameters to modulate the phase
composition. By heating the substrate during film depositions to
200 °C, CsSnBrz was prepared, while a post-deposition
annealing to 200 °C allowed forming Cs>SnBrs. Without in situ
or postdeposition heating, CsSnz2Brs is the stable phase formed
under selected conditions.
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Figure 2.12 X-ray diffraction patterns of (a) CsSnBrs3, (b) CsSn2Brs, and (¢) Cs2SnBrs.
Vertical red bars refer to the calculated pattern for each phase. Asterisk indicates
reflection from the sample holder.
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Figure 2.12 shows the X-ray diffraction patterns of three films
of about 1 mm thickness representing CsSnBr3, CsSn2Brs and
Cs2SnBrg, together with the reference patterns for each of them

(as vertical bars).

As can be seen from Figure 2.12, the three films are single-phase
with very good crystallinity, also for the sample prepared
without any thermal treatment (i.e. CsSnoBrs). No signs of
peculiar preferential orientation effects are found in the patterns.
Hump around 22° in Figure 2.12 is due to the amorphous nature
of the substrate (fused silica). Chemical composition of the
prepared films was checked by EDX (energy dispersive X-ray
analysis) and was found in very good agreement with nominal
stoichiometries. The results reported above clearly indicate the
versatility of sputtering approach in modulating the deposited
phases by simply changing the deposition and/or heat treatment
parameters. Being the sputtering a quite complex process, often
far from equilibrium, it is not simple, and goes beyond the scope
of the present work, to understand the specific conditions
leading to the stability of the different phases, probably related
to the different sputtering efficiencies of CsBr and SnBr» and to
surface reactions. Notwithstanding, the method is extremely
reliable and, by keeping the same sputtering conditions/thermal
treatments, the three phases are always obtained. The lattice
parameters determined from the refinement of the patterns
reported in Figure 2.12 are: a = 5.8196(7) A for cubic CsSnBr3;
a=8.4958(6) A and ¢ = 15.180 (1) A for tetragonal CsSn»Brs;
and a = 10.8417(8) A for cubic Cs2SnBrs.

On the representative films shown in Figure 2.12, we performed
UV-vis absorption spectroscopy measurements, which are
shown in Figure 2.13, below.
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Figure 2.13 UV-vis absorption spectra of (a) CsSnBrs3, (b)CsSn2Brs, and (¢) Cs2SnBre.

Inset of panel (a) reports the photoluminescence spectrum of CsSnBrs.

The spectra of CsSnBr3; well matches with the data reported for
the bulk phase, as well as for the few thin films available, with a
very sharp absorbance around 700 nm, and a band-gap of ~1.73
eV.1671826 For this material, having an absorption in a range of
interest ~ for  photovoltaic  applications, also  the
photoluminescence (PL) spectra has been determined, and it is
shown in the inset of Figure 2.13-a, indicating a maximum of
emission around 710 nm. This result is also in agreement with
previous data.?® The quality of the absorption spectra of CsSnBr3
film, prepared by sputtering, is significantly higher with respect
to the data reported for films prepared by wet-chemistry route,
showing edges extending from 400 to 700 nm.'! The spectra of
CsSn;Brs shows broader features, possibly related to the lack of
any thermal treatment, with a first edge around 390 nm and a
band-gap of about 3.2 eV, in fair agreement with the only
available report on this phase, which is however for a very thin
film used as a barrier layer.!” Finally, Figure 2.13-c reports the
absorption spectra of Cs2SnBrs showing again a very sharp edge
and an estimated band-gap of about 2.85 eV, in good agreement
with previous reports on bulk materials, being this the first time
Cs2SnBrs is prepared in form of film.?*

Finally, the morphology of the three films reported above has
been determined by Atomic Force Microscopy (AFM) and some
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representative images (4 mm x 4 mm area) are shown below
(Figure 2.14).

T
200

Figure 2.14 Selected AFM images of (a) CsSnBr3, (b) CsSn2Brs, and (c) Cs2SnBrs on
4 mm x 4 mm area.

There is a markedly different morphology in the three films
deposited. CsSnBr3 (a) shows well-defined spherical grains of
average dimension around 100—150 nm and a surface roughness
(Rrms) around 30 nm; CsSnBrs (b) is composed of grains of
about 150 nm agglomerated into relatively big spherical objects
(500—700 nm) which can be the result of the absence of any
thermal treatment; and finally Cs;SnBrs films (c) is
characterized by polygonal-shaped grains of a size around 200
nm. The peculiar shape of these last grains are in some way
reminiscent of the hexagonal form found in nanosized samples
of Cs2SnBry particles.?* Substrate coverage as well resulted to be
quite good for these sputtered films as can be inferred by 10 mm
x 10 mm images.

Unfortunately, there are not direct AFM images collected on
analogous film to perform any relevant comparison. It is
interesting to note, however, that any specific composition leads
to a peculiar morphology (for analogous film thicknesses)
(Figure 2.14).
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Conclusions

This paper reports the successful deposition of three distinct
single-phase materials in form of thin films of the Cs—Sn—Br
system by RF-magnetron sputtering, namely CsSnBr3, CsSnBrs
and Cs>SnBre. The deposition approach used in this work
allowed using the same starting target material and tuning the
preparation of the desired phase by changing the sputtering
parameters or applying mild post-deposition heat treatments.
Structural, optical and morphology measurements confirm the
quality of the prepared films. The accessibility of complex all-
inorganic phases, which may be difficult to deposit in form of
films by means of traditional wet-chemistry routes, is
demonstrated through a simple, reliable and scalable vapor-
phase method such as sputtering.
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2.3 Cs3Bix(I1-xBrx)o

Optical and Structural Properties Tuning in Physical
Vapor Deposited Bismuth Halides Cs3Bi2(11-xBrx)s (0<x<1)

Purpose and scope

Here, crystalline films of lead-free all-inorganic Cs3BixXo
(X=Br, I) perovskites have been deposited by RF-magnetron
sputtering providing high-quality single-phase films as
confirmed by structural, morphological, and optical properties
characterization.

The work not only confirmed the versatility of the technique and
its successful application in growing lead-free thin films suitable
to produce devices but also demonstrated that it is possible to
use this method to deposit solid solutions and subsequently
chemically tune the structural and optoelectronic properties of
metal halide perovskites.

Finally, preliminary photocatalytic activity tests on the
degradation of methylene blue provided solid data indicating the
future possible exploitation of Bi-based perovskite derivative
materials as active photocatalysts.

Introduction

Bismuth-based perovskite derivatives of general formula
Cs3Bi2X9 (X=Br, I) are attracting a huge interest in several
diverse communities for their technological potential spanning
from photocatalysis to photodetectors, organic synthesis and
photovoltaics.!!!

Triggered by the issue to overcome the concerns related to Pb-
toxicity in Metal Halide Perovskite (MHPs) for photovoltaics,
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the field of lead-free perovskite and perovskite derivatives has
significantly extended towards novel applications by exploiting
the photoactivity of lead-free materials which possess, in
addition to relevant catalytic performance, water-stability which
is still a key problem of lead-based systems. Among Bi-
containing perovskites, Cs3BiBry and Cs3Bizlo have been object
of several recent publications highlighting, in particular, their
potential use in organic synthesis and photodetection.>65!!
Cs3Bi2Bry has a trigonal crystal structure (Space Group. S.G., P-
3m) characterized by a layered structure of alternated corner-
sharing octahedra, and shows strong optical absorbance around
400-500 nm depending on the material state, i.e. powder, single-
crystals, thin films.!>!® Its large excitonic binding energy
prevents this material being suitable for photovoltaics,
nevertheless it has offered good performance as active layer in
photodetectors and, even more interestingly, in photocatalytic
applications.®!!"'2 Cs3Bi2Bre showed to be effective in the direct
selective photocatalyzed oxidation of hydrocarbons with high
conversion rates and excellent selectivity and in the ring-
opening reaction of epoxides.!! In both cases, Cs3BixBro
exhibited good stability and recyclability while the lead-based
counterpart performed significantly worse. Cs3Bizlg perovskite,
crystallizing in a hexagonal symmetry (S.G., P63/mmc), on the
other hand, has been deeply investigated for its possible use as
active layer in Perovskite Solar Cells (PSCs) since 2015, due to
its high absorption coefficient and a band-gap of about 2.10 eV.!
Strong efforts have been put in place in optimizing the film
morphology for PSCs due to the known dissolution problems of
inorganic precursors when applying solution-based methods.!
The potential applications of Cs3Bilo have been further
extended in the last years to photodetection and photocatalysis,
in analogy with the bromide-containing phase.>®’ As an
example, perovskite single crystal thin films of Cs3Bi2ly have
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been grown by a space-limited solvent evaporation
crystallization method providing highly efficient photodetectors
with impressive stability without any encapsulation for 1000 h
in humid air (50% RH).!” The same compound has been used in
photocatalysis for hydrogen evolution and organic pollutant
degradation.!®!

Mixed Cs3;Bi2lo.Brr have been also the object of some
investigation for both photovoltaics and photodetection
applications.>> An extensive and deep study of the I/Br solid
solution is reported in the work of Yu et al., where thin films of
both end members and intermediate mixed compositions have
been prepared by spin coating and used in PSCs.> While showing
relatively low power conversion efficiencies (PCEs), with
Cs3Bi2l¢Brs delivering 1.15% as best performing compound, the
data confirm the significant stability of Bi-based phases.? Liu et
al., studied the performances of Cs3BixBro.,I, films by varying
x, and achieved the best performance for the Cs3;BixlsBr3
composition with an excellent photosensitivity of 4.1 x 10* at
zero bias as well as with the responsivity and detectivity
reaching 15 mA/W and 4.6 x 10! Jones.® Also in this case, an
excellent stability in the ambient environment, maintaining over
96% of the initial value after 100 days, was observed.’

All the evidences reported so far refer to works carried out in the
last couple of years suggesting that Bi-based layered perovskites
show promise for future exploration and possible applications in
several technologically relevant fields, as also recently
demonstrated by the interest in tunable Cs3Bix(Clil:)o halide
perovskites.?’ In this respect, the possibility of film deposition
scale-up is an urgent issue. Recently, physical vapor deposition
methods are triggering significant interest; they seem a valuable
path to make the required step from the laboratory scale to the
industrial scale in all the fields where good quality thin films are
required, in particular when considering all-inorganic perovskite
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materials where solution processing is more complicated with
respect to hybrid organic-inorganic phases.!

Based on the above considerations and the strong appeal of Bi-
based layered perovskites, in this work we carried out the vapor
phase deposition by means of RF-magnetron sputtering of the
Cs3Bix(Ii:Bry)9 system (0<x<l). To date, no vapor phase
approaches have been used to prepare Cs3Bix(I1-«Brx)s films and,
in addition, RF-magnetron sputtering has scarcely used for
perovskite films notwithstanding its huge potential for scale-up,
providing stoichiometry control, good morphology and high
crystallinity and quality of deposited films, as we demonstrated
recently.?>?} Together with the structural and optical properties
characterization of the deposited films we report a significant
photocatalytic activity in organic pollutant degradation
combined to excellent water stability of the prepared materials.
In the following, we start discussing the two end-members of the
solid solution, namely Cs3Bi2Bry and Cs3Bizlo, and then moving
to the investigation of the mixed compositions.

Experimental methods

Film deposition. All the thin films have been deposited by
means radiofrequency (RF) magnetron sputtering on substrates
made by cutting microscope slides (1 mm thick) in 25x25 mm
pieces. Substrates have been mechanically cleaned with 2-
propanol (Aldrich, >99.7%), sonicated in the same solvent for
15 minutes, and heated at 200°C on a hot plate just before
deposition. The targets (diameter 5.08 cm, thickness 1 mm) were
made of pressed powders of stoichiometric CsBr/Csl/Bil3/BiBr3
mixtures (Aldrich, 99.9%). Overall starting mass of the target
was about 10 grams.
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Deposition parameters were: (i) target-to-substrate distance, 10
cm, (ii) RF-power, 50 W (iii) Argon pressure, 2.3x102 mbar (iv)
Argon flux 20 SCCM. The depositions have been carried out in
power-control mode. Film thickness has been determined by
means of a P-6 stylus profilometer KLA Tencor equipped with
a silicon tip (tip radius 2 um; applied force 2 mg). After the
deposition the films have been heated and cooled in vacuum by
using a BUCHI glass drying oven for 2 hours at 200°C.

