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1. INTRODUCTION & BACKGROUND 

 

In the last 10 years, lead halide perovskites have gathered significant attention for a 

plethora of applications such as solar cells, LEDs, thermoelectric materials, scintillators 

and sensors. This class of materials exhibits attractive physical and chemical properties 

which can be associated with its peculiar electronic and crystal structure. In this Chapter, 

we first introduce lead halide perovskites, their potential and challenges. We then focus 

on how the ionic-covalent bond dual nature in these solids is reflected in the mechanically 

soft and dynamically disordered lattice whose alteration affects the electronic landscape. 

External pressure can be used as a tool to induce structural modifications of the perovskite 

lattice and therefore to investigate the structure-properties relationship in these solids. We 

introduce the main techniques used throughout this thesis: Electron-Backscattered 

Diffraction (EBSD) to spatially resolve the crystal structure and grain orientation of 

perovskite thin films; femtosecond pressure-dependent transient absorption and pressure-

dependent photoluminescence spectroscopy to correlate the structural variation with 

optical properties of such films. 
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1.1. Lead-Halide Perovskites 

 Perovskites refers to a group of materials with the same crystal structure 

as calcium titanium oxide (CaTiO3) described by the formula ABX3. Metal-halide 

perovskites (MHP) feature a monovalent cation such as the organic 

methylammonium (MA+: CH3NH3
+), formamidinium (FA+: CH2(NH2)2

+) or the 

inorganic caesium (Cs+). B is a divalent cation, usually lead (Pb2+) or tin (Sn2+), 

and X is the anion, e.g., iodide (I-), bromide (Br-) or chloride (Cl-). A 

representation of the cubic crystal structure of MHP is shown in Figure 1.1a. The 

crystal structure consists of corner-sharing BX6 octahedra, with the A cation 

occupying the 12-fold coordination site in the middle of the cube of eight such 

octahedra and interacting with the BX3
− lattice mainly via ion-ion, ion-dipole, and 

hydrogen bonding interactions. The divalent B cation is located at the corner of 

the cube and surrounded by an octahedron of anions. Deviations from the ABX3 

stoichiometry are also possible when the A and B cations are replaced by a 

combination of cations having different valences but retaining an overall neutral 

charge balance (double or quadruple perovskites)1,2. 

 Incorporation of larger organic cations that do not satisfy the tolerance 

factor criterium for the formation of the 3D perovskite can results in the formation 

of low-dimensional layered 2D metal-halide perovskite (LMH)3,4, schematically 

represented in Figure 1.1b. This class of materials consists of infinite 2D slabs 

of the ABX3 type structure which are separated by some organic spacers (S). 

Layered 2D perovskites are often classified into Ruddlesden-Popper (RP) and 

Dion-Jacobson (DJ) types. The RP perovskites can be described by the formula 

S2[A(n-1)BnX(3n+1)] 5, where the spacer S consists of two monofunctional organic 

molecules, each of them binding a side of the perovskite slab, whereas van der 

Walls interactions dominate between the two spacers. In the DJ perovskites, 

described by the formula S[A(n-1)BnX(3n+1)] 6,  the spacer consists of a bifunctional 

organic molecule directly binding the two side of the perovskite slab7. They are 

further classified based on the number of perovskites layers (n) which are 

separated by the organic spacer layer (e.g. n = 1, 2, r, etc.). In layered 2D 

perovskites, charges are mostly confined to the inorganic framework as the 

organic spacers are mostly electronically insulating. This class of materials shows 
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a unique quantum well behaviour, where for low n, the bandgap decreases as a 

function of the reduced thickness of the perovskite slab because of the reduced 

quantum confinement (Figure 1.1c). The possibility to choose a larger variety of 

organic spacers with ad hoc functionalities, makes the tunability of the layered 

2D perovskites higher in comparison with their 3D counterparts.  

 

 

Figure 1.1. From 3D to layered 2D perovskites. A representation of a) the crystal 

structure of 3D MHP, b) layered 2D perovskites classified into Ruddlesden-

Popper and Dion-Jacobson types, and c) their quantum well behaviour, with the 

energy bandgap (Eg) defined by conduction band (CB) and valence band (VB) 

edges and the highest occupied molecular orbital (HOMO) and the lowest 

occupied molecular orbital (LUMO) levels. 

1.2. Promises and Challenges 

 Lead-halide perovskites have recently gathered significant attention due 

to the high efficiency of perovskite-based solar cells and other optoelectronic 

devices combined with the possibility for low-cost and simple solution or vapour-

based fabrication methods8,9.  Their bandgap tunability is one of the most exciting 

properties for lighting applications, displays and tandem solar cells where the 

possibility of choosing the bandgap of the material used is quintessential. The 

simplest and most studied perovskite is the methylammonium lead iodide 

(MAPbI3). Any intermediate bandgap between the full iodide MAPbI3 (1.65 eV) 
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and the full bromide MAPbBr3 system (2.3 eV) can be obtained10,11 by partially 

replacing the iodide species with bromide. Replacing iodide or bromide with 

chloride is also possible, opening the possibility to extend the bandgap tunability 

toward the UV 12. To a minor extent, the bandgap tunability is also achieved by 

replacing the methylammonium MA+ cation with a different monovalent A+ 

cation with different properties (e.g. size13, hydrogen bonding donor character13). 

Together with the bandgap tunability, the high photoluminescence quantum 

efficiency (PLQE) makes perovskites promising for solar cells and light-emitting 

diodes (LEDs). As a matter of fact, in solar cells the PLQE is directly related to 

the open-circuit voltage (Voc)14 and is an important metric to optimize the 

luminous efficiency of LEDs15. So far, despite the PLQE is reduced by the 

presence of defects14,16–18, perovskites have demonstrated to be relatively defect 

tolerant19,20 which partially relax the requirements for the fabrication strategies. 

 Another intriguing property of this class of materials is their low thermal 

conductivity21,22 and the consequent slow heat transport. For instance, the thermal 

conductivity κ at room temperature of CsPbBr3
23 and MAPbI3

24 single crystals is 

found to be 1 and 0.5 W m-1 K-1, respectively. In contrast, GaAs25 and silicon26 

exhibit a thermal conductivity κ of 52 and 150 W m-1 K-1, respectively. A 

significant difference in thermal conductivity is also found between rocksalt IV–

VI materials (e.g. SnTe, κ = 4 W m-1 K-1 ) and zincblende III–V materials (e.g. 

