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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 



1 - Introduction & Background  

 

20 

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 
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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 
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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 
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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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2. EFFECTS OF GRAIN SIZE AND ORIENTATION 

ON OPTICAL PROPERTIES  

 

 
 

Growing large, oriented grains of perovskite often leads to efficient devices, but it is 

unclear if properties of the grains are responsible for the efficiency. Domains observed in 

SEM are commonly misidentified with crystallographic grains, but SEM images do not 

provide diffraction information. We study methylammonium lead iodide (MAPbI3) films 

fabricated via flash-infrared annealing (FIRA) and the conventional antisolvent (AS) 

method by measuring grain size and orientation using electron back-scattered diffraction 

(EBSD) and studying how these affect optoelectronic properties such as local 

photoluminescence (PL), charge carrier lifetimes, and mobilities. We observe a local 

enhancement and shift of the PL emission at different regions of the FIRA clusters, but 

we observe no effect of crystal orientation on the optoelectronic properties. Additionally, 

despite substantial differences in grain size between the two systems, we find similar 

optoelectronic properties. These findings show that optoelectronic quality is not 

necessarily related to the orientation and size of crystalline domains. 
 

 

This chapter is based on the following publication: 

L.A. Muscarella, E.M. Hutter, S. Sanchez, C.D. Dieleman, T. J. Savenije, A. Hagfeldt, M. Saliba, 

B. Ehrler, Crystal Orientation and Grain Size: Do They determine Optoelectronic Properties of 

MAPbI3 Perovskite?, The Journal of Physical Chemistry Letters, 2019, 10 (20), 6010-6018 
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2.1 Introduction 

 As discussed in Chapter 1, lead-halide perovskites have recently 

gathered significant attention due to the high efficiency of perovskite-based solar 

cells and other optoelectronic devices1,2. One of the most surprising properties of 

these materials is that the performance is very tolerant to different methods of 

fabrication3–5, different compositions6,7, and chemical treatments8–10. This 

robustness is reflected in high photoluminescence quantum efficiencies 

(PLQEs)11,12, which is a measure of the fraction of radiative versus non-radiative 

decay, and therefore a direct measurement of the optical quality. In solar cells, 

the PLQE, for example, is directly related to the open-circuit voltage13. In 

practice, PLQE is reduced by the presence of defects13,14 which are often related 

to chemical impurities such as interstitials, vacancies, dangling bonds15,16 or 

defects on the surface and grain boundaries17–19. Both bulk and surface defects 

have been extensively studied in perovskites20–23, and efficient passivation 

strategies are now routinely employed to achieve high LED and solar cell 

efficiencies24–26. In addition, chemical methods (e.g. Lewis bases21 or chloride-

based additives6,27) in the perovskite precursor are often applied to grow larger 

grains which has been thought to suppress non-radiative recombination pathways 

by reducing the number of grain boundaries28–30. Furthermore, these changes in 

the synthesis route affect the crystal growth and therefore the preferred 

crystallographic orientations8,31,32.  

 However, it is unclear if the changes in grain size and orientation 

obtained by these treatments cause the improved optoelectronic properties, or if 

these are mainly related to passivation effects from the additives. 

Crystallographic orientation and their relation to the photoluminescence and 

other properties have not been studied in thin films so far because spatial 

resolution of the crystallographic parameters was lacking. Furthermore, the 

morphological “grain” observed in SEM images does not necessarily correspond 

to a crystallographic grain; so additional information is needed in order to relate 

the grain size with optoelectronic properties.  