XRD diffraction. The structural properties of the deposited thin
films were characterized by X-ray diffraction (XRD) by means
of a Bruker D8 Advance instrument (Cu radiation) in a Bragg—
Brentano setup.

EDX and SEM. EDX analysis and microstructural
characterization of the samples was made using a high-

resolution scanning electron microscope (SEM, TESCAN Mira
3) operated at 25 kV.

AFM. Atomic Force Microscopy (AFM) images were obtained
with an AutoProbe CP microscope (ThermoMicroscopes-
Veeco), operating in tapping mode, by means of sharpened
silicon tips Nanosensors (resonance frequency: 300 kHz; force
constant: 40 N/m). For each analyzed film, scans from 90 um x
90 um, to 4 pm % 4 um have been carried out with a scan rate
ranging from 0.5 to 1 Hz. A standard second-order flatten
processing of the images has been performed to correct the
scanner nonlinearity.

Absorption and Diffuse Reflectance Spectroscopy.
Ultraviolet-Visible-Near  Infrared (UV-Vis-NIR) optical
measurements were performed under ambient conditions using
a Varian Cary 6000i spectrophotometer equipped with a double

73



monochromator, a deuterium lamp and a tungsten filament lamp
as light sources, a photomultiplier (UV-Vis) and an InGaAs
photodiode (NIR) as detectors. Spectral range was 200-1800 nm,
in step of 1 nm. Both near normal absorption spectra and diffuse
reflectance spectra with a 110 mm diameter integrating sphere
were performed.

Raman Spectroscopy. Micro-Raman measurements were
carried out at room temperature by using a Labram Dilor
spectrometer equipped with an Olympus microscope HS BX40.
The 632.8 nm light from He-Ne laser was employed as
excitation radiation. The samples, mounted on a motorized xy
stage, were tested with a 50x objective and with a laser spot of
~1.5 um of diameter. The spectral resolution was about 1 cm™.
A cooled CCD camera was used as a detector and the typical
integration times were about 2 minutes. The sample phase
homogeneity was verified by performing linear scanning over a
length of about 30 um in three different sample regions. From
these scans an average spectrum for each sample has been
derived. These spectra were processed by best-fitting procedures
based on lorentzian functions.

Methylene blue Photodegradation. The methylene blue
degradation was conducted in a batch set up. 3 mL of methylene
blue solution (0.5 g L") were placed in a quartz cuvette together
with the catalyst film, sputtered onto a 0.8 cm x 4.0 cm glass
substrate. The progress of the reaction was monitored measuring
the absorption of the solution at 664 nm. The catalyst film was
placed in a direction perpendicular to irradiation path. The
irradiation was conducted in a solar box equipped with a Xe
lamp, and the irradiance was set to 250 W/m?, to avoid excessive
degradation of the methylene blue during the photolysis (without
the catalyst). Before the start of the irradiation, the filled cuvette
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was kept in the dark for half an hour to enable the establishment
of an adsorption-desorption equilibrium between the methylene
blue and the thin film. The experiments were repeated 3 times
(RSD < 10%).

Results and discussion

Cs3Bizly and Cs3BizBry perovskites films

RF-magnetron sputtering has been adopted to deposit high-
quality films of Bi-based layered perovskites starting with the
preparation of Cs3Bixlo and Cs3Biz2Bro.

Cs3Bizly films of average thickness of about 500-1000 nm (as
determined by profilometry, see Experimental Methods) have
been deposited on glass substrates starting from a target
composed of stoichiometric amounts of Csl and Bil; without
substrate heating. Post-deposition thermal treatment has been
carried out at 200°C for 2 hours under mild vacuum.
Characterization has been initially carried out by X-ray
Diffraction (XRD) checking the crystal structure. Figure la
displays the film pattern superimposed to the calculated
diffraction for hexagonal (P63/mmc — JCPDS card 01-070-0666)
Cs3Bizlo. There is a perfect match between experimental and
calculated data confirming the deposition of single-phase films
with good crystallinity as also evidenced by the narrow
diffraction peaks. The lattice parameters are a=b=8.4081(5) A
and ¢=21.1520(8) A.
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Figure 2.15 XRD pattern of a Cs3Bizlo film superimposed to the calculated pattern of
the hexagonal structure (vertical red lines), inset: left, photo of the Cs3Bizly film
deposited on glass substrate; right: sketch of the crystal structure of Cs3Bizlo

The inset of Figure 2.15 shows a picture of the film deposited by
sputtering which looks dark-red and highly reflective. A sketch
of the hexagonal crystal structure is as well reported in the inset
of Figure la. In addition, a slight preferential orientation along
the (00/) direction (Miller indexes in bold in Figure 2.15) is
observed by comparing expected and experimental intensities.
In addition, nearly (40/) fully oriented films can be obtained by
slightly changing the depositions conditions and, in general,
such an effect is observed for films of thickness of about 500-
600 nm. A typical pattern of such an oriented film of Cs3Bizlo is
shown in Figure 2.16.
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Figure 2.16 XRD pattern of a (hOk) fully oriented film of Cs3Bizlo.

Further insight into the film crystal quality has been obtained by
Raman spectroscopy. Figure 2.17 shows the spectra of the films
reported in Figure 2.15 and 2.16.
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Figure 2.17 Raman spectra of the unoriented (red line) and oriented (blue line)
Cs3Bizlo film
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The spectrum of the unoriented film shows broadened Raman
features with respect to reference Raman spectra of a single-
crystalline sample of Cs3;Bizlo.”* Nevertheless, one can
appreciate different peaks: according to ref. 23, bridge Bi-I
asymmetric stretch around 90 cm™, terminal Bi-I asymmetric
stretch around 120 cm™ and the terminal Bi-I symmetric stretch
at about 150 cm’!, are clearly visible, while other vibrational
modes are less defined. On the other hand, for the oriented film,
an intrinsic mode selection leads to a Raman spectrum
dominated by the signal of asymmetric stretch around 120 cm™.
Finally, the optical response of Cs3Biz2ly sputtered films have
been determined by Absorption and Diffuse Reflectance
spectroscopy. The absorption edge has been first argued at about
670 nm, i.e. 1.85 eV on films of different thickness. The bandgap
has been then better estimated from the extrapolation of the
linear part of [F(R) hv]* where F(R) is the Kubelka-Munk
function F(R) = (1-R)*/2R, as reported in Figure 2.18 for an
oriented Cs3Bizlo film.
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Figure 2.18 Optical absorption edge of an oriented Cs3Bizlo film (direct gap red curve
and indirect gap blue curve extrapolations)

A clear absorption edge is observed corresponding to a direct
bandgap of about 2.0 eV. Such a value is in agreement with the
only paper reporting thin films of Cs3Bi2ly prepared by spin-
coating where, however, the authors observed a more structured
absorption edge identifying a direct and an indirect band-gap.?
The indirect gap edge is estimated at 1.96 eV (blue curve) from
the indirect-gap extrapolation of the linear part of [F(R) hv]"2.
Cs3Bi2Bro  films have been deposited starting from
stoichiometric amounts of CsBr and BiBr3 followed by a thermal
treatment at 200°C for 2 hours under mild dynamic vacuum (as
for the Cs3Bi2lo material).
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Figure 2.19 XRD pattern of Cs3Bi2Bro film superimposed to the calculated pattern of

the Cs3Bi2Bry crystal structure (red lines), inset: from the left: typical aspect of
deposited film and sketch of the crystal structure of Cs3Bi2Bro

40

This approach allowed us to prepare single-phase, highly
crystalline Cs3Bi2Br9 films as shown in Figure 2.19, with the
typical aspect of the yellow film reported in the inset. Cs3Bi2Brog
films grow in the trigonal crystal structure (P-3m — JCPDS card
01-070-0493) as sketched in the inset of the Figure, with a slight
preferential growth along the (00/) direction (Miller indexes in
bold in Figure 2.19) as can be inferred by comparing the
experimental pattern with the calculated one (vertical red lines).
Raman spectroscopy has been used also in this case to further
probe the film structure.
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Figure 2.20 Raman scattering spectrum of single-phase Cs3Bi2Bro film

Figure 2.20 shows the Raman spectrum of a single-phase
Cs3Bi2Bry film which is in excellent agreement with published
data.?* Indeed, the two expected A, and E, normal modes give
strong Raman features centered at ~190 cm™ and 165 cm,
respectively, as a result of Bi-Br vibrations inside the corner-
sharing [BiBrs]*” octahedra. Additional weaker Raman features
are correctly measured at 91, 76 and 66 cm™'. The high quality
of the obtained structure is confirmed by the FWHM values of
Ajg and E, bands (6.9 and 5.3 cm™! respectively), very close to
the values obtained for single crystals.?®
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Figure 2.21 Optical absorption edge of the same film (direct gap red curve and indirect
gap blue curve extrapolations)

The optical response is blue-shifted with respect to Cs3Bizlo, as
shown in Figure 2.21, and is characterized by a sharp edge
corresponding to a band-gap of about 2.64 eV to be compared to
the value of 2.67 eV reported for the only available Cs3Bi2Bry
film study in current literature.? Indirect edge is at 2.6 eV (blue
curve). The presence of a direct and indirect band gap in
Cs3Bi2Brg has been described in detail by Zhang and co-
workers.?’

So far it has been demonstrated the first successful application
of RF-magnetron sputtering to growth high-quality, single-
phase Cs3Biz2lo and Cs3Bi2Bry films, reporting also the first vapor
phase growth on these Bi-based perovskite derivatives. The two
compositions have distinct crystal structures and optical
properties which, as shown in the next section, can be tuned by
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halide alloying, also providing a demonstration of the
effectiveness of sputtering method to grow mixed phases.

Mixed Cs3Biz(I1xBrx)s (0=x<1) films

Mixed Cs3Bix(I1xBry)o (0<x<1) have been grown by RF-
magnetron sputtering according to the experimental conditions.
Figure 2.22 reports the XRD patterns of a series of mixed films
of average thickness of about 300 nm as a function of x (bromide
content).
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Figure 2.22 XRD pattern of the Cs3Biz(I1xBrx)9 (0<x<1) series of films

EDX analysis was used to determine the effective Br/I content
which resulted to be very close to the nominal one with
deviations of the order of +5%. EDS analysis also confirmed the
good atomic homogeneity of the prepared films.

For the range 0<x<0.3 the crystal structure of the mixed
compositions is the same as that of Cs3Bi2lo (P63/mmc), with the
diffraction lines of the samples showing a progressive shift
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towards higher angle (smaller lattice parameters) by increasing
the Br-amount. At x around 0.4, the XRD pattern shows the
presence of the characteristic diffraction peaks of Cs3Bizlo (with
significant preferential orientation along the 00/ reflections)
together with the appearance of diffraction peaks related to the
trigonal crystal structure of Cs3Bi2Bro (P-3m, marked with an
asterisk in Figure 5a) which are, in addition, found at significant
lower angles with respect to reference structure (vertical red
lines of the top part of Figure 2.22), indicating a bigger unit cell
due to iodide presence. By further increasing the Br-amount, x,
to 0.5, single-phase samples in mixed system Cs3Bix(11xBry)o are
found. Now, the crystal structure is compatible with that of
Cs3Bi2Bry. As it can be appreciated by the top panel of Figure
2.22, and with reference to the reflection of Cs3Bi2Brg (vertical
blue bars), the diffraction peaks of the mixed compositions in
the 0.5<x< 0.9 range are shift to lower angles as a result of the
presence of bigger I which increases the cell volume. The trend
of lattice volume, determined by profile matching of the
diffraction patterns, for the series of films reported in Figure
2.22 is shown in Figure 2.23.
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Figure 2.23 Trend of lattice volume of Cs3Biz(I1xBrx)o (0<x<1) films as a function of
Br-content

It is observed a roughly linear trend of V in the two regions of
phase stability, with different slopes, as a function of bromide
content.

The present results mark a transition from hexagonal to trigonal
symmetry at about x=0.3, ie. Cs3Bils3Br7, a small
intermediate region of mixed-phase samples, and another region
of single-phase mixed compositions with trigonal symmetry
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from Cs3BizlssBrss to Cs3Bi2Bro. The data reported on spin-
coated films by Yu et al. evidenced a similar phase transition at
a composition equal to Cs3Biz2lsBr3, indicating the existence of
mixed samples around Cs3Bixl7Bra, while alloying in the
analogous system in form of nanocrystals occurs at
Cs3Bials 6Brs 4 in excellent agreement with the present data.®
Morphological characterization of some selected films of the
Cs3Bix(11:Bry)e (0<x<1) series has been assessed by Atomic
Force Microscopy (AFM).