InSb, κ = 16 W m-1 K-1) and often attributed to their different structural 

coordination, octahedral and tetrahedral, respectively. Compounds with 

octahedral coordination often exhibit low thermal conductivity in comparison 

with other structural coordination (e.g. tetrahedral) and this has been attributed to 

the reduced ability for an atom to vibrate given the larger number of neighbours27. 

However, vacancies27, the phonon lifetime28 and the phonon mean free path can 

also affect the overall thermal conductivity. Despite a full picture of what causes 

the low thermal conductivity in lead-halide perovskites is still missing, the polar 

nature of these semiconductors together with its structural disorder are key. 

Differences in thermal conductivity are also present within the class of lead-

halide perovskites. Replacing the organic cation (MA+) with an inorganic one 

(Cs+) halves the density of states of accessible modes, resulting in higher thermal 

conductivity. Furthermore, the lower thermal conductivity of MAPbI3 is 
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attributed to its particular crystal structure, involving the slow rotation of the MA+ 

cation within the unit cell that changes the cation-lattice coupling29,30. This 

property opens up applications where slow heat transport is required, such as in 

thermoelectric devices31. Linked to the low thermal conductivity, a slow energy 

dissipation is also observed on the picosecond timescale. When semiconductors 

are photoexcited with a photon energy larger than their bandgap, hot carriers are 

generated (i.e., high-energy electrons in the conduction band and high-energy 

holes in the valence band). In solar cells, the collection of these electrons (holes) 

is typically preceded by the loss of the excess of energy until they reach the 

minimum of the conduction band (maximum of the valence band). This process, 

known as hot-carrier cooling32–34, occurs in the picosecond timescale when all 

the charges have reached a common temperature and start to interact with the 

lattice through carrier-phonon scattering to lose the excess of energy. The process 

is complete when the charges have reached the thermal equilibrium with the 

lattice. Manipulating this process is critical for many applications, from 

thermoelectric devices31 where slow hot-carrier cooling is preferred to lasers35 

where short hot-carrier cooling time is desired for efficient radiative 

recombination36. These are only a few of the most interesting properties that 

perovskites exhibit, suggesting their versatility for several applications, not only 

as active absorber for PV applications. 

1.3. The Key Role of the Lattice Softness  

 The bonding nature within the anionic inorganic framework in lead-

halide perovskites exhibit a dual covalent and ionic nature37 and electrostatic 

interactions dominate between ions with net charge making lead-halide 

perovskites polar semiconductors38. In addition, H-bonding interactions between 

the A+ cation and the halide in the inorganic framework are present when the A+ 

is organic39. This weaker bond nature compared to the purely covalent bond 

exhibited by silicon is reflected in the mechanically soft and dynamically 

disordered perovskite lattice whose alteration affects the electronic landscape of 

these solids. In addition, this class of materials tends to easily form vacancies and 

other defects in the lattice40–42 that, in combination with the weak ionic bond 
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nature, unlocks the possibility for ions to migrate within the perovskites lattice 

or, in a solar cell stack, to drift toward the electrode of reverse polarity. This 

process is called ion migration42–45 and has been identified as one of the main 

drivers for degradation45–47 affecting the long-term stability of perovskite-based 

devices. In MAPbI3, theoretical calculations and experiments show that both the 

A+ cation and the X- anion can migrate with activation energies ranging from 0.46 

to 1.12 eV, and 0.08 to 0.58 eV, for MA+ and I- respectively48–51. The activation 

energy for the migration of Pb2+ is found between 0.80 and 2.31 eV48,51. Thus, 

due to the high activation energy for the process, Pb2+ is unlikely to migrate48. Ion 

migration is observed both in single-halide systems and in mixed-halide systems 

where the process is more evident under continuous illumination. In mixed-halide 

perovskites, the halide migration within the perovskite lattice results in a process 

known as phase-segregation52–54. In this process, halides migrate and form 

halide-rich domains which in turn affect the bandgap homogeneity (i.e. the 

bandgap of the mixed-halide perovskite is lost and domains of lower and higher 

bandgap are formed).  The lattice softness of lead-halide perovskites also impacts 

their photodynamics. Several works suggested the formation of polarons (i.e. an 

electron/hole in an ionic crystal together with the induced polarization of the 

surrounding lattice) after photo-excitation to rationalize the early photophysics 

and carrier transport dynamics in these materials (e.g. slow hot-carrier 

cooling55,56, low electron-hole recombination rate and long carrier lifetime57, 

defect tolerance58, ion migration and phase segregation59–61). Thus, a deep 

understanding of the perovskite lattice and strategies to modify it either by 

replacing its constitutive elements or by applying external stimuli is key for 

tuning the optoelectronic properties to access new properties that allow the 

development of new functional materials. 

1.4. Pressure to Manipulate Optical Properties 

 The impact of the crystal structure on the optoelectronic landscape in 

perovskites has been discussed in the previous paragraph. Application of external 

stimuli (e.g. temperature, pressure, electric or magnetic field) is a direct way of 

tuning these properties62–66. Although temperature has been extensively used as a 
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tool for a better fundamental understanding of lead-halide perovskites in 

combination with several spectroscopic techniques43,67–70, studies related to the 

pressure-induced effects and thus the structural properties of these materials are 

still scarce and mainly devoted to the high-pressure range (1-20 GPa)71–74. 

Pressure is a way to externally induce strain in a controlled way, while lattice 

mismatch during the crystal growth and lattice vibrations within the crystal can 

also lead to strain within the material. The effect of pressure on the optoelectronic 

properties of lead-halide perovskites can be understood from the diagram of 

bonding and antibonding orbitals of a representative APbX3 that is responsible 

for the formation of the electronic bandgap as schematically shown in Figure 1.2 

(left). The valence band edge is formed by an antibonding combination of halogen 

np orbitals (Cl-3p, Br-4p or I-5p) and Pb s orbitals (Pb-6s), and the conduction 

band edge by an antibonding combination of Pb p orbitals (Pb-6p) with negligible 

coupling with of halogen p orbitals (Cl-3p, Br-4p or I-5p)75–77. The lead atomic 

orbitals contribute to 30-40% of the valence band and 70-90% of the conduction 

band75,78. Due to the antibonding character of the valence band edge, any change 

to the perovskite lattice that can increase (decrease) the overlap of the Pb s 

orbitals with the halide p orbitals will impact the energy of the valence band 

edge, moving it towards more positive (negative) potentials. Similarly, the 

conduction band has an antibonding character. Therefore, any change in the 

perovskite lattice that can increase (decrease) the overlap of the Pb p orbitals with 

the halide p orbitals will impact the energy of the conduction band minimum, 

moving it towards more positive (negative) potentials. 