 In this chapter, we use EBSD based on a direct-electron detection as 

described in Chapter 1.5 to measure size, orientation, and rotation of 
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crystallographic grains in polycrystalline MAPbI3 films with high spatial 

resolution. We study a MAPbI3 thin film where crystallization is induced by 

FIRA, a low cost and rapid synthesis method33,34. These films exhibit large grains 

(tens of micrometers) highly oriented along the (112) and (400) planes in the 

direction parallel to the substrate. We find that the growth is spherulitic, i.e. 

starting from needle-like arrays, yielding ~100 micrometer sized clusters that 

consist of radially grown grains. With EBSD mapping we find two crystal 

orientations in the FIRA films that are well-separated in pairs in the large clusters 

of grains. We compare the PL from these clusters and find that PL intensity and 

spectrum is the same for the two crystal orientations. These results suggest that 

the two crystallographic orientations found do not govern the optical quality of 

perovskite thin films. Similarly, we find comparable emission in the interior part 

of the grain and at the grain boundaries (GBs) but we find enhanced emission and 

a red-shift at the cluster boundaries (CBs) and at the nucleation sites, which we 

attribute to favourable light-outcoupling and self-absorption. Finally, we compare 

the FIRA sample to one where crystallization is induced by the conventional AS 

dripping method, from the same precursor solution. This method produces sub-

micron grains with random orientation. In our case, both samples show 

comparable charge carrier mobility and lifetime demonstrating that these 

properties are not necessarily determined by the grain size, at least for grains 

above a few hundred nanometers.  

2.2. Fabrication-dependent Microstructure 

 To study the relation between the perovskite crystal orientation and its 

optoelectronic properties we first synthesize MAPbI3 on ITO via FIRA wherein 

the spin-coated perovskite film is annealed using a short (1.2 second), highly 

intense infrared illumination to induce nucleation, as previously reported33. For 

comparison we also fabricate a sample by the AS method where chlorobenzene 

is rapidly poured onto the liquid precursor while spin coating. Both the FIRA and 

AS sample were fabricated from the same precursors under identical conditions, 

and thus the only difference is the crystallization process. Details on the 

fabrication are reported in the Experimental Methods 2.5. We probe the 
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morphology of both samples using scanning electron microscopy (SEM) as 

shown in Figure 2.1a,b and Figure A2.1. SEM images show a dramatic 

difference in cluster size from the AS method (100 nm - 2 µm) compared to FIRA 

(~100 µm). The differentiation between morphological grains (or clusters) 

observed in the SEM and real crystallographic grains is still largely 

misunderstood35,36 and often, these clusters seen in SEM images are assigned to 

grains.  In crystallography, the term “grain” is defined by a coherently diffracting 

domain of solid-state matter which has the same structure as a single crystal37. 

Therefore, from SEM images alone it is not possible to define the apparent 

domains as crystallographic grains because diffraction information is not 

measured. For this reason, we use “clusters” to describe the large perovskite 

domains shown in SEM images. We analyse the bulk crystal structure of the two 

systems deposited on ITO using X-ray diffraction (XRD). The AS sample shows 

a tetragonal XRD pattern where peaks from (110), (112), (220), (310) planes arise 

from the background38,39.  

 

 

Figure 2.1. Morphology and crystal orientation of AS and FIRA sample 

deposited on ITO. SEM image of MAPbI3 crystallized with a) AS and b) FIRA, 

c) XRD pattern of AS and FIRA MAPbI3 with the corresponding unit cell cut 

along the (110) and (004) planes for the AS sample and along (112) and (400) for 

the FIRA sample. 
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In contrast, the FIRA sample shows a strong preferential orientation along the 

(112) and (400) planes (Figure 2.1c). A cut-off of the primitive tetragonal cell 

with the planes which show the highest diffraction peaks is shown next to the 

diffraction patterns. To investigate the crystal growth of the FIRA sample, we 

apply infrared annealing with varying pulse duration (Figure 2.2a). After 0.2 s 

of annealing, we observe a needle-like crystal morphology. After 0.5 s the crystals 

have grown in a space-filling manner by branching from the parental needle until 

each domain impinges with neighbouring domains resulting in straight 

boundaries. Optical microscopy of the final films (Figure 2.2b) shows large 

perovskite clusters in agreement with the SEM images.  

 

Figure 2.2. Spherulitic growth mechanism of MAPbI3 results in paired oriented 

domains. a) SEM of FIRA film after 0.2s and 0.5s of infrared annealing, b) 

Polarized microscopy image of the final FIRA film showing paired oriented 

perovskite domains, c) Schematic spherulitic growth of perovskite films after 0.2, 

0.5, 1, and 1.2 s of FIRA annealing. 