2000 =

Figure 2.24 AFM images on 20 x 20 pm area for Cs3Biz(I1xBrx)9 samples for x=0,
0.3,0.5,0.7and 1

In Figure 2.24 are reported the images collected on 20 x 20 um
area for films at x=0, 0.3, 0.5, 0.7 and 1. From the 90 x 90 pm
area images it is evident that the RF-magnetron sputtering
method provides a very good substrate coverage. The RMS
roughness spans from 15 to 60 nm, with no clear trend as a
function of the Br content with a value around 30 nm for
Cs3Bizlo and around 60 nm for Cs3BiBry. From the images in
Figure 2.24 (and the 4 x 4 pm in SI) it is possible to note that the
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films are composed of small particles of about 50-300 nm
depending on the composition (e.g., average grains size around
40-70 nm for Cs3Biz2ly and around 200-300 nm for Cs3Bi2Br).
In general, there are no significant differences in film
morphology, apart from the slightly less compacted film
obtained for Cs3;Bi2Bro.

The behavior derived from XRD results for mixed samples is
further confirmed by Raman data. Room temperature Raman
spectra have been registered for all the investigated samples in
the region 50-1000 cm™'.
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Figure 2.25 Raman spectra at room temperature of different mixed samples plotted
with the two end-members
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In Figure 2.25, for ease of viewing, a selection of mixed samples
is reported in the region 80-220 cm™ where a Raman yield can
be measured. The Raman spectra from the two end-members are
also reported for comparison. The spectra in Figure 2.25 result
by averaging all the spectra obtained from linear scans. This
protocol allowed to check the homogeneity of the Raman
behavior the deposited films from different sample regions. In
particular, for x < 0.4 and x >0.6, the films exhibit a higher
degree of homogeneity.

The initial substitution of I by Br leads to a Raman spectrum
dominated by the typical A' mode due to terminal Bi-I
symmetric vibrations in Cs3Bizlo, differently from what already
observed for the pure sample, whose spectrum is mainly due to
the mode at about 117.0 cm™ attributed to terminal Bi-I
asymmetric vibrations. This fact confirms that the addition of
low amounts of Br leads to films with a crystal structure equal
to that of Cs3Biz2ly but with different orientation, in accordance
with XRD data. Increasing the Br alloying causes the increasing
Raman activity at energies higher than 160 cm™. A very weak
signal at around 162 cm™ is already present in the spectrum for
the sample with x=0.3 and become more and more pronounced
with clear blue-shifting with increasing the Br content. In the
range 0.3 < x < 0.6 it is possible to observe Raman features
pertinent to both crystal structures. Indeed, the Raman spectrum
in the region 100-200 cm™ were obtained for the sample with x
= 0.5 during a linear scan. The data are interpolated by a
superposition of six lorenztian curves evidencing a mixing
between the two phases. It is important to underline that this kind
of spectra are in any case rarely observed and, by averaging over
15 spectra, the contribution from the minority phase tends to be
smeared out. At higher Br amounts, the Raman activity in the
region 80-150 cm™' decreases indicating that the contribution
from Bi-I vibrations is gradually quenched while, on the
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contrary, that from Bi-Br is strengthened. The transition between
the two different crystal structures can be further appreciated by
monitoring Raman band parameters as reported in Figure 2.26.
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Figure 2.26 Peak position (open symbols) and linewidth (fully symbols) for the
Raman bands corresponding to A' mode in Cs3Bizly (squares) and to Aig mode in
Cs3Bi2Bry (circles)

The Raman modes we used as reference are the already
mentioned A' symmetric mode, involving terminal Bi-I
vibrations, for Cs3;Bizlo, and the Aig mode due to the Bi-Br
vibrations inside the corner-sharing [BiBr6]* octahedra in
Cs3Bi2Bry, peaked in pure samples at 144.0 cm™ and 191.0 cm’
! respectively. According to Yu et al., the insertion of Br causes
a small blue-shift of the A' phonon energy with an hardening of
the mode of about 2 cm™ for the x= 0.4 sample.? On the other
hand, the linewidth of this Raman mode increases markedly as
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the result of the disordering due to the Br insertion in the Bi-I
vibrations units. At higher Br amounts the Raman fingerprints
of the trigonal crystal structure (P-3m) appear at around 160 cm’
!, The broadened and unresolved feature denotes a higher
disorder degree which is gradually quenched leading to the fully
ordered phase in pure sample. In this case the blue-shift of Ai,
mode is greater than that observed for A' mode but this is
consistent with the contraction of cell volume and the involved
anion masses. The higher disorder in the mid-range of
substitution and the presence of Raman features ascribable to
both crystal systems indicate the presence of a mixed phase.
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Figure 2.27 Diffuse reflectance spectra of different mixed Cs3Bia(11-xBrx)o samples
plotted with the two end-members
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Figure 2.27 reports the diffuse reflectance spectra of selected
films (for ease of representation) for the Cs3Bix(I1-xBry)9 system
showing a clear blue-shift from x=0 to x=1. The direct gap
energy for all the films considered shows a progressive shift of
the fundamental absorption edge towards higher energies with
increasing Br content, with a good linear trend all through the
visible range (Figure 2.28) and with a slight deviation at x=0.5
which could be possibly correlated to the Raman results
indicating, locally, a mixed-phase nature of the sample.
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Figure 2.28 Fundamental gap energy trend (dots) with linear trend interpolation and
the comparison with literature data (asterisks)
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The monotonic bandgap variation with increasing the Br
content, as shown in Figure 2.28, well follows the literature
trend, as experimentally observed by Gu et al. on only three
compositions.?

Finally, we report in the present work some preliminary results
aiming at testing the photocatalytic properties of Cs3Bixly and
Cs3Bi2Bro films, which have been assessed by determining their
ability in the photodegradation of an organic dye by selecting
methylene blue (MB) as a representative model compound of
this class. As mentioned in the Introduction, Cs3:Bixlo and
Cs3Bi2Bry have attracted a significant recent interest due to their
relevant photoactivity which however has been to date
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Figure 2.29 Percent of MB removal as a function of irradiation time for Cs3Bizlo (red
dots) and Cs3Bi2Bry (blue dots) films, compared to the photolysis effect (empty dots);
conditions: 0.5 g L™! catalyst, 250 W m 2 simulated solar light. RSD < 10% (n = 3).
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Figure 2.29 shows the variation of percentage removal of MB
(calculated as Co- C/Co where Cy is the initial concentration) as
a function of irradiation time, compared to that of direct
photolysis.

It is clear from the Figure above that the two films have a
relevant activity in the degradation of MB which provides the
first evidence of photoactivity by Cs3Bi2Bro and Cs3Bizlo thin
films. Slightly different behavior in the MB degradation
between the two compositions may be the result of
morphology/grain size effects (see AFM data above). The
degradation of MB was also investigated concerning the
kinetics. For quantitative evaluation, experimental data for MB
photodegradation were fitted to different kinetic equations to
determine the suitable model to represent the kinetics of
degradation.?® Plotting the natural logarithm of the ratio between
the original concentration and the concentration after
photocatalytic  degradation In([MBo/[MB];) versus the
irradiation time (min) provided a linear relationship. The
apparent first-order rate constants (min') where 0.0295 and
0.0389 for Cs3BizBrg and Cs3;Biz2lo films, respectively.
Concerning the mechanism of MB degradation, previous data on
bulk Cs3B1,Br9 and Cs3Bi2ly indicated that the MB degradation
occurs via the formation of hydroxyl radicals.?*° These
promising results open the way to further explore the application
of Bi-based perovskites in a series of relevant photocatalytic
reactions.

Conclusions

In the present paper we provide and demonstrate an efficient
vapor deposition route for the preparation of single-phase, high-
quality films of Cs3Bi2Bry and Cs3Bi2lo based on RF-magnetron
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sputtering, which is a simple and effective method making use
of a single target source. The films have been characterized in
terms of crystal structure, morphology, optical and Raman
spectroscopies and by assessing preliminary photocatalytic
activity by investigating the solar-driven MB degradation. RF-
sputtering has been also successfully employed to prepare mixed
I/Br films Cs3Bix(11-:Brx)9 (0<x<1), confirming the suitability of
this approach in preparing alloyed compositions with a very
good stoichiometry control, as well. A structural phase transition
has been observed at about x=0.4, as confirmed by X-ray
diffraction with a scaling of lattice parameters with halide
content. Raman spectroscopy revealed to be effective in
following the structural evolution of mixed compositions.
Finally, a variation of the fundamental bandgap from 2.0 eV for
Cs3Bizlo to about 2.64 eV for Cs3Bi2Brg has been observed with
a tuning of the £, between the two end-members achieved in the
mixed compositions. To conclude, this paper demonstrates the
efficiency of sputtering in preparing thin films of all-inorganic
lead-free Bi-based perovskites which are of huge interest for the
wide community of photovoltaics, optoelectronics and, more
recently, photocatalysis. As we already demonstrated for other
metal halide perovskites, sputtering seems to be a method to be
extended to several systems to further boost the scale-up of
perovskite-based technology, in particular for all-inorganic
systems which face relevant problems in wet-chemistry
depositions.?!??
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HIGH pRESSURE
STUDIES

Speaking about hybrid metal halide perovskites, while studies of
temperature dependence ordering and hydrogen bonding of the
organic cations exist, the knowledge of pressure-induced effects
on hybrid perovskites and specifically on the organic-inorganic
interaction and its structure remains scarce’®.

Understanding correlations between pressure-induced structural
and electronic changes can allow us to more precisely tune
material properties through compression®. Pressures on the
gigapascal scale affect a wide variety of transformations in the
structural'®%1%! optical'®?, magnetic!®!% and electronic
transport!%-1% properties of organic and inorganic solids.
Furthermore, the compressibility of well-defined organic-
inorganic hybrids can be modulated by fine-tuning both organic
and inorganic components. In this regard, the effects of
compression on crystalline hybrid perovskites are a subject of
great interest'"’.
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Figure 3.1 Scheme of a Diamond Anvil Cell (DAC); This is the most diffuse
equipment employed to carry on HP studies. Image by Tobias1984 (This W3C-
unspecified vector image was created with Inkscape, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=19419201)

The high-pressure (HP) studies are usually carried on by the
means of different apparatuses and the most common is the
Diamond Anvil Cell (DAC; see Figure 3.1).

The HP investigation of hybrid perovskites is relatively recent
and mainly focused on methylammonium lead iodide hybrid
perovskite (MAPbI3). The research carried out on hybrid
perovskites has clearly shown that a significant volume of
compression activates a complex phenomenology involving
both electronic and structural properties’®.

High pressure can modify bond lengths and valence angles in
hybrid perovskites without chemical interference, finely tuning
the electronic structure responsible for basic properties of
photovoltaic materials, like the energy gap and carrier diffusion
length!%. In response to pressure, the inorganic framework is
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modified by the contraction of B—X bonds or/and bending of
B—X-B bridges coupled with BXs octahedra tilting. Generally,
the shortening of bonds B—X narrows the bandgap, whereas it is
widened by the B-X-B angle bending!®!'°. However, the
resultant bandgap change depends on the contributions of these
competitive structural pressure effects!'%.

Figure 3.2 Example of industrial Spark Plasma Sintering (SPS) equipment; SPS is
one of the most employed industrial techniques for sintering.

Anyway, all-inorganic metal halide perovskites HP studies are
not lacking in interesting aspects and applications too. In fact,
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these studies could permit to discover new phases or materials
that could be subsequently synthesized on a large scale. Indeed,
high-pressure synthesis on an industrial scale (an example is
shown in Figure 3.2) is already applied to obtain synthetic
diamonds and cubic boron nitride (c-BN), which are the super-
hard abrasives of choice for cutting and shaping hard metals and
ceramics'!!. Recently, high-pressure science has undergone a
renaissance, with novel techniques and instrumentation
permitting entirely new classes of high-pressure experiments!!!,
that could therefore involve metal halide perovskites too.
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3.1 MASNBr; and CsSnBr;

Band Gap Engineering in MASnBr3 and CsSnBr3
Perovskites: Mechanistic Insights through the Application
of Pressure

Purpose and scope

Here we reported on the first structural and optical high-pressure
investigation of MASnBr; (MA=[CH3NH3]") and CsSnBrs3
halide perovskites. Therefore, we obtained useful and new
information about both hybrid and fully inorganic lead-free
halide perovskites.