 However, because of the poor coupling of the orbitals forming the 

conduction band, the changes in the energy level will occur to a minor extent in 

comparison to the one in the valence band. Although the A+ cation does not play 

a major role in the formation of the electronic bandgap, it induces distortions in 

the inorganic framework through templating effects and thus plays a critical role 

in how the Pb and X orbitals overlap, determining many properties of this class 

of materials. Pressure – and therefore strain – can tune the extent of overlap of Pb 

orbitals with X orbitals. The main effects of pressure can be related to change in 

the metal coordination sphere such as bond lengths and interoctahedral tilting79 

as shown in Figure 1.2.  
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Figure 1.2. External pressure can alter bond length and the octahedral tilting in 

lead-halide perovskites. On the left, the schematic diagram of bonding and 

antibonding orbitals of APbX3 showing the formation of VB and CB with no 

stress applied. In the middle, the result of external compression when the Pb‒X 

bond length is reduced. The valence and conduction band edge are pushed toward 

higher energies to a different extent, reducing the bandgap energy. On the right, 

the band diagram shows the effect of external pressure when altering the 

octahedral tilting. When the Pb‒X‒Pb deviates from 180°, the valence band is 

pushed toward lower energies compared to the conduction band edge resulting in 

the enlargement of the bandgap energy. 

 

 

In addition, in the case of layered 2D perovskite, the interlayer spacing distance 

and lattice packing arrangements are also affected by pressure. Compression of 

the Pb–X bonds results in higher overlap of the Pb s orbitals with the halide p 

orbitals, consequently reducing the bandgap energy. This pressure effect has been 

observed in many occasions at low pressure (<5 GPa) both in 3D and in layered 

2D perovskites71,80,81. Further increasing pressure leads to the contraction of 

bonds, accompanied by a change in the bond angles which distorts the inorganic 
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framework82,83. Depending on the symmetry and orientation of orbitals within the 

inorganic framework, this can result in enlarged or reduced bandgap due to the 

change in the overlap between atomic orbitals. In layered 2D perovskites, 

pressure can affect the distance between inorganic sheets by compressing the 

organic interlayer spacing and thus enhancing the interlayer electronic 

interaction. This change leads to a relaxation of the confinement and hence a 

decrease in bandgap. Depending on the stiffness of the organic molecule84–86 used 

to form the perovskite, pressure can induce a relatively large or small 

compression of the organic spacer. 

 On a macroscopic level, the Young’s (E) and bulk modulus (K) in Eq. 

1.1 and Eq.1.2 can be used as metric to evaluate the material’s resistance to axial 

and uniform compression, respectively. The first is often used for layered 2D 

perovskites where the unit cell compression has been found to be anisotropic81,83 

and particularly pronounced along the c-axis, where the organic interlayer spacers 

sit. K is often used for 3D perovskites and in layered 2D perovskites where the 

compression is found more isotropic80.  

The Young’s modulus (E) is described by the equation 

 

𝐸 =
𝜎

𝜀
=

𝐹

𝐴

𝐿0

𝛥𝐿
 (1.1) 

 

where 𝜎 is the uniaxial stress (force F per unit area A) and 𝜀 is the axial strain 

(proportional deformation) in the linear elastic region, 𝐿0 is the original length, 

𝛥𝐿 is the change in length (negative under compression, positive when stretched). 

Soft elastic solids exhibit a low Young’s modulus. For example, rubber has a 

Young’s modulus between 0.01 and 0.1 GPa. Contrary, stiff or inelastic solids 

exhibit high Young's modulus. This is the case for steel that exhibit a Young’s 

modulus between 190 and 215 GPa. Young’s modulus always refers to a specific 

crystal direction and different crystal orientations can exhibit a different Young’s 

modulus. 

The bulk modulus (K) is described by the formula 
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K = −𝑉
𝑑𝑃

𝑑𝑉
 (1.2) 

 

Where V is the final volume after load and 
𝑑𝑃

𝑑𝑉
 is the partial derivative of pressure 

with respect to volume. For comparison, the bulk and Young’s moduli of the most 

common 3D perovskites, layered 2D perovskites with n = 1 and conventional 

semiconductors87 are reported in Table 1.1.  

Table 1.1. Bulk and Young’s moduli for the most common conventional 

semiconductors, 3D and layered 2D lead-halide perovskites (n = 1) with 

butylamine (BA) and phenethylamine (PEA) used as spacers. In brackets is the 

crystallographic direction to which the Young’s modulus is referred. 

 

Material Bulk Modulus (GPa) Young’s modulus (GPa) 

Silicon 105 88 62 <100> 89 -188 <111> 90 

GaAs 75 91 84.4 <100> 92 

MAPbI3 15 93–95 10 95 - 14 94  <100> 

MAPbBr3 24 93 19.2 <100>96 

MAPbCl3 45 97 17.7 <100> 96 

FAPbI3 14 98 12.8 <110> 96 

CsPbBr3 2299 15.6 <101> 96 

(BA)2PbI4 6-8 100 8-9 100  <001> 

(PEA)2PbI4 10101 11 <001> 101 

 

As can be seen in Table 1.1, both the Young’s and Bulk moduli of III-V 

semiconductors and silicon are almost an order of magnitude higher than those 

of perovskites, confirming the softer nature of the perovskite lattice. Thus, their 

structure and consequently electronic states tend to be more affected by pressure. 

There are also larger differences among the perovskite compositions. In the 3D 

perovskites, when replacing iodine with bromine or chlorine in MAPbX3 systems, 

the bulk modulus increases due to the stronger bond between Pb‒X which makes 

the inorganic framework stiffer. In addition, the reduced unit cell volume induced 

by the replacement of a large halide with a small halide leads to stronger atomic 

interactions within the perovskite lattice and the overall softness of the material 

is reduced. The lattice stiffness is also affected by the change in the A+ cation. 