Introduction

The application of an external pressure is a fascinating and
powerful tool to manipulate the crystal and electronic structure
of any material and has shown great potential for the engineering
of photovoltaic (PV) perovskites.!> The interest of high-
pressure (HP) research on PV materials is manifold: 1)
understand the basic phenomena occurring during
hydrostatic/non-hydrostatic compression; 1ii) discover new
behavior induced by HP; iii) stabilize new metastable phases;
and iv) try to reproduce the in situ pressure effects by chemical-
pressure and/or the strain induced by a substrate on thin films.-
> Starting from the first HP studies on ABX3 three-dimensional
hybrid perovskites, other systems have been investigated,
namely double perovskites, zero-dimensional (0D) perovskites
quantum dots or nanocrystals, and layered two-dimensional
(2D) perovskites.?
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The most relevant interest in these HP studies, together with the
definition of the structural evolution with pressure, is the
modulation, or engineering, of the optical bandgap (£;). With
reference to 3D perovskites, where the most investigated
systems have been MAPbX3 compounds together with FAPDI;,
FAPbBr3 and CsPbBr3;, some common HP features of E, have
been observed.®!7 In particular, the bandgap is first red-shifted
with P, followed by a blue-shift, which is usually connected to a
structural phase transition to a more distorted crystal structure,
if found, within few GPa.> The proposed mechanism for this
trend is well-accepted and considers the first red-shift deriving
from a shortening of Pb-X bond length, resulting in increased
orbital coupling, while the following blue-shift arises from local
strains generated in the distorted crystal structure, connected
with the bending of the Pb-X-Pb bond angles, thus reducing the
orbital coupling.’ This scenario has been developed based on the
significant number of papers published on pressure-induced
effects on Pb-based perovskites for photovoltaics. However, due
to the key role of the perovskite B-atom through its orbital
contribution, it is clear that an extension to other systems with
different metals should be provided in order to further
understand the level of material properties tunability by
substituting the metal atom at the B-site. Moreover, the basic
idea of HP studies is to highlight the effect of structural
modifications on the bandgap, with the aim of engineering them
in chemical systems at ambient conditions, apart from
investigating the crucially important effects of strains. The
search for such effects on lead-free environmental-friendly
systems is urgent.

As it is well known in the field of PV perovskites, Sn is a natural
alternative to Pb. Recently there has been increasing interest
toward Sn-based fully inorganic and hybrid perovskites, and an
improvement in the PV performance and stability has been
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achieved.'®! Concerning HP studies, only few Sn-based 3D
hybrid perovskite systems have been investigated so far, none of
them including Br.?0->

In view of the above reported considerations, in this paper we
present the results of a high-pressure structural and optical
properties investigation on CsSnBr; and MASnBr; perovskites
carried out in diamond anvil cell (DAC). The choice of these two
systems results from the fact that, recently, CsSnBr3 showed an
impressive tolerance towards aging and moisture stability.?
This suggests that any pressure-induced phenomena could be
ideally extended to highly stable Sn(II)-based systems.
Moreover, the study of MASnBr3, and the comparison of the
behavior between these two systems, sharing the same metal and
halogen as well as the same crystal structure at ambient pressure
(Pm-3m space group), could shed some light on the role of A-
site cation (organic or inorganic) on the HP behavior of 3D
perovskites, which, based on the available data on Pb-based
systems, seems to be dominated by the B-site atom-halogen
interaction alone. Finally, the comparison with the Pb-based
analogue perovskites, namely CsPbBr; and MAPbBr3, will shed
light on the role of the B-site metal on the pressure-induced
effects. "1

Experimental methods

Perovskites syntheses. The MASnBr3 bulky powder has been
synthesized in nitrogen flux by dissolving tin (II) acetate in a
large excess of HBr acid up to 100 °C, adding a stoichiometric
quantity of methylamine, cooling to c.ca 60 °C, filtering by the
means of a water pump, and drying the product in vacuum into
a glass oven at 60 °C for one night.
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The CsSnBr; bulky powder has been obtained by grinding
stoichiometric amounts of CsBr and SnBr; with a ball miller
equipment (Pulverisette 7, Fritsch). The mechanochemical
reaction has been carried out employing tungsten carbide jars
and spheres with a weight ratio between materials and balls of 1
: 10 and maintaining a speed of 400 rpm for 12 cycles (10
minutes of pause for every 20 minutes of grinding).

Then the experiment took place at ESRF (European Synchrotron
Radiation Facility) ID-15B beamline.

XRD. Single crystal X-ray diffraction measurements have been
carried out up to 9 GPa by the means of a Diamond Anvil Cell
(DAC) filled with helium as pressure transmitting medium. The
crystals have been manually selected from the powders by the
beamline local contact.

PL and Abs. Photoluminescence and optical absorbance spectra
have been collected in situ with the beamline equipment. The
high-pressure PL spectra and the bandgap were extracted from
absorption spectroscopy up to 3 GPa.

DFT calculations. Bandgap values have been obtained by
Density Functional Theory calculations too.

Results and discussion

The crystal structure up to 9 GPa was investigated in situ single
crystal X-ray diffraction (XRD) in a DAC cell with helium as
pressure transmitting medium. Figure 3.3 reports some selected
integrated XRD patterns for CsSnBr; and MASnBr3.
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Figure 3.3 Selected integrated XRD patterns (. = 0.400 A) as a function of pressure
(reported in GPa on the side) upon compression for (a) CsSnBr3; and (b) MASnBrs.
(c) Formula-unit volume as a function of pressure for CsSnBr3 (black) and MASnBr3
(red). Dashed lines highlight phase transitions.

At ambient conditions CsSnBr3 is cubic (space group Pm-3m)
and is reported to exhibit three successive low-temperature
phase transformations at 292, 274 and 247 K.>* We observed that
CsSnBr; transforms already at 0.37 GPa into the tetragonal
phase with a primitive unit cell and lattice parameters a = b =

V2ac and ¢ = 2ac, where ac refers to the cubic unit cell.
Consistent with previous low-temperature investigations, the
pressure-induced phase has space group P4/mbm and involves
the in-phase rotation of the SnBr6 octahedra about the c axis
corresponding to an a’a’c* tilt.>** This phase is isostructural to
the high-temperature phase II of CsPbBrs.?® Another phase
transformation occurs above 1.2 GPa, leading to a monoclinic
phase with metric 3ac - 2ac - 4ac. At ~1.8 GPa the crystal
undergoes a further transition to a more disordered phase,
evidenced by a sudden broadening of reflections. As shown in
Figure 3.3c, continuous lattice contraction is observed at HP,
with no clear evidence of amorphization. The primitive cubic
phase is fully restored after decompression.

The other system investigated (Figure 3.3b), MASnBr3, shows a
single transition at ~1.5 GPa from the cubic ambient-pressure
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phase (Pm-3m space group) to an orthorhombic phase (2v/2ac -

2v2ac - 2ac), which is observed up to 9.0 GPa. Again, the cubic
phase is restored upon decompression.

Compared to the analogous lead-based perovskites, the
structural HP behavior of CsSnBr; and MASnBr; is different.
Before the pressure-induced amorphization, the MAPbBr;
ambient pressure phase of cubic space group Pm-3m transforms
at 0.75 GPa to another cubic phase of space group Im-3 (2a - 2a
- 2a), and above 2 GPa to another lower-symmetry phase,

probably orthorhombic of space group Pnma (a - v2a - a). The
cubic and orthorhombic phases coexist in the pressure range 2.1
— 2.7 GPa.! A similar evolution upon pressure is observed for
other halide perovskites, where the orthorhombic phase is
realized either with a doubling of the cubic lattice parameter,
leading to the space group Immm for MASnl3, or with two
parameters along the cubic base diagonals and space group
Pnma, as observed for FAPbBr;.!” The CsPbBr; crystal is of
orthorhombic space group Pnma at ambient pressure and shows
no change of space group until the onset of amorphization at
about 2 GPa, but an isostructural transition was postulated
around 1 GPa to reconcile the pressure-induced changes in the
absorption edge.'®

The sequence of HP phases does not match those at low
temperature. As a matter of fact, by lowering T, MASnBr;
transforms to a simpler orthorhombic phase ( vV2ac - V2ac - ac),
which cannot account for all reflections observed here.?’
Swainson et al. found also a further transformation to a triclinic
phase, not observed here. As to CsSnBrs, after the
transformation to tetragonal P4/mbm, the lower-temperature
form is orthorhombic Pnma rather than monoclinic as observed
here.?* Hence, some of the high-pressure phases of CsSnBr3 and
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MASNBr3 do not correspond to structure reported so far for
hybrid perovskites.

Another peculiarity of CsSnBr3 and MASnBr3; is their resistance
against amorphization. MASnBr3 is fully crystalline up to 9.2
GPa. The XRD patterns of CsSnBr3; above 2 GPa become broad.
However, sharp single crystal spots are still observed up to 9.1
GPa with no evidence of amorphous-like background. This
suggests a sort of microstrain effect, with a wide distribution of
lattice parameters rather than amorphization. Another possible
explanation is the occurrence of different competing phases, as
observed on coesite, which led a similar high pressure
broadening.?®

On the other hand, the equivalent Pb-based compounds of the
present work, i.e. CsPbBr3; and MAPbBr3, show a clear evidence
of amorphization starting from ~2 GPa."!® The occurrence of
amorphization is nowadays considered as a driving force for the
blue-shifted bandgap observed with pressure.
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Figure 3.4 a) PL spectra and b) trend of optical bandgap vs. pressure for CsSnBr3; the
vertical dashed line marks the tetragonal to monoclinic transition; as a pressure
medium dafne oil was used to ~2 GPa (blue circles) and argon at higher pressures
(empty circles). ¢) PL spectra and d) trend of optical bandgap vs. pressure for
MASNBr3. The vertical dashed line in (d) marks the region of the cubic to
orthorhombic phase transition. The insets report in green the bandgap values
determined ab-initio, compared to experimental values in blue.

The optical properties under pressure have been measured by
photoluminescence (PL) and optical absorbance spectroscopy.
The high-pressure PL spectra and the bandgap extracted from
absorption spectroscopy up to 3 GPa for CsSnBr; are reported
in Figure 3.4-a and 3.4-b, respectively. The PL of CsSnBr;
shows a strong signal at ambient pressure at about 670 nm, in
agreement with available data.”®> This signal red-shifts and
increases in intensity with slight application of pressure (0.14
GPa), then diminishes rapidly with no noticeable signal above
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~1.4 GPa (see the inset, logarithmic scale). Notably, this is the
pressure around which we found the tetragonal to monoclinic
phase transition. The red-shift evidenced by PL is confirmed by
absorption spectroscopy (Figure 3.4-b) where a progressive
reduction of the bandgap energy is found up to the tetragonal to
monoclinic phase transition, here observed at ~1.45 GPa. This
behavior has been observed also in CsPbBr; up to the
orthorhombic to orthorhombic transition occurring at about 1.2
GPa.!'® One remarkable difference between the two systems,
however, is the magnitude of the red-shift. As observed in Figure
3.4-b, the overall variation of E, from ambient pressure to the
phase transition is close to 0.2 eV. In the analogous Pb-based
material, the variation is of the order of 0.03 eV'%; similar red-
shifts were observed only in 2D perovskites, not before the
application of 4-5 GPa*3°. Following the first red-shift,
CsSnBr3 has a sudden and impressive blue-shift of ~0.5 eV
(Figure 3.4-b). Such a jump in the optical behavior of any fully
inorganic or hybrid halide 3D perovskite has never been
observed. Usually, there is a smooth upturn from a red-shift to a
blue-shift occurring at a structural change, which is a very
general trend irrespective to the crystallographic nature of the
two phases involved,'” even though nanostructuring might
increase the magnitude of the blue-shift.>!3> When entering the
monoclinic phase above about 1.5 GPa, the bandgap has a slight
further blue-shift up to the existence of a well-defined crystal
structure (~3 GPa, see XRD data). Above this pressure, the
material does not become amorphous, but a significant
broadening of the diffraction peaks is found. In this HP regime,
the bandgap red-shifts progressively up to the highest pressure
we could measure (~10 GPa). Such a trend, even though to lesser
extent, has been observed in MAPDbI3;, where a continuous
reduction of the bandgap up to (eventually) a metallic state has
been observed by conductivity measurements up to 60 GPa.*?
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The HP behavior of the optical properties of MASnBr; are
reported in Figure 3.4-c and 3.4-d. At ambient pressure, the
sample shows weak PL signal with a broad peak near 580 nm,
together with a Raman contribution. With increasing pressure,
the PL signal redshifts and increases drastically in intensity up
to 1.4 GPa. At ~2 GPa, the PL signal blueshifts and diminishes
in intensity with increasing pressure. The trend of the bandgap
versus P (Figure 3.4-d) confirms the one of PL and extends it up
to higher pressures. The upturn in the bandgap above ~1.5 GPa
is concomitant to the cubic to orthorhombic structural phase
transition observed with XRD. Again, the variation of the
bandgap in the region before the phase transition is huge
compared to the Pb-based analogue. For MASnBr3 the change is
from ~2.0 eV (ambient pressure) to ~1.6 eV (last before the
phase transition), i.e. of ~0.4 eV. On the other hand, the
MAPDBr3; system, which is also primitive cubic at ambient
pressure, shows overall red-shift of ~0.04 eV within the ambient
phase, while a progressive blue-shift of about 0.15 eV from 1
GPa to 3 GPa after the cubic to cubic phase transition.! We
highlight that MAPbBr3; shows strong amorphization already at
about 3 GPa, while MASnBr3, after the blue-shift jump (of ~0.3
eV) at the structural phase transition, shows a continuous red-
shift of the bandgap while retaining the orthorhombic crystal
structure without detectable amorphization.