For instance, replacing an organic cation with an inorganic one as caesium (Cs+) 
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results in a stiffer lattice. In the layered 2D perovskites, a key role is played by 

the organic interlayer spacer. For this class of materials, the mechanical 

properties are not only related to the inorganic framework but also to the stiffness 

of the organic molecule used in the composition. The large parameter space of 

the organic molecules used as spacers allows for designing materials with 

different flexibility. It is worthwhile to mention that not only the spacer itself 

delineates the structural-optoelectronic properties relationship but also how the 

organic spacer packs in the crystal. 

 So far, studies in a relatively mild range of pressure (< 1 GPa) are rare. 

This means we are missing important information about the material’s behaviour 

in a strain range that can be introduced during the manufacturing process or 

during operation (e.g. from polaron formation). In addition, these studies can 

pave the way toward new applications that exploit perovskite’s mechanochromic 

properties expanding the perspective for their future applications102–104. No less 

important is investigating perovskite’s properties under mild range of pressure 

for a deeper understanding of fundamental properties and mechanisms often 

overlooked when studying materials at high pressures. In turn, understanding of 

pressure-induced modifications is quintessential for a systematic implementation 

of this pressure through compositional engineering to permanently realize the 

effects of mechanical compression. 

1.5. Electron Back-Scattered Diffraction 

 Despite the remarkable properties of halide perovskites due to the softer 

lattice in comparison with conventional semiconductors such as silicon and III-V 

semiconductors, the softness of the lattice is also responsible for reduced stability 

of the perovskites under some experimental conditions. In particular, lead-halide 

perovskites with an organic A+ cation exhibit significant instability under electron 

beam irradiation105,106 complicating the study of the microstructure with some of 

the most common scanning electron microscopy-based (SEM) techniques (e.g. 

cathodoluminescence, electron back-scattered diffraction). Given the profound 

relation between structural and optoelectronic properties of these materials, 

sensitive and less destructive techniques are required to probe their 
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microstructure. In metallurgy, geology, and in the ceramics sector, electron-back 

scattered diffraction (EBSD) is used as a powerful technique to identify the 

presence of different crystal phases with high spatial resolution, characterise the 

grain size and the strain among grains, discriminating compounds with similar 

crystal structures and the temperature response of crystal structures. Combining 

good spatial resolution, large scale coverage and the simple implementation in 

SEM-based tools, EBSD is one of the leading techniques for investigation of a 

material’s microstructure107,108. In this paragraph, based on this reference109, we 

expand on the working principle of EBSD together with its potential and 

limitations as a tool to investigate the microstructure of lead-halide perovskites. 

In addition, we discuss the importance of the image processing and the indexing 

procedure to extract crystallographic information from the diffraction patterns 

collected. EBSD is a SEM-based technique where the incident electron beam 

interacts with a crystalline material and diffracted backscattered electrons are 

collected forming the so-called Kikuchi patterns. Electrons from the electron 

beam penetrating in the sample are elastically and inelastically scattered. This 

results in a diverging source of electrons with a broad range of energies. Those 

electrons which have undergone elastic and quasi-elastic scatter events and thus 

lost only a small quantity of energy - in the range of a few eV – can escape from 

the specimen and if they satisfy Bragg’s law they can diffract into cones (Kossel 

cones) with the cone axis normal to the diffraction plane normal. Then, the Kossel 

cones intersect with a planar detector (usually a phosphor screen) and the typical 

nearly straight Kikuchi lines appear. Those lines lie on a diffuse background 

generated by the inelastically scattered electrons having lower energies. The 

combination of Kikuchi lines provides a direct measurement of the 

crystallographic orientations of the specimen. A schematic representation of the 

technique, working principle and the typical Kikuchi pattern collected are shown 

in Figure 1.3.  
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Figure 1.3. EBSD for probing the material’s microstructure. a) Schematic 

representation of a typical EBSD setup109, b) Kikuchi lines originating from a 

diffracting plane at the intersection of the Kossel cone and the detector and c) the 

experimental Kikuchi pattern obtained from MAPbI3 thin film109.  

 

The EBSD system used in this thesis has an angular resolution of about 0.5°. The 

angular resolution of EBSD is related to the quality and sharpness of the 

diffraction patterns and therefore how well a Kikuchi pattern can be indexed. The 

depth resolution of the EBSD is limited by the excitation volume which is the 

interaction volume of the primary electrons within the sample from which 

electrons are backscattered, forming the typical diffraction patterns.  

From a Monte Carlo-based simulation (CASINO110) where 15 keV is used as 

primary beam voltage, we estimate the 50% escape probability of electrons in the 

interaction volume to be from 35 nm below the surface for a 70° tilted sample. 

For a 0° tilted sample these electrons could escape from 260 nm below the surface 

as shown in Figure 1.4. Thus, tilting the sample makes EBSD a more surface 

sensitive technique. The spatial resolution depends on the sample volume where 

electrons undergo elastic scattering events. When the electron beam interacts with 

the tilted specimen, the largest electron density and the largest escape probability 

are both located close to the spot where the beam enters the sample (grey scale in 

Figure 1.4). The interaction volume is hence close to the beam size. In the 

example below for electrons with 50% escape probability is about 9 nm at 6 nm 

beam size, which then defines the lateral resolution.  
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Figure 1.4. Simulated interaction109 volume between 15keV electron beam and 

400nm MAPbI3 perovskite on ITO obtained using a Monte Carlo simulator 

(CASINO). a) Interaction volume in the X-Z plane of back-scattered electron 

beam at 0° (no tilt applied) and b) 70° tilt (EBSD configuration). The X direction 

(3 nm/pixel) is parallel to the surface and Z direction corresponds to the thickness 

of the sample. The percentages shown represent the escape probability of back-

scattering electrons from different locations in the sample (e.g. 50% of escape 

probability represented by the yellow line).  

 

The smallest reasonable step size is the lateral resolution. However, the choice of 

such small step size is impractical as the total number of collected points would 

be extremely large and would require many hours of collection with the risk of 

damaging the material. Using an extreme example, a 500 μm x 500 μm scan area 

with a 10 nm step size would result in 2.5×108 data points. If we consider 2s as 

typical exposure time per data point in a conventional EBSD system, the 

measurement will require 158 years. In practice, a step size small enough to 

resolve the desired features (e.g. grain size) is chosen. During the experiment, the 
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sample is mounted at 70° with respect to the horizontal to maximize the collection 

yield of the backscattered electrons, and the detector is placed horizontally on the 

side a few centimeters away from the specimen as shown in Figure 1.5. As 

mentioned earlier, Kossel cones intersect with a planar detector and the so-called 

Kikuchi lines emerge from a diffuse background generated by the inelastically 

scattered electrons forming characteristic Kikuchi patterns. The Kikuchi patterns 

can be described as a gnomonic projection of the crystal lattice on the flat screen 

where the angles between the projected planes correspond to the interplanar 

angles, the band crossings to zone axes of the crystal lattice, and the width of the 

bands is related to the interplanar spacing, dhkl, as follows from Bragg’s law. 