To summarize, MASnBr3; and CsSnBr3 share a common trend of
optical properties as a function of pressure: 1) a huge red-shift of
the bandgap in the region before a phase transition, of the order
0t 0.2-0.4 eV ii) an abrupt blue-shift jump at the phase transition
of the order of 0.3-0.5 eV; and iii) a further red-shift at higher
pressures; 1v) no appreciable amorphization up to 9 GPa.

Such an anomalous bandgap evolution with pressure was
investigated by Density functional theory (DFT) calculations,
comparing Sn- based perovskites to the analogous containing
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Pb. For each system, we optimized the structure at ambient
pressure and at the pressure with the lowest and the highest
bandgap. The bandgap evolution matches nicely with the
experimental trends (see insets in Figure 3.4-b and 3.4-d),
showing a lowering of bandgap with increasing pressure as long
as the ambient pressure phase is maintained; followed by a
sudden increase of bandgap with pressure, associated to a
structure change. The lower absolute bandgap in DFT compared
to the experiment is due to the sizable structural flexibility of
this kind of materials. The instantaneous structure could
significantly differ from the time scale and experimental XRD
structures (i.e. thermal averaged structure). In fact, the dynamic
disorder of the A cation is not decoupled from inorganic lattice
and has important consequences on the electronic properties.**
Since the motivation of this work is to understand the bandgap
evolution under pressure, the matching of absolute values of
bandgap with experiment is not worthy to consider.
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Figure 3.5 Alignment of band edges under different pressure for (a) CsSnBrs, (b)
CsPbBr3, (c) MASnBr3 and (d) MAPbBr3

To gain more insight into the shifting of band edges with
pressure, we aligned the density of states (DOS) as shown in
Figure 3.5. The valence band maxima (VBM) of ABXjs-type
halide perovskites derive from the antibonding hybrid state of
the metal s and halide p orbitals, whereas the conduction band
minimum (CBM) is a hybrid of metal p and halide p orbitals with
less antibonding and more nonbonding character.3>-
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Figure 3.6 Optimized structures from DFT of CsSnBr3 (top) and MASnBr3 (bottom)
at (a) ambient (b) 1.00 GPa and (c) 1.85 GPa.

With increasing pressure, the metal-halide bond length
decreases (Figure 3.6-a,b) and the overlap between metal and
halide increases, concomitantly destabilizing the VB. The CB,
on the other hand, derives from metal p and halide p orbitals and
having less orbital overlap, responds to a lesser extent than the
VB. Both the Pb- and Sn-perovskites follow this trend
irrespective of the A cation (see first two columns of Figure 3.5).
A further increase of pressure induces the tilting of the metal-
halide bond (Figure 3.6-c) concomitant with the phase
transformations. The tilting has more impact on the HP behavior
of Sn- than Pb-perovskites. Indeed, in the HP region, the VB of
Sn-perovskites gets more stabilized compared to Pb-perovskites.
As shown in the right panels of Figure 3.5, the VB is stabilized
by 0.65 (from 0.57 to -0.08 eV) and 0.41 (from 0.28 to -0.13 eV)
eV for CsSnBr; and MASnBr3, respectively. On the other hand,
only 0.27 eV stabilization is obtained for MAPbBr; while
CsPbBr3 is even destabilized. This calls for a careful inspection
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of the structural and electronic behavior of Pb and Sn-
perovskites to understand the origin of this contrasting effect.
Let us first consider CsSnBr3. The axial Sn-Br bond length is
2.90 A at ambient pressure, it shortens to 2.87 A at 1.00 GPa
and, surprisingly, increases to 2.92 A by further increasing
pressure to 1.85 GPa. Therefore, while moving from cubic to
tilted geometry, the Sn-Br bond length increases, thus reducing
the Sn-Br overlap and promoting the shifting (by 0.65 eV) of VB
towards lower energies. Notably, also the CB gets stabilized, but
only to a lesser extent (0.37 eV). In fact, the stabilization is
driven by spin orbit coupling (SOC) only, since the non-bonding
metal p orbitals character is less influenced by distortion.

The picture gets clearer by considering the Sn content around
the CB, which decreases up to 1.00 GPa followed by an increase
up to 1.85 GPa. Because SOC is mainly associated with the
heavy Sn centers, it is enhanced by an increase of Sn character.
The variable amount of Sn character in the DOS with the tilt
angle can be associated with the overlap extent in Sn-Br bonds,
which decreases upon octahedral tilting, thus inducing effective
increase of the Sn content up to 5 % at the CBM in CsSnBr3. The
behavior is marginal at the VB since the SOC contribution of Sn
is limited. However, to quantify further the role of tilting
towards the bandgap, we considered the case of non-tilted
geometry maintained at high pressure. This led to axial Sn-Br
bond distance of 2.88 A with bandgap of 1.12 eV. Therefore, the
observed blue-shift cannot be obtained without producing a
tilted phase with longer Sn-Br bond distance, which revealed
unusual bandgap evolution at high-pressure.

As to the analogous Pb compound, CsPbBrs3, the structure
remains orthorhombic from ambient pressure throughout the
pressure range,>’ showing a contraction of the Pb-Br bond length
upon pressure, which gradually shifts the VB to higher energies.
Similarly, the linear decrease of Pb content at the CBM
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destabilizes the CM, thus neutralizing the shift of band edges
from the two ends.

As observed for CsSnBr3, also MASnBr; exhibits bandgap
reduction under moderate pressure, from 1.64 eV at ambient to
1.36 eV at 0.90 GPa. The bandgap becomes higher (1.96 eV) at
2.69 GPa after the cubic to orthorhombic phase transition.
Notably, the Sn-Br bond distance of pristine MASnBr3; shows an
alternating short/long nature of 2.83-3.08 A. However, bond
distances possess a typical dynamical average with shorter time
step as shown for FASnBr3.>® The short/long nature tends to
gradually equalize already at 0.90 GPa (2.85 and 2.95 A) and at
2.69 GPa (2.86 and 2.91 A). Therefore, the destabilization of VB
under 0.90 GPa is understandable from the increase of overlap
between Sn-Br bonds, similarly to CsSnBr3. However, at 2.69
GPa the CB shifts to higher energy, a behavior not observed for
CsSnBr3. This means that the tilting and/or the bond length play
a limited role towards the Sn contribution at CB. On the other
hand, the cation orientation, which is significantly different in
the pseudocubic lattice, plays the dominant role towards
upshifting the CB by the virtue of hydrogen bonding*® and
Rashba/Dresselhaus effect,* which mainly influence the CB.*!
Eventually, MAPbB13 follows a similar trend as MASnBr3, but
smaller in magnitude. This is due to the small difference in short-
long nature of the Pb-Br bond (2.95 and 3.04 A) compared to
Sn-Br (2.83 and 3.08 A) together with the prominent SOC effect
of Pb compared to Sn. Hence, although the bandgap evolution
with pressure for both CsSnBr; and MASnBr; perovskites is
similar, the underlying structural mechanisms are different. The
bandgap evolution depends on three competing parameters of
structural alternations: bond length shortening, octahedral tilting
and cation displacement. All of these three structural
alternations occur in parallel, however, one dominates over
another depending on the system. In a relatively low-pressure
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domain, the main parameter is bond length shortening, whereas
at higher pressure, octahedral tilting and cation displacement
start to play an important role, having organic cation
predominant role in hybrid perovskites compared to inorganic
perovskites.

Conclusions

To summarize, we reported on the first structural and optical HP
investigation of MASnBr3; and CsSnBr3 halide perovskites up to
~10 GPa by using a diamond anvil cell and in hydrostatic
conditions. A massive red-shift of 0.4 eV for MASnBr3 and 0.2
eV for CsSnBr3 is observed from absorption spectroscopy
within 1.3-1.5 GPa, followed by an important blue-shift of 0.3
and 0.5 eV. Further increase of pressure leads to a progressive
red-shift. Whereas qualitatively this pressure-trend is common
to other (mostly Pb-based) hybrid perovskites, the magnitude of
red and blue-shifts is unprecedented among 3D perovskites for
PV applications. The red-shift is confirmed also from PL spectra
with the PL signal of MASnBr3 which is enhanced at moderate

pressure, but vanishes at ~1.5 GPa concomitantly with the blue-
shift. Similarly, the PL signal of CsSnBr3 dies out in the same
pressure range. The structure evolution with pressure was
investigated by synchrotron HP single crystal diffraction. Both
CsSnBr; and MASnBr3 are cubic at ambient conditions. The
upturn in optical properties (onset of blue-shift and PL decay) is
consistent with structural changes, namely from cubic to
orthorhombic (~1.5 GPa) in MASnBr3; and from tetragonal to
monoclinic (~1.3 GPa) in CsSnBr3. The CsSnBr; crystal exhibits
two further transformations: cubic to tetragonal below 0.4 GPa
and an isostructural transformation at ~1.8 GPa towards a more
disordered state. The rule of reverse pressure and temperature
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effects does not hold for these compounds and the HP crystal
phases are different than those reported at low-temperature.
CsSnBr3 and MASnBr3 are resistant to amorphization, which in
other hybrid perovskites generally develops from ~2 GPa. The
structures obtained from XRD were employed as starting point
for DFT calculations, aimed at explaining the origin of the
peculiar bandgap evolution with pressure. DFT calculations
allowed to describe the bandgap evolution as a competition of
local structure deformations, such as bond length shortening,
octahedral tilting and cation displacement. Although both
CsSnBr; and MASnBr; perovskites show similar bandgap
evolution with pressure, the underlying mechanisms are
different. CsSnBr3 bandgap is controlled by the Sn-Br bond-
length, which contracts with pressure thus enhancing orbital
overlapping with consequent red-shift. Surprisingly, the
structural distortion accompanying the phase transformation at
~1.3 GPa promotes the lengthening of the Sn-Br length, thus
reducing the overlap, giving rise to massive blue-shift. This
applies to MASnBr3 only during red-shift, i.e. within the
stability range of the cubic phase. By further increasing pressure,
the orientational disorder of the organic cation together with the
consequent H-bonding takes over the Sn-Br bond length to
control the electronic properties. This promotes the increase of
the CB energy across the cubic to orthorhombic transformation,
resulting in a blue-shift.

Our study shows that the application of external pressure is a
powerful tool for tuning the electronic properties of halide
perovskites and, in this respect, CsSnBrz and MASnBr; proves
to be particularly suitable candidates, as their response to
external pressure is unprecedented. They are also an
environment-friendly alternative to Pb-compounds, thus paving
the way for the design of new materials exploring pressure-
induced band-gap tuning.
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PHYSICAL
MODULATION
TECHNIQUES

As mentioned before, it is possible to tune the properties of metal
halide perovskites by either chemical or physical modulation
techniques.

For the reasons explained in paragraph 1.3, we decided to direct
our attention to the physical ones.