Kikuchi bands are converted into points by the mathematical Hough’s 

transformation as they are easier to locate and fit automatically. To enhance the 

Kikuchi lines from the background, we use a Phyton script to average the 

background from at least 1000 Kikuchi patterns and divide the pattern from the 

measurement by this background to correct for spatial differences in collection 

efficiency. In addition, we apply brightness corrections to remove fluctuations of 

individual quadrant brightness from frame to frame (usually observed working at 

low beam current).  

 

Figure 1.5. Geometry of the EBSD setup used in this thesis109. On the left, the 

direct-electron detector facing the sample mounted on a metallic stub and the 

sample is tilted by 70° with respect to the horizontal. Above the sample, the 

source of electrons is shown, operating at a few millimetres distance from the 

surface of the sample. 
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The result of our image processing is adapted from reference 111 and shown in  

Figure 1.6. We index the Kikuchi patterns using OIM Analysis™ from EDAX. 

The rotation of the probed crystal results in a rotation of the Kikuchi pattern, 

whereas a tilting of the crystal orientation results in a shift of the pattern. To index 

the Kikuchi patterns, it is necessary to input the correct crystal structure of the 

material and an accurate calibration.  

 

Figure 1.6. Image processing routine. Kikuchi patterns taken from reference109 

for MAPbI3 thin films fabricated via two different strategies before and after 

image processing. 

 

 Calibration is fundamental to obtain reliable data. The goal of the 

calibration is to establish the geometry of the projection of the EBSD pattern onto 

the detector and therefore determine the geometrical relationship between the 

sample coordinates in the SEM chamber and the detector. To calibrate our 

system, we use a routine which define the calibration parameters using a high-
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quality pattern from a known material at a specific working distance (e.g. Cu, Al 

or Si). Specifically, we have measured Kikuchi patterns of copper and silicon at 

working distances from 10 to 13mm. Then this calibration is applied to the 

perovskite Kikuchi patterns before indexing. Despite the power of this technique 

for probing microstructural information of crystalline solids, the detection with a 

phosphor screen requires high current for the collection of a sufficiently large 

signal-to-noise ratio due to presence of losses given by the optics present in the 

collection path. This is a limitation when investigating perovskite thin films, as 

the use of a current of a few nA can already be damaging to the material. Instead, 

in this thesis we use a direct-electron detector112 (i.e. the phosphor screen is not 

used), which directly measures the incident electrons onto the detector. 

Therefore, this type of detector has higher sensitivity compared to the traditional 

detectors and crucial for probing perovskite’s microstructure without altering or 

damaging the specimen while measuring113. Here, the current required to collect 

a sufficient large signal-to-noise ratio signal is in the order of a few pA. The other 

difference with the traditional EBSD detectors employing phosphor screens is the 

required accelerating voltage. The traditional one requires a voltage of 15-20 kV 

that also increases the probing depth. On the other hand, the direct-electron 

detector can probe the microstructure with adequate signal-to-noise ratio even at 

5kV, making the technique more surface sensitive. In addition, the typical 

acquisition time per pixel necessary to obtain high quality patterns is significantly 

reduced from a few seconds to a few milliseconds when moving from a phosphor 

screen-based detector to a direct electron detector.  

1.6. Pressure-dependent Spectroscopy 

 We have already discussed in Chapter 1.3 and Chapter 1.4 how the dual 

ionic-covalent nature of the bond in perovskites is reflected in the mechanically 

soft and dynamically disordered perovskite lattice. Alterations of the perovskite 

lattice provide a route to manipulate the electronic landscape of these solids. 

These alterations can be achieved by chemically replacing the elemental 

components of the perovskite lattice or by applying an external bias. The aim of 

this thesis is to investigate how changes in a specific perovskite lattice affects the 
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optical properties without altering the composition. Therefore, the first approach 

is here excluded. The second approach requires the application of an external bias 

able to induce a small and continuous change in the atomic structure in order to 

draw a correlation with a change in the perovskite properties. To date, how 

changes in temperature affect the perovskite structure are well known and heavily 

studied62,68,114,115. Changes in temperature include alterations in the crystal lattice 

constants together with modifications in the phonon distribution, carrier mobility, 

charges diffusion length. In sharp contrast, changes induced by pressure affect 

only the perovskite lattice constants and all the following modifications in the 

optoelectronic landscape can be linked to these structural changes without being 

affected by pressure in the first place.  

 Most of the pressure-dependent techniques are based on diamond anvil 

cell. Here, the sample is placed between small flat faces on the pointy ends of two 

diamonds and the pressure is generated by applying a force across the faces of 

the diamonds. One of the main advantages in the use of the diamond anvil cell 

over other pressure techniques is its transparency to many forms of radiations. 

The absence of windows between the sample and the radiation source allows the 

combination of this tool with various light sources. Therefore, X-Ray can be used 

to characterize the structure of the material, lasers of various wavelengths can be 

used to study absorption, photoluminescence or other processes in different range 

of energies. Nowadays, most of the high-pressure material properties known are 

the result of employing anvil cell-based techniques. 

The application of the force across the faces of the diamonds results in a gradient 

of pressure within the sample, where the highest pressure is experienced in the 

centre of the sample and the lowest (1 atm) at the edges. Thus, the pressure 

applied is not isotropic but limited from the force exerted on the diamonds in a 

particular sample’s direction. Since diamonds are inert, this technique is 

extremely versatile for a wide range of substances, and it works both for powders, 

films, or liquid provided that the diamonds are not damaged. Gasket and 

confining media (e.g. N2, Ar, He, ethanol, methanol and NaCl) are also used to 

reduce the extreme shear stress within the sample and friction between the sample 

and the diamond face. However, despite their popularity for pressure-dependent 

structural and spectroscopic measurements, the pressure range accessible through 
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this type of pressure cell starts at high values, from gigapascals to hundreds of 

gigapascal. Lower ranges are difficult to access in a controlled way. Lower 

pressures in the order of 10-2-10-1 GPa are an interesting range to investigate 

because it aligns with typical values reached during the manufacturing or through 

chemical and compositional engineering in semiconductor materials. For this 

reason, in this thesis, we use a hydrostatic pressure cell working in a lower range 

of pressure (0.05 – 0.4 GPa). The pressure cell consists of a metal housing with 

transparent windows as shown in Figure 1.7a. Depending on the transmission 

range needed, it is possible to use quartz (180-2000 nm), sapphire (250-5000 nm) 

or magnesium fluoride (150-6500 nm) as a material for the pressure cell windows, 

bearing in mind that different materials can handle a different value of maximum 

pressure. In this thesis, the windows used are quartz, allowing for pressure range 

from 0 GPa to 0.4 GPa. The pressure cell is filled with a transparent fluorinated 

mix of inert liquids that are perfluorohexane, dodecafluoro-n-pentane and 

decafluorobutane. In this thesis, the liquid is abbreviated with his commercial 

name, FC-72116. The liquid is thermally and chemically stable and compatible 

with all the perovskites studied in this thesis. Furthermore, it is not toxic and 

evaporates without leaving residuals on the sample. An important requirement 

for a liquid to be used as medium in the pressure cell is a negligible absorption in 

the range of energies used to investigate the material properties. All the 

measurements conducted in this thesis aim to investigate perovskite properties in 

the near ultraviolet and the visible. As shown in Figure 1.7b, the FC-72 has a flat 

optical response in this range, making it suitable for the scope of this thesis. 

However, extra care needs to be taken when measuring at pressure above 0.3 GPa 

as the liquid become translucent, increasing the scattering and therefore reducing 

the transmission through the liquid. This effect is due to the presence of O2 in the 

liquid. To prevent a significant reduction in transmission when working at high 

pressure, the liquid is degassed with the Freeze-Pump-Thaw cycling in the 

Schlenk line through which dissolved gases are removed from the liquid. The 

liquid is first frozen by immersion of the flask in liquid N2. When completely 

frozen, the flask is opened to the vacuum and pumped for 3 minutes with the flask 

still immersed in the liquid N2. The vacuum is then closed, and the flask is 

warmed until the solvent has completely melted. This process is repeated for 3 
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times before to disconnect the flask from the Schlenk line and store it in the 

glovebox to prevent further incorporation of O2. The pressure is generated by 

increasing the amount of the liquid in the pressure cell through a pump at a 

constant volume. An advantage of the use of this hydrostatic pressure cell is the 

possibility to probe a large area sample (a few cm2) in comparison with the 

diamond anvil cells (powders or films with volume in the cubic micrometre 

range). It is worth mentioning that contrary to the diamond anvil cell, the 

hydrostatic pressure cell applies an isotropic pressure. 

 

 

Figure 1.7. Hydrostatic pressure cell used to compress the perovskite. a) 

Hydrostatic pressure cell with quartz windows used in this thesis. The pressure 

cell is connected to a manual pump. b) Transmittance spectrum of the FC-72 

shows a relatively flat response in the energy range used in this thesis. 

 

 Pressure-dependent optical absorption allows for monitoring the bandgap 

of materials as a function of the applied pressure. While the bandgap can also be 

measured using emission spectroscopy, absorption is not only useful in the case 

of compositions that do not show radiative band-edge transitions at a certain 

pressure, but also for compositions where several optical bandgaps are present, 

whereas the emission feature derives only from certain states. For example, this 

is the case of mixed-halide perovskites under illumination that exhibit phase 

segregation. During illumination of such materials, iodide- and bromide-rich 



 1.6 - Pressure-dependent Spectroscopy 

 

21 

domains are formed. Thus, three bandgaps are present in the composition: one 

can be attributed to the original mixing ratio, one to the bromide-rich phase (high-

energy bandgap) and one to the iodide-rich phase (low-energy bandgap). 

However, the radiative emission of these compositions originates only from the 

iodide-rich phase that is the low energy state into which charges funnel from the 

mixed-phase. Thus, the bandgap evolution obtained through pressure-dependent 

photoluminescence is not complete. In addition, the comparison between 

absorption and emission can reveal the evolution of the Stokes shift under 

pressure. Together with the steady-state optical absorption measurements, 

pressure-dependent transient absorption spectroscopy is a powerful tool to 

investigate the photogenerated excited state absorption energies and associated 

lifetimes of perovskites.  

In this thesis, we use a femtosecond pressure-dependent transient 

absorption setup (fs-TAS) where we combine our hydrostatic pressure cell with 

a non-degenerate pump-probe configuration. The setup is schematically depicted 

in Figure 1.8. The laser source for the TA is a regenerative Ti:sapphire amplifier 

(Coherent) generating a fundamental beam characterized by 800-nm pulses at a 

1-kHz repetition rate, with a pulse duration of 35 fs and a pulse energy of 6.5 mJ. 

The fundamental beam is split into two beams by a beam splitter. After chopping 

the beam in the pump path (using 500 Hz as the frequency), a 400-nm pulse pump 

is generated by doubling the 800-nm pulse with a beta barium borate (BBO) 

crystal. This beam is the pump and is responsible for the generation of the excited 

states.  
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Figure 1.8. Schematic representation of the pressure-dependent transient 

absorption spectroscopy setup used in this thesis. The laser source (Ti:Sapphire) 

is split in two beams. The frequency of the first is doubled using a BBO crystal 

to generate the pump beam (3.1 eV). The second beam is used to generate white 

light using a sapphire plate. The pump-probe delay is controlled by a mechanical 

delay stage allowing for probing from 0.05 ps to 800 ps. Pump and probe are 

focussed on the sample sitting inside the pressure cell through a parabolic mirror.     

 

 

A short-pass filter is placed after the BBO crystal in the pump path to remove 

800-nm residue from the fundamental beam which might cause saturation of the 

detector during the acquisition and a falsehood of ΔT/T features in that 

wavelength range. The white light continuum probe pulse is generated by 

focusing the 800-nm femtosecond pulses through a 2-mm sapphire plate. To 

prevent two-photons absorption by the sample, which could be excited by the 

high-density probe, a reflective neutral density filter (OD 1) is placed in the probe 

path before the sample position. 