Many physical parameters can be tuned to modulate materials,
such as temperature!!? or pressure, and, as just seen in the
previous chapter, the effect of temperature on metal halide
perovskites is already largely studied.

This fact, the possibility to carry on preliminary high-pressure
studies, and the interest in scalability led us to search for
physical techniques that could not involve the temperature
parameter and at least partially imply the use of high-pressure.

Therefore, in this chapter we focus on two techniques that are
both easily scalable and already used in the industry: high-
pressure quenching, by the means of a Spark Plasma Sintering
apparatus, and extended ball milling
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4.1 High-pressure quenching

In material science, quenching is a sudden change of a physical
quantity, and it is usually applied to “freeze” a material property
or situation.

The most diffuse version is related to the temperature: it is the
rapid cooling of material in water, oil, air, or gas, and it is applied
every day in the industry to produce metal artifacts.

Speaking about pressure quenching instead, the most of papers
in the literature about this topic are related to gas
quenching!'*!!* and only a few to “physical” (in sense of
pressure transmitted by physical contact) pressure quenching!!>.

4.1.1 MAPI

Ambient condition retention of band-gap tuning in MAPbI3
induced by high pressure quenching

PMVDOSQ and sScope

In the present work, we show a successful approach to achieve
stable structural and optical changes induced by pressure on bulk
amounts of MAPI after pressure release. Such effects on the
optical properties resemble those achieved in situ (e.g., in
diamond anvil cells) but are retained and stabilized under
ambient conditions thanks to a partial quenching of the high-
pressure state. The apparatus used to carry on the experiment is
that of Spark Plasma Sintering, an easily scalable and already
industrial technique.
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Introduction

High-pressure (HP) has been widely applied in recent times as a
probe to tune the physical properties of hybrid organic—
inorganic perovskites (HOIPs) such as methylammonium (MA)
and formamidinium lead halides.! The common approach for
HP investigation is by means of diamond anvil cells (DACs)
coupled to in situ X-ray diffraction (XRD) and
photoluminescence (PL) probes. After extensive investigation of
several HOIPs, a general trend in the evolution of the crystal
structure and of the optical properties with pressure has been
observed. In particular, all the MAPbX3 compounds experience
two phase transitions upon increasing pressure (cubic-cubic-
orthorhombic) followed by amorphization at a relatively low
pressure of about 2 GPa, with a progressive lattice shrinkage.!
An interesting feature of lead halide hybrid perovskites is that,
even after compression up to 20-30 GPa, they recover the full
crystalline phase under ambient conditions once the pressure is
released.! This has been interpreted as due to the different
behaviors of the organic component and of the inorganic
framework under pressure, with a reduction of the average order
of the crystal upon applying pressure.'*

The trend of the optical properties of MAPbX3 perovskites under
pressure, determined by in situ PL measurements, shows, in
general, an initial red-shift up to about 1 GPa, followed by a
gradual blue-shift in the high-pressure crystal phases and a
subsequent quenching of the PL in the amorphous phase.! For
MAPDbBI3z (MAPI), for example, the red-shift of £, is around 30—
40 meV, with the following blue-shift (up to about 2 GPa) being
more or less of the same order. Such variations of the band-gap
energies are usually correlated with the on-set of the different
crystal structures as P increases.!™
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The tuning of the optical properties of hybrid organic—inorganic
lead halide perovskites is of significant current interest and, in
all of the in situ high-P works available, there is a clear
suggestion towards the possible transfer (e.g., through substrate
interactions and/or chemical pressure) of such modifications
under ambient conditions, thus providing a further mean of
engineering the hybrid perovskite properties. However, up to
now, there is no evidence of ambient retention of pressure-
induced effects on 3D hybrid perovskites. On the other hand,
retention of the bandgap red shift and PL enhancement in a
decompressed sample was recently shown for a 2D Ruddlesden—
Popper perovskite.® This study demonstrated that pressure/strain
engineering can be a real possibility for modifying material not
only in situ but also ex situ.® However, also in this case the ex
situ permanent engineering of pressure induced phenomena was
carried out with a DAC cell.® It is well known that DACs operate
on few crystallites of the material under investigation, and it is
clear that they do not represent the real means to scale up the
possible ex situ effects caused by pressure application. In view
of these considerations, in the present work, we explored the
possibility of achieving an ambient conditions retention of the
pressure-induced effects on bulk amounts of MAPI.

Experimental methods

High-pressure equipment. The pressure has been applied and
measured by a homemade high-pressure apparatus usually
employed for Spark Plasma Sintering too. Samples were pressed
within 5 mm cells (containing about 100 mg of the starting
material) by keeping the desired pressure for 5 minutes,
followed by pressure release.
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XRD diffraction. The structural properties of the deposited thin
films were characterized by X-ray diffraction (XRD) by means
of a Bruker D8 Advance instrument (Cu radiation) in a Bragg-
Brentano setup.

Photoluminescence spectroscopy. PL spectra have been
collected ex-situ by the means of a homemade Raman apparatus.

SEM. Microstructural characterization of the samples was made

using a high-resolution scanning electron microscope (SEM,
TESCAN Mira 3).

Results and discussion

The experimental approach used in the present work was to
apply pressure through the use of a home-made high-pressure
apparatus. Samples were pressed within 5 mm cells (containing
about 100 mg of the starting material) by keeping the desired
pressure for 5 minutes, followed by pressure release, and were
characterized for their crystal structure and optical properties.
One peculiarity of this technique is the very fast pressure release
which occurs within a few milliseconds after compression. A
sketch of the apparatus employed to run the HP experiments is
reported in Figure 4.1.
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Prassire control

| Double stage die |

Sample

Sample

Figure 4.1 High pressure schematics. The external rams applying the uniaxial pressure
are made of copper (1). The double stage die is mainly made of graphite (2), with the
exception of the inner parts (3, 4, and 5) which are made of SiC or WC

After pressure release, the sample was taken out from the cell
and laboratory X-ray diffraction measurements were performed
to determine the crystal structure. The patterns collected on a
series of MAPI samples are reported in Figure 4.2.
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Figure 4.2 XRD patterns of MAPI samples reported in the paper with the
corresponding compression pressures in MPa. Vertical red bars: reference patterns for
tetragonal MAPI. Arrows in the figure refer to sample-holder signals.
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We carried out all the experiments in duplicate in order to verify
the reproducibility of the results.

The analysis of the XRD patterns shown in Figure 4.2 indicates
that, after pressure application and removal from the cell, all the
samples retain a crystalline state without detectable evidence of
an amorphous phase. There is a slight loss of crystallinity as P
increases, as can be noticed from the reduction of the Kq1—Ka2
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splitting, due to the peak broadening and peak intensity
reduction. At the same time, all the samples show the typical
tetragonal crystal structure of MAPI (I4/mcm).” This result is in
agreement with previous DAC studies, which showed that, after
sample amorphization at around 1.5-2 GPa, MAPI recovers the
crystal state upon pressure release.!
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Figure 4.3 Cell volume as a function of pressure for MAPI samples determined ex
situ after pressure application for the two series of samples considered in the present
work.

The cell volumes (normalized to Z = 1) of all the samples
investigated in the present work are reported Figure 4.3.
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A nearly linear reduction of the cell volume as a function of
pressure can be clearly observed from Figure 4.3. It should be
highlighted that these data come from ex situ XRD
measurements, i.e. on stabilized samples after pressure release,
which confirmed that the present experimental approach was
effective in inducing a permanent unit cell size reduction on
MAPI samples. While an in situ compression of the unit cell is
obviously observed in all the DAC experiments, this is the first
report of a stable lattice shrinkage retained by MAPI samples
after the application of pressure. Overall, the lattice volume
reduction is around 1%. Such reduction of the cell volume is of
about 1 order of magnitude lower, for an analogous P-range,
than that observed in in situ XRD measurements.’> Generally, in
DAC experiments, slight volume changes of the samples
recovered under ambient conditions, after pressure release, are
observed. However, such decompression in DACs has been
reported to occur with markedly slower pressure release (i.e.,
hours) if compared to the present approach where P is released
very quickly (within few milliseconds), thus suggesting a
possible partial quenching of the HP state. This is the required
approach in order to stabilize any high-pressure induced
phenomena at ambient pressure since MAPI has been shown to
recover the original crystalline phase even after being
compressed to tens of GPa.!? Since a retention of pressure-
induced effects on the crystal lattice has been observed from the
structural data, it is of interest to evaluate a possible retention of
an ex situ effect on the optical properties of the samples which
have undergone compression.

135



1200
— DO MPa
— 214 MPo
432 MPO
— 574 MPo
— 90 MPo
1980 kPO

:

PL Intensity (arb. units)
3

1.43 150 1.53 1.40 1.43 1.70

Energy (eV)

Figure 4.4 Normalized PL spectra for representative pressed MAPI samples

Figure 4.4 reports the normalized PL spectra (collected ex situ)
as a function of energy (e V) for some representative samples (for
sake of clarity), while Figure 4.5 reports the trend of the bang
gap value as a function of pressure for all the samples.
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Figure 4.5 trend of band-gap as a function of pressure for all the samples

The steady-state PL spectra present a continuous blue shift of
about 35 meV from the as-prepared sample to that pressed at
2000 MPa: this clearly indicates that the MAPI structure retains
a modulation of the band-gap which is a consequence of the
quenching of the high-pressure state. In addition, there is a fairly
good agreement between the two series of independent samples
prepared and measured, confirming the good reproducibility of
the method. Again, we stress that the MAPI samples have been
measured ex situ after pressure application with the HP-
equipment, thus highlighting a permanent retention of pressure-
induced engineering of the band-gap.
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While, for the reasons reported above, a direct comparison with
available in situ HP PL studies on MAPI is not straightforward,
it is of interest to note that a blue-shift is as well commonly
observed during DAC experiments.!™® In those cases, this
occurs in situ around 1 GPa (followed by a progressive
amorphization of the sample), and has been correlated to the
onset of a structural phase transition, with a tilting of the
octahedra and a deviation of the Pb—I-Pb angle from 180°. This
should lead to a decrease of the contributions of Pb orbitals to
the CBM and to a band-gap increase and a concomitant blue shift
of the PL.° As shown by the structural data reported in this work,
the present samples retain a tetragonal crystal structure under
ambient conditions, thus indicating that such band-gap effects
can be effectively achieved while preserving an average
tetragonal symmetry. Most probably, the fast pressure release
achieved with the technique employed in the present work may
lead to a partial quenching of the HP structural features, which
results in the retention, under ambient conditions, of local
structural distortions and atomic configurations likely correlated
to the average structural changes observed, for example, during
in situ DAC experiments. In fact, hybrid perovskites are known
to be naturally characterized by local distortions in the high-
symmetry phases (cubic and tetragonal), and we may expect that
they are prone to accommodate an even higher level of local
structural distortions, induced by HP treatment, in the tetragonal
structure shown, under ambient conditions, in the present
work.!®!! It is known that, for 2D perovskites, the energy
difference between the metastable (quenched from HP) and
ground states is small and, expecting an analogous trend also for
3D perovskites, this characteristic may be advantageously used
through the application of a HP-quenching technique such as the
one used here. One key point of the present approach is that it is
possible to achieve a modulation of the pressure-induced
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quenched state under ambient conditions by changing the
applied pressure, which cannot be easily obtained with other
methods such DACs (having a device-limited speed of pressure
release). Further investigation of the possible local structure
deformation will be the subject of future work by means of X-
ray pair distribution function analysis.
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Figure 4.6 TR-PL spectra for representative pressed MAPI samples

On a series of selected samples, spanning the whole pressure

range investigated, we performed time-resolved PL (TR-PL)

measurements. The results are reported in Figure 4.6. Although

one of the samples (302 MPa) does not lie in the picture, the

general trend indicates a correspondence between the increase in

the band-gap, induced by the pressure, and the increase in the
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measured radiative lifetimes. Here the correspondence with the
in situ DAC experiments is definitively lost, as in these the band-
gap narrowing occurring between 0 and 300 MPa induced a
lifetime increase meanwhile the blueshift following the phase
transition (300 MPa—2 GPa) led to a PL lifetime decrease.®

Again, it is worth noticing the fundamental difference of our
approach: inducing a long lasting modification on the systems
persisting after pressure release. In balancing between the
radiative and non-radiative phenomena in such complex
materials, electronic trap density and distribution and material
grain dimensions play a fundamental role. In addition, very
recently theoretical and experimental works have shown that a
complex scenario depicts the near-band-edge transition in MAPI
comprising multiple direct transitions and, at least at room-
temperature, an indirect band gap. The rationalization of the
near-band-edge transition behaviour and the role of the indirect
transition and its influence on the radiative carrier recombination
are under debate and constitute a main field research focus.®!>
4 As showed above, herein the high pressure application
followed by fast release induces a permanent modification,
specifically a reduction of the cell volume associated to a
retention, under ambient conditions, of the local structural
distortions and atomic configurations, and these modifications
can certainly have an effect on both the direct and indirect
energy distributions with an impact on the carrier deactivation
dynamics. We underline how this leads to the MAPI emission
blue-shift and a concomitant increase of its radiative lifetime.
The time stability of the effects observed on the optical
properties has been checked by re-measuring the samples after
15 days from pressure treatment. By looking at the steady state
PL spectra collected after compression and 15 days later, a very
good overlap of the spectra can be seen, with E,; values within
+2-3meV. This is an important and encouraging result
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suggesting an effective long-term retention of the P-induced
phenomena.