A 50 cm mechanical delay stage is used to delay the arrival time of the probe with 

respect to the pump and thus follow the evolution of ultrafast processes as a 

function of time. The delay time accessible is from 0.05 ps to 800 ps. 
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Furthermore, it is possible to set a specific delay time and follow in real time 

(seconds or minutes) the evolution of the investigated system. This functionality 

will be used later in Chapter 4 to investigate the phase segregation of mixed-

halide perovskites during illumination as a function of real time (minutes) and at 

a specific delay time, after the hot-carrier cooling process and before charges 

recombination. The pump beam (3.1 eV) and the probe beam (white light) are 

overlapped inside the pressure cell during the measurement and the probe spot 

size was chosen to be smaller than the pump spot size to obtain homogenous 

excitation over the probed area.  

The overlap of the pump and probe beam inside the pressure cell is crucial to 

collect the ΔT/T signal and the correct alignment is challenging. The alignment 

process in the pressure cell, compared to the case of a conventional sample holder 

in air, is limited by the size of the pressure cell windows whose aperture is 10 

mm and the inability of looking directly at the sample while aligning. The first 

issue is tackled by focusing on the sample both the pump and probe with a 

parabolic mirror (i.e. avoiding two different focussing paths for the two beams). 

Aligning a parabolic mirror is not straightforward, and the two incoming beams 

must be parallel to be focussed at the same distance without elliptical distortion 

of the beam. The second issue is tackled by using a specific alignment strategy 

which consists of the use of a 3-axis translation stage where the pressure cell sits 

and a metallic plate of the same size of the sample characterised by a pinhole in 

the center of about 100 μm. This metallic plate is used as guide for a first rough 

alignment. First, we move the pressure cell along the x, y and z direction to make 

the probe beam passing through the pinhole in the metallic plate. This procedure 

has the scope of aligning the beam in a specific point of the sample. The goodness 

of the alignment is monitored by looking at the number of counts reaching the 

detector placed after the pressure cell. When the counts are optimised, the pump 

beam is moved toward the same position of the probe, this time without moving 

the pressure cell. When the pump spot is observed after the pressure cell, the first 

rough alignment is complete, and the metallic plate is replaced by the real 

specimen. At this stage, pump and probe overlap roughly at the same position. 

However, a fine tuning is done using the sample to monitor the overlap. When 

the sample is placed in the pressure cell, we move the mirror before the parabolic 
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mirror that controls the direction of the pump beam to increase the ΔT/T signal 

collected by the detector. When the signal is optimised, the sample is ready to be 

measured. It is worth note mentioning that this alignment procedure is done with 

the pressure cell liquid as the refractive index of the liquid is higher (1.25) than 

air (1.00), thus changing the focal point of the beam. The alignment of the 

pressure-dependent transient absorption setup is fine-tuned at each pressure from 

ambient to 0.35 GPa by moving the pump beam to optimize the number of counts 

collected by the detector.  

 The collected spectrum of the transient species is a measure of the change 

in the transmittance ΔT of the system after excitation with the pump pulse 𝑇𝑜𝑛 and 

before excitation 𝑇𝑜𝑓𝑓 when the system is in the ground state as in Eq. 1.3. The 

collected signal can be expressed also using the absorption. 

 

∆𝑇

𝑇
=

𝑇𝑜𝑛 − 𝑇𝑜𝑓𝑓

𝑇𝑜𝑓𝑓 
 (1.3) 

 

The differential spectrum collected at different delay time between pump and 

probe can track the evolution of the ground and excited states of the material as 

a function of wavelength and time. Figure 1.9 shows a simple case of a sample 

with a ground state (G) and, as example, two excited states (A and B). The 

differential transmittance spectrum contains much information of the system but 

in turn it results in a complex convolution of signals: 

- Ground-state bleach (GSB): in the unperturbed system (pump off), most of 

the charges are in the ground state (G). When the system is excited by the 

pump (pump on), some of these charges are promoted to the excited level 

A. Hence, the ground-state transmittance in the excited system is greater 

than the one in the non-excited system, resulting in a positive signal in the 

ΔT/T spectrum in the wavelength region of the ground state absorption as 

in Figure 1.9.  

- Stimulated emission to the ground-state bleach (SE): this process occurs 

when a photon from the probe passes through the excited volume of the 

sample and induces the emission of another photon from the excited state 

A of the sample to the ground-state G. The emitted photons have the same 
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direction of the probe and therefore collected by the detector. As a result, 

the transmitted light intensity at the detector position will be higher when 

the pump is on, and the ΔT/T signal will be positive as in Figure 1.9. The 

energy of the emitted photons roughly matches the photoluminescence 

spectrum of the sample. 

- Excited state absorption (ESA): the pump excitation may induce optical 

transition from the excited state A to a higher-lying excited state B in certain 

wavelength regions with a consequent absorption of the probe at these 

wavelengths. Thus, the transmittance at these wavelengths when the system 

is excited is lower than when the system is not excited due to the promotion 

of charges to those energy levels. Therefore, a negative signal in the ΔT/T 

spectrum will appear (Figure 1.9).  

 

 

Figure 1.9. Typical features expected in a ΔT/T spectrum. Schematic 

representation of the deconvoluted signals observed after collection of TA 

spectra. On the right, the energy transition associated to the observed features. 

 

A common artifact related to the use of a supercontinuum pulse is the chirp of 

the white light due to the temporal dispersion of the frequency of the probe. In 

other words, all the wavelengths of the white light do not reach the sample at 

the same time (Figure 1.10a), resulting in a different time zero (i.e. when pump 

and probe overlap in time) that distorts the ΔT/T spectrum. The kinetics at a 

specific wavelength is not affected by this artifact but to monitor precisely the 
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evolution in the picosecond timescale of all the ΔT/T features, a correction needs 

to be made.  We extract the chirp measuring the arrival time of each wavelength 

on a bare quartz substrate, the same used as substrate to deposit the perovskites 

studied in this thesis. The measurement is done inside the pressure cell, with the 

same optics and in the same conditions as the real experiment. The chirp is not 

affected by pressure; thus, we use the correction calculated at ambient pressure 

(~3 ps) and the result is shown in Figure 1.10b. 

 

 

Figure 1.10. Chirp of the white light continuum. a) Common artifact when using 

supercontinuum probe light due to the temporal dispersion (chirp) of the 

frequency of the probe and b) its correction resulting at the same time zero for all 

the wavelengths of the light. 