Finally, since it is known that a modulation of the optical
properties may be induced by variation on the grain-size of
hybrid perovskites, we investigated the samples’ morphology
after each pressure application point through scanning electron

microscopy (SEM) analysis. The images for low, intermediate
and high pressure treatments show a very similar morphology
for all the samples. These data allow us to rule out any
dependence of the pressure-induced effects observed with a
possible significant change of the crystal microstructure.

Conclusions

In this work we explored and provided a novel approach to
stabilize, under ambient conditions, high-pressure induced
effects on a prototype hybrid perovskite system, namely MAPI.
The very fast pressure release used in the present work provides
a quenching of high-pressure states which are stably retained in
the material, providing a significant modulation of the band gap
energy. Such a novel approach can be applied to bulk amounts
of material thus opening the way to a real possible use of
pressure as a tool to modify the hybrid perovskite properties.
Future work will aim at further extending the use to other classes
of perovskites for optical and photovoltaic applications.

References

1. P. Postorino and L. Malavasi, J. Phys. Chem. Lett., 2017, 8§,
2613-2622.

2. M.Szafran’ski and A. Katrusiak, J. Phys. Chem. Lett., 2017,
8, 2496-2506.

141



3. A.Jaffe,Y.LinandH.I.Karunadasa, ACS Energy Lett., 2017, 2,
1549-1555.

4. M.Szafran’ski and A. Katrusiak, J. Phys. Chem. Lett., 2016,
7, 3458-3466.

5. F. Capitani, C. Marini, S. Caramazza, P. Postorino, G.
Garbarino, M. Hanfland, A. Pisanu, P. Quadrelli and L.
Malavasi, J. Appl. Phys., 2016, 119, 185901.

6. G. Liu, L. Kong, P. Guo, C. C. Stoumpost, Q. Hu, Z. Liu, Z.
Cai, D. J. Gosztola, H.-K. Mao, M. G. Kanatzidis and R. D.
Schaller, ACS Energy Lett., 2017, 2, 2518-2524.

7. S. Colella, M. Todaro, S. Masi, A. Listorti, D. Altamura, R.
Caliandro, C. Giannini, E. Carignani, M. Geppi, D. Meggiolaro,
G. Buscarino, F. De Angelis and A. Rizzo, ACS Energy Lett.,
2018, 3, 1840-1847.

8. T. Wang, B. Daiber, J. M. Frost, A. S. Mann, E. C. Garnett,
A. Walsh and B. Ehrler, Energy Environ. Sci., 2017, 10, 509—
515.

9. M. R. Filip, G. E. Eperon, J. Snaith and F. Giustino, Nat.
Commun., 2014, 5, 5757.

10. K. Page, J. E. Siewenie, P. Quadrelli and L. Malavasi,
Angew. Chem., Int. Ed., 2016, 55, 14320-14324.

11. A. Bernasconi and L. Malavasi, ACS Energy Lett., 2017, 2,
863-868.

12. E. M. Hutter, M. C. Ge’lvez-Rueda, V. Bulovic, F. C.
Grozema, S. D. Stranks and T. J. Savenjie, Nat. Mater., 2017,
16, 115-120.

13. T. Kirchartz and U. Rau, J. Phys. Chem. Lett., 2017, 8, 1265—
1271.

14. W. Huang, et al., ACS Photonics, 2018, 5, 1583—-1590.

142



4.2 [Extended ball milling

A ball miller is a grinder constituted by a cylindrical container
called “jar” (see Figure 4.7). The jar is hermetically closed and
it is filled with balls of the same material: usually steel or
tungsten carbide or ZrO». The jar rotates at a proper speed giving
to the balls the force to be the grinding media.

This technique is easily scalable and largely employed in the
industry. It is mainly applied for grinding!'®!'” and to carry on
many types of syntheses (solid or solid-liquid)!'®!2 but it is
possible to find in literature more “exotic” applications too, such
as mechanical alloying!?' or amorphization'?.

Hornzontal section

Movement of the
supporting disc

Centrifugal
force

Rotation of the milling bowl

Figure 4.7 Scheme of a ball milling process
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4.2.1 MAPI and PEA,PbBr4

The Effect of Extended Ball-Milling upon Three-
Dimensional and Two-Dimensional Perovskite Crystals
Properties

Purpose and scope

Here we discovered that the ball milling process, extended over
a large temporal window, is related to the structural and optical
properties of referential three-dimensional (3D) MAPbIz (MA =
methylammonium) and two-dimensional (2D) PEA,Pbls (PEA
= phenylethylammonium) perovskite crystals.

For both 2D and 3D systems, the process induces a reduction of
the crystallite dimension, accompanied by a worsening of the
overall crystallinity, but without any sign of amorphization. For
MAPDI3, an intriguing room temperature structural transition,
from tetragonal to cubic, is observed. The processing in both
cases impacts the morphology, with a reduction of the crystal
shape quality connected to the particles’ agglomeration
tendency.

All these effects translate to a “blue shift” of the absorption and
emission features, suggesting the use of this technique to
modulate the 3D and 2D OHPs’ properties.

Introduction

In recent years, organometal halide perovskites (OHPs) have
gained enormous attention as active materials applicable in
several optoelectronic applications, such as solar cells, light
emitting devices, photodetectors and field-effect transistors'®.
These materials indeed own exceptional optoelectronic
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properties, such as high absorption coefficients, the direct
photogeneration of free carriers and long carrier dffusion length,
and can be manufactured using numerous and low-energy
consuming methods!7-1°,

Most of the studies reported in the literature concern the
investigation and application of thin film OHPs”*!'!'?, However,
these films are usually characterized by a grain structure and
morphology that directly impact on the optoelectronic features,
since they are a collection of crystallites, amorphous phases and
unreacted species*!31°. Additionally, their optical and electronic
properties can be dominated by extrinsic defects, since trap
states are more easily generated at the grain boundaries'!.
Therefore, in order to understand the intrinsic properties of these
appealing materials, polycrystalline powdered samples represent
an ideal model to be examined for the expected lower defect
density (resulting from the absence of inter-grain regions), and
for certain chemical compositions>®1213:16-19,

Peculiarly, the use of polycrystalline samples has nowadays
gained significant attention with regards to the exploitation of
the effects of different factors, such as chemical manipulation
and external perturbations, on the structural, morphological and
optoelectronic properties of the hybrid perovskites?’*. In some
recent examples, polycrystalline samples were synthesized and
investigated in order to (1) measure the impact of rubidium ions’
incorporation into multiple-cation perovskites Rb(MAFA)PbI3
(MA = methylammonium; FA = formamidinium)?!, (ii) study
the role of different organic cations [27], (iii) study the effect of
illumination®* on MAPbI; properties, iv) explore the
consequence of halide substitution in a lead-free BZA>SnX4
(BZA = benzylammonium; X = Cl, Br or I) system?3, (v) analyze
the degradation processes triggered by the X-ray, N2, Oz or H20
exposure of MAPbBr; perovskite?, and (vi) assess its enhanced
photoluminescence and photoconductivity attributed to erbium-
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doping??. Perovskites crystals were also employed to evaluate
the responses of OHPs to external temperature and pressure,
which is considered a physical probe for tailoring the properties
of these materials®>>3. Indeed, the results of different
temperatures and/or pressures on the structural and
optoelectronic features of MAPbI;*22>2, MAPbBr;**3? and
FAPbI;*? crystals have been reported in the literature.

Herein, polycrystalline powdered samples of three-dimensional
(3D) and two-dimensional (2D) OHPs are examined in order to
evaluate the effects of prolonged high-energy ball-milling
processes on their structural and optical properties. High-energy
ball-milling is a mechanical grinding of materials, in which the
milling occurs thanks to the mechanical friction between the
material and a grinding medium (i.e., balls) included in a
container’>>’. This technique can have different consequences
on the treated materials, such as different extents of downsizing,
efficient mixing, solid-state chemical transformations, or a
combination of all of these*®. Very importantly, it can be applied
as an environmentally friendly, reproducible, efficient and
simple synthesis method for a variety of solid materials, among
which are OHPs?**%38_ In particular, the use of this methodology
should be considered as an alternative chemical strategy and a
promising avenue for synthesizing high-purity OHP crystals in
a solvent-free manner, which is expected to pave the way for the
investigation of the fundamental properties (relevant to their
implementation into optoelectronic devices) of these
materials®>*-2. However, to our knowledge, few publications
deal with the description of the process in detail, and in
particular, with the study of its effects on the final OHPs
samples. The present study aims to investigate the results of
prolonged ball-milling on the structural, morphological and
optical properties of MAPbl; 3D and PEA;Pbls (PEA =
phenylethylammonium) 2D perovskite crystals.
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For this purpose, polycrystalline samples were prepared via wet-
chemistry methods, subjected to high-energy ball-milling for
different times, and characterized by means of X-ray diffraction
(XRD), scanning electron microscopy (SEM) and absorbance
and photoluminescence (PL) spectroscopies.

Experimental methods

Syntheses of perovskites

The polycrystalline MAPbI; 3D and PEA;Pbls4 2D perovskite
powders were synthesized using a wet-chemistry method*® with
the following steps: (i) dissolving stoichiometric lead (II) acetate
(Sigma Aldrich; 99.9%) in a large excess (9 times for MAPbI;,
15 times for PEA,;Pbls) of hydriodic acid (57 wt % in H>O,
99.99%, Sigma Aldrich) or hydrobromic acid (48 wt % in H>O,
ACS Reagent, Sigma Aldrich); (i1) heating up to 100 °C within
an oil bath; (i11) adding a stoichiometric quantity of methylamine
(40 wt % in H20, Sigma Aldrich) or phenethylamine (299%,
Sigma Aldrich); (iv) letting it cool down to 50 °C; (v) filtering
by means of a water pump; and (vi) heating to 60 °C in a vacuum
in a B-585 glass oven (BUCHI) for 10 h. All the first 4 synthesis
steps were carried out in nitrogen flux.

High-Energy Ball-Milling Processes

Four grams of each synthesized powder were ground by means
of a planetary ball-milling machine (Fritsch, Pulverisette 7,
Premium Line) equipped with tungsten carbide (WC) jars and
balls (each ball about 1 g)?®. The samples were prepared with a
powder—balls ratio of 1:10, by alternating 20 min of grinding at
800 rpm with a 10 min break, for total times of 240 and 420 h
for MAPbIz and PEA,Pbl4, respectively. The same amounts
(~100 mg) of the MAPDbI; samples were taken from each jar after
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72, 120, 192 and 240 h; the same was done for PEA,Pbls after
120, 204, 324 and 420 h.

Sample Characterization

XRD investigations of the powder samples were carried out with
a Bruker D8 Advance diffractometer using copper K
radiation (A=1.54056 A) as the X-ray source, under an ambient
condition (i.e., temperature 25 °C, humidity 25%). The
measurements were performed in the Bragg—Brentano
configuration, with a resolution of 0.02 and an integration time
of4s.

A TESCAN Mira 3 high-resolution scanning electron
microscope was used to perform the morphological
characterization of the samples. SEM images were acquired at a
working distance in the range 8.0-8.5 mm, an electron
acceleration voltage of 20.00 kV, and 5.00-10.00 kx
magnification.

Total absorption spectra were recorded with a PerkinElmer
LAMBDA 1050 High Performance Series spectrophotometer
including an integrating sphere for the collection of all the light
scattered by the sample.

Steady state and time-resolved PL was measured by an
Edinburgh FLLS980 spectrometer equipped with a Peltier-cooled
Hamamatsu R928 photomultiplier tube (185-850 nm). An
Edinburgh Xe900 450W Xenon arc lamp was used as the
exciting light source. Corrected spectra were obtained via a
calibration curve supplied with the instrument (lamp power in
the steady state PL experiments ~0.6 mW/cm™, spot area 0.5
cm?). Emission lifetimes were determined with the single photon
counting technique by means of the same Edinburgh FLS980
spectrometer using a laser diode as the excitation source (1 MHz,
Aexc =635 nm, 67 ps pulse width and about 30 ps time resolution
after deconvolution) and a Hamamatsu MCP R3809U-50 (time
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resolution 20 ps) as detector (laser power in the TRPL
experiment ~1.6 mW/cm™, spot area 0.3 mm?).

Results and discussion

The powder XRD patterns of the MAPbI3; 3D perovskite, after
selected high-energy ball-milling times (0—240 h), are shown in
Figure 4.8.
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Figure 4.8 X-ray dffraction (XRD) patterns of MAPblz (MA = methylammonium) as
a function of ball-milling time
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As can be seen, even after 240 h of the external treatment, the
sample maintains a good crystallinity, with only a slight peak
broadening with respect to the starting pattern, probably
originating from strain-induced defects due to the mechanical
treatment. The XRD data of the as-prepared (0 h of ball-milling)
MAPDI; that overlapped with the peaks of the tetragonal crystal
structure (vertical red bars) are reported in the bottom part of
Figure 4.9.
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Figure 4.9 Bottom: XRD pattern of as-prepared MAPbI3 overlapped with the

expected pattern for the tetragonal unit cell; top: XRD pattern of 72 h-milled MAPbI3
overlapped with the expected pattern for the cubic unit cell.
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As can be appreciated, all the expected peaks are present in the
experimental pattern, confirming the typical tetragonal structure
of the synthesized MAPbI; perovskite’>. On the other hand,
already considering the pattern of the sample after 72 h of
milling (top part of Figure 4.9), a clear phase transition occurs.
The matching of the obtained diffraction peaks with those of the
cubic phase (blue vertical bar) confirms the stabilization of this
symmetry in the treated MAPbDI3 crystals. The clear sign of
tetragonal symmetry?>**| namely, the two peaks around 25, are
not present in the milled sample, suggesting that the high-energy
mechanical treatment induces the structural phase transition of
the 3D perovskite*2. The cubic symmetry is also found in all the
samples by further increasing the milling time, as displayed in
Figure 4.8. In addition, as reported in Table 4.1, the treatment
has an effect on the lattice parameters, leading to a slight cell
volume expansion as a function of time.

Table 4.1 Lattice parameters and cell volume for MAPbI; at different ball-milling
times

. Ball-
Crl);;t:ime Milling AA) CA) Cell(X(;l)ume
Time (h)

Tetragonal 0 8.868+0.001 12.628+0.001 248.300

72 6.291+0.001 - 248.977

Cubic 120 6.293+0.001 - 249.214

192 6.295+0.001 - 249.152

240 6.301+0.001 - 250.166

The Le Bail approach was applied to calculate these parameters
with a zero-shift value of -0.0651%.

The XRD patterns, as a function of the ball-milling time (0—420
h) for the PEA,Pbl4 2D perovskite, are displayed in Figure 2.
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Figure 4.10 2. XRD patterns of PEA>Pbls (PEA = phenylethylammonium) as a
function of ball-milling time

The crystal structure of the as-prepared material is in agreement
with the monoclinic space group, and the pattern is dominated
by the 001 peaks, as is common in 2D metal halide
perovskites**6. A significant crystallinity reduction is found in
the samples, already after 120 h, and it is progressively increased
by raising the milling treatment time, as can be appreciated by
the peak’s broadening. In particular, after 420 h of ball-milling,
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most of the intensity is lost and the peaks are very broad. The
FWHM moves from about 0.05° for the as-prepared sample, to
about 0.49° after 420 h of milling time. At the same time, the
first peak, corresponding to the 001 reflection, shifts to a lower
angle by increasing the treatment, from 5.413° (0 h) to 5.238°
(420 h), indicating an expansion of the c-axis. However, no sign
of amorphization is found, suggesting the relevant robustness of
the 2D sample structure. Furthermore, contrary to what was
assessed for MAPDI3, no evidences of phase transition are found
in PEAoPbl4 perovskite crystals as a consequence of the ball-
milling treatment at various times.

Representative SEM images of the as-prepared and after-ball-
milling MAPbI; and PEA;Pblsy samples are respectively
reported in Figures 4.11 and 4.12.
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Figure 4.11 Scanning electron microscopy (SEM) images, at 5 kx and 10 kx
magnification, of (a,b) as-prepared MAPbI3, and that after (¢,d) 120 and (e,f) 240 h
of ball-milling

The as-prepared MAPDI3 (Figure 4.11-a,b) shows the typical
cubic-like shape of the crystallites, which have dimensions
ranging from 5 to 20-30 pm. The ball-milling is performed to
significantly reduce the quality of the crystal shape, also
producing smaller particles which tend to agglomerate (Figure
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4.11-c—f). No other remarkable variations concerning the
morphology can be observed by increasing the milling time from
120 to 240 h.

Figure 4.12 SEM images, at 5 kx and 10 kx magnification, of (a,b) as-prepared
PEA:Pbl4, and that after (¢,d) 204 and (e,f) 420 h of ball-milling

As-prepared PEA>Pbl4 (Figure 4.12-a,b) reveals a lamellar-like

morphology, with grains of several microns. Such a peculiar

morphology is lost due to the ball-milling, which reduces the
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size of the crystallites, producing also a broader size distribution
(Figure 4.12-c,f). As in the case of MAPDbI;, by further
prolonging the mechanical treatment (from 204 to 420 h), a
dramatic change in the crystal morphology is not found.
However, as is clear from the diffraction data, the intrinsic
crystallinity is progressively reduced by increasing the ball-
milling time, irrespective of the sample morphology and size.
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Figure 4.13 Absorption spectra of as-prepared (0 h) MAPDI3, and after 120 and 240 h
of ball-milling

For the 3D MAPDI; sample, the absorption spectra (Figure 4.13)
show an evident shift associated with the ball-milling process.
From the as-prepared sample to the 240-h-milled one, there is a
“blue shift” of about 0.1 eV, with the sample after 120 h of
treatment laying in an intermediate region. As discussed above,
the high-energy process causes a phase transition from the
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tetragonal to the cubic perovskite phase. Additionally, it induces
an expansion of the lattice. In principle, a reduction of the band
gap, passing from a distorted Pb-I geometry (tetragonal) to a
symmetric one (cubic), could be caused by an improved
interaction between the lead and iodide orbitals.
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Figure 4.14 Absorption and steady-state emission photoluminescence (PL) spectra of
as-prepared (0 h) PEA2Pbls, and that after 204 and 420 h of ball-milling (main panel).
Time-resolved PL spectra (inset) of the same samples

However, in the examined systems, the transition to the cubic
phase is also linked to a lattice expansion, leading to an
elongation of the Pb-I bond length and thus to the downshift of
the VB**, In the cubic phase “regime” of the MAPbI;
perovskite, the [Pbls]* octahedra expansion (Table 4.1)
increases the Pb-1 bond length. This in turn reduces the coupling
of the Pb s and the I p orbitals, and pushes down the VB, leading
to the observed blue shift of the band gap. It is worth noting that
the absorption edge retains a relative sharpness, even after long-
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lasting milling, which is an indirect indication of material order
retention, as the low-energy tail of the exciton absorption is
reminiscent of Urbach absorption, which is a measure of the
disorder*. The emissions of the systems could not be obtained,
for two main reasons; one is related to the setup used, which is
very weakly sensitive above 830 nm, where the emission band
likely lays®°, and the second is related to the very weak emission
expected in such systems, due to the defects introduced
following high-energy milling, as observed below for the more
strongly emissive samples (PEA2Pbls). For PEA;Pbls systems,
a similar trend for the absorption spectra can be observed (Figure
4.14), also resulting in the light emission behavior, but with
some additional findings. The as-prepared crystalline powder
shows a narrow intense emission, characterized by a lifetime in
the order of a few nanoseconds (biexponential decay: 2.5 and
10.5 ns), and the emission band presents a shift, relative to the
absorption onset, of a few nm (around 8 nm). For the samples
after 204 h and 420 h of high-energy treatment, consistent with
the absorption features, a blue shift, a reduction in terms of the
intensity of the emission compared to the referential compound,
a smaller Stokes shift and a reduction of the emission lifetime
can be noticed (for both samples the emission decays were
below 50 ps). As clearly evidenced by the XRD measurements
and the SEM images, the quality of the PEA,Pbls crystals is
strongly affected by the ball-milling, and the introduction of
electronically active defects is logically linked to this process,
impacting on the optical properties. However, of interest is the
shift of the absorption and emission, which has been observed
for 2D systems when quantum confinement effects were
triggered by the system’s reduced dimensionality. Herein, it is
possible that some crystals, at least in one dimension, could
shrink following ball-milling under the material Bohr radius,
triggering some quantum confinement. Some of us recently
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found that, even in the bulk perovskite, a single photon emission
could be triggered via material deposition protocol variation®';
therefore, further studies will be dedicated to the issue.

Conclusions

In this study, the effect of extended ball-milling on the structural,
morphological and optical properties of MAPblz 3D and
PEA,Pbl4 2D perovskite crystals was investigated. Particularly,
polycrystalline powders were synthesized via a wet-chemistry
method; they then underwent high-energy ball-millings of
different durations, and were analyzed using XRD, SEM,
absorbance and PL spectroscopies. From the structural point of
view, the XRD results showed no sign of amorphization for
either sample, even after the prolonged milling treatment.
Additionally, the processing induces a clear phase transition
(from tetragonal to cubic) already after 72 h for MAPbI;, and a
significant crystallinity reduction for the PEA;Pbls perovskite.
The morphological SEM investigation displayed a reduction of
the crystals’ quality due to the ball-milling, with a reduction of
their size and an agglomeration tendency. The optical
characterization showed an interesting effect on the MAPbI3 and
PEA-Pbl4‘s band gap tunings, attributable to the high-energy
treatment. Additionally, the 2D perovskite exhibited a reduction
in terms of emission intensity and lifetime, probably due to the
introduction of electronic defects, attributable the decreased
quality of the crystals. In conclusion, the mechanical ball-
milling process affects many properties of crystalline MAPbI;
3D and PEA;Pbls 2D perovskites, without incurring their
amorphization, and it could be further applied to a wider class of
OHPs in order to gain information regarding (micro)structure—
properties correlations.
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FUTURE
PERSPECTIVES

Several works that could perfectly fit into the previous chapters
are now still in progress. Some of them are at their really
beginning, for instance, the deposition of 2D and quaternary
metal halide perovskites by the means of RF magnetron
sputtering. Many others are instead about to see the light, such
as the: radio frequency magnetron sputtering of the lead-free and
mixed halide Cs3SboXo thin films integrated into complete
devices; the high-pressure quenching and extended ball-milling
of the lead-free hybrid MA;3Bizlo and inorganic Cs3Bizlo; high-
pressure in-situ studies at the large facilities of hybrid phases
containing large cations, like benzylammonium,
butylammonium, and 2,2-(ethylenedioxy)bis(ethylammonium);
the in-situ structural investigation of moisture/oxygen sensitive
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thin films of perovskites containing Sn*’, in order to best
comprehend their degradation in controlled environmental
conditions.

There is still considerable work to do to build reliable, durable,
convenient, and largely marketable perovskite-based devices.
With this thesis we set a strong starting point in this direction,
indeed we successfully demonstrated that is possible to: tune
structural and optoelectronic properties of several perovskite
phases (mainly lead-free) and grow thin films of different metal
halide perovskites by vapor phase method highlighting the
versatility of this approach.

Current research is now turning towards tin-based MHPs to
overcome all the issues and concerns related to lead-containing
phases. It is clear that providing novel clues and tools to deal
with these phases still represents a key point for further
development in the field where we expect a renaissance of lead-
free based devices for a vast variety of applications from
photovoltaics, detection, and photocatalysis.
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