 

To date, a broad range of photoluminescence-based techniques have been used to 

characterise the properties of perovskite114. For instance, pressure- and 

temperature-dependent PL have been used to investigate phase transitions. 

Voltage-dependent PL has been used in complete solar cells or LEDs to study the 

interplay between radiative and non-radiative recombination117. Spatially 

resolved PL is used to characterise large areas in the perovskite thin films and 

quantify inhomogeneities relevant for devices118. For a more complete picture of 

the optical properties of a material, absorption measurements can be combined 

with pressure-dependent photoluminescence experiments as later discussed in 

Chapter 5. The setup used in this thesis is schematically represented in Figure 

1.11.  
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In this thesis, we conduct pressure-dependent photoluminescence measurements 

using a 405 nm or 375 nm continuous laser (CW) as source of excitation. We then 

focus the laser on the sample sitting inside the pressure cell at 45° and the 

reflected signal is collected from a spectrometer operating in the visible. To avoid 

the saturation of the spectrometer, a 450 nm long pass filter is placed after the 

pressure cell to filter out the reflection of the laser. The alignment of the pressure-

dependent photoluminescence setup is fine-tuned at each pressure from ambient 

to 0.35 GPa to compensate for slight deviation of the beam with respect to the 

spectrometer. Exposure time between 0.5 s and 10 s are used depending on the 

emissivity of the sample. 

 

 

Figure 1.11. Photoluminescence setup. Schematic representation of the steady-

state photoluminescence setup used in this thesis. 

 

1.7. Outline of the thesis 

 In this thesis, we focus on investigating the structural response of 

perovskites to the exertion of external pressure. Due to the strong connection 

between structural and optoelectronic properties in these materials, external 

pressure and, more in general, strain, can be used to manipulate the optical 

properties of these materials targeting specific device applications. 

 In Chapter 2 we study the microstructure of methylammonium lead 

iodide (MAPbI3) thin films fabricated with the conventional antisolvent-dripping 

(AS) method and the novel flash-infrared annealing (FIRA) and how this affects 



1 - Introduction & Background  

 

28 

optoelectronic properties such as local photoluminescence (PL), charge carrier 

lifetimes, and mobilities. To probe the microstructure, we use electron back-

scattered diffraction (EBSD), and we find that oftentimes domains observed in 

SEM are misidentified with crystallographic grains. Despite substantial 

differences in grain size between the two systems (~100s of nm for the AS and 

~100s of μm for the FIRA), we find similar optoelectronic properties suggesting 

that the optoelectronic quality is not necessarily related to the orientation and size 

of crystalline domains. 

 In Chapter 3 we move to investigate how structural changes in MAPbI3 

thin films induced by external pressure affect its photophysics in the femtosecond 

timescale. Here, we suggest pressure as a tool to manipulate the hot-carrier 

cooling for targeting specific applications as hot-carrier solar cells, lasers, 

thermoelectric devices. A combination of computational analysis and 

spectroscopic data reveal the role of pressure in the change of electron-phonon 

coupling which in turn affects the rate at which hot-carriers reach the lattice 

temperature. Applying compressive stress to the material favours fast hot-carrier 

cooling at high excitation density (> 1018 photons/cm2) which would be beneficial 

for light-emitting diodes (LEDs) and laser applications. 

 The effect of pressure is noticeable not only in the femtosecond timescale 

but also in the seconds-minutes timescale. In Chapter 4 we investigate the phase 

segregation in mixed-halide perovskites, a detrimental process occurring when 

mixed-halide compositions are subjected to continuous illumination. This 

segregation occurs through halide migration, which is also observed in single-

halide compositions, and whose control is thus essential to enhance the lifetime 

and long-term stability of devices. We use pressure-dependent transient 

absorption spectroscopy in combination with computational calculations to track 

the evolution of the mixed phase as well as the bromide- and iodide-rich phase in 

mixed-halide perovskites as a function of real time and pressure. We observe that 

phase segregation is almost suppressed at 0.3 GPa for several bromide-iodide 

mixing ratio and also the overall segregation rate is dramatically reduced. Our 

findings suggest that the process of phase segregation cannot be associated only 

to thermodynamics or kinetics but a combination of the two is the key towards a 

better understanding of this process. Furthermore, the pressure reveals itself as an 



 1.7 - Outline of the thesis 

 

29 

effective tool to reduce phase segregation. A similar compression of the unit cell 

volume can be achieved by chemical engineering, specifically replacing the A+ 

cation with a smaller ion, exemplified by replacing MA+ with Cs+. Comparably 

to what obtained under hydrostatic pressure, the change induced by this 

“chemical pressure” reduces the phase segregation.  

Layered 2D perovskites offer even a richer parameter space for property 

manipulations as they consist of an inorganic framework and organic spacer that 

can be tuned according to the required functionalities. Therefore, external 

mechanical stimuli, such as pressure, can be used to induce structural changes 

and investigate the effect on their optical properties. In Chapter 5 we investigate 

the structure-property relationship in representative iodide- and bromide-based 

Ruddlesden-Popper and Dion-Jacobson 2D perovskites fabricated with 

comparable organic spacers, benzylammonium (BN) and 1,4-

phenylenedimethylammonium (PDMA), respectively. By using pressure-

dependent absorption and X-ray diffraction (synchrotron source), we probe the 

correlation between optical and structural properties in the range of 0-0.35 GPa, 

a pressure at which the observed effects might be comparable to the processes 

occurring in the optoelectronic devices (e.g. polaron induced strain, lattice 

mismatch, chemical strain) and during manufacturing. We find that Ruddlesden-

Popper and Dion-Jacobson perovskites behave similarly under pressure, despite 

the different forces involved in connecting the two perovskites slabs and there is 

no difference in the pressure response between the iodide- and bromide-based 

systems. The only outlier is (BN)2PbBr4 , where we find a larger redshift in the 

optical absorption under pressure (-54.9 meV). Pressure-dependent X-ray 

diffraction measurements in combination with density functional theory 

calculations reveal that the origin of this large shift is the presence of an 

isostructural phase transition. This phase transition is associated with a decrease 

in the octahedra tilting (i.e. angles closer to 180°) which leads to an increased 

penetration depth of the BN spacers into the inorganic framework. 
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