 

We use polarized light microscopy to find how the two orientations observed in 

the XRD are spatially distributed. Figure 2.2b shows the presence of paired 

oriented domains within FIRA films for all the clusters (see also Figure A2.2) 

originated by the change in polarization of the incident polarized light caused by 

the two different refractive indices in the different crystal directions. This is a 
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indication of spherulitic growth (schematically shown in Figure 2.2c) via non-

crystallographic branching40 typical for many polymeric materials41 and 

inorganic salts42. Interestingly, there also seems to be a common direction to all 

clusters, suggesting a global effect from temperature or strain gradient. In general, 

spherulitic growth requires the use of a saturated solution, high viscosity, and 

slow crystallization. This growth is also catalysed by the presence of impurities40 

or strain in the material. In this case, MAPbI3 and the ITO (or quartz) show a 

substantial difference in the thermal expansion coefficient (αMAPbI3 =6.1 × 10−5 

K−1, αITO = 0.85 × 10−5 K−1, αquartz = 0.37 × 10−5 K−1 43), which has been shown to 

be the origin of strain during the cooling process after the thermal annealing44. 

Thus, strain can be considered as a factor inducing spherulitic growth in our 

system. 

 Recently, Adhyaksa et al.48 have pioneered the application of EBSD for 

MAPbBr3 using a direct electron detector which allows for low accelerating 

voltage of 5 kV instead of 30 kV, and low sample currents of pA instead of nA 

in conventional systems. We use the same detection system to collect the Kikuchi 

patterns from our MAPbI3 films. The obtained Kikuchi patterns allow for the 

identification of grains, their size and shape and the boundaries between them. 

By fitting the patterns, we can identify crystal phase, grain orientation and 

rotation, as previously described in Chapter 1.5. Importantly, since with EBSD 

diffraction information is measured, we can distinguish clusters from grains and 

define the crystallographic grain size of MAPbI3 fabricated via FIRA and AS. 

Furthermore, being a spatially resolved technique, it allows the direct comparison 

of a specific crystallographic orientation or a specific grain size with other 

spatially resolved optoelectronic techniques. Figure 2.3b,c shows an overlay of 

the image quality (brightness, IQ) with inverse pole figure (color, IPF) of the AS 

and FIRA system along the z-axis (parallel to the substrate). The IQ maps the 

sharpness of the Kikuchi lines obtained from the EBSD measurement which gives 

qualitative indications about the crystallinity of the material, topographic effects 

(e.g. roughness), strain of the microstructure and grain boundaries. The IPF map 

represents the crystal orientation obtained from fitting the Kikuchi patterns to 

each pixel of the image with respect to a reference axis. Along the z-axis (parallel 

to the substrate), the AS sample (Figure 2.3b) shows randomly oriented grains 
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of hundreds of nanometers. On the contrary, in the FIRA sample (Figure 2.3c), 

all grains are aligned along [100] and [112] direction (green and purple color) and 

the two orientations are paired in larger regions, in agreement with XRD and 

polarized microscopy measurements. The distribution of orientations for the two 

samples clearly shows the mostly random orientation for the AS sample, and the 

bipolar distribution of orientations for the FIRA sample (Figure 2.3d). Consistent 

with XRD (Figure 2.1c), we observe significant orientation along both the [100] 

and [112] direction, but locally the ratio can vary as shown for another FIRA 

cluster in Figure A2.3. Orientation maps along x- and y-axis (perpendicular to 

the substrate) show random grain orientations for the AS sample (see Figure 

A2.4) and highly oriented and paired grains for the FIRA sample (Figure 2.3e,f). 

Distribution plots of the crystallographic orientations along x- and y- are also 

shown in Figure A2.5 clearly identifying the difference in the crystallization for 

the FIRA and AS systems along the x- and y-axis.  In Figure 2.3e,f, grain 

boundaries within the FIRA cluster and the nucleation site are shown in dark gray 

(low IQ value). As previously discussed, this can be attributed to the roughness 

of the area, lower crystallinity but also due to the large step size used during the 

measurement in comparison with the grain size of that region. A grain, by 

definition, has the same orientation in all three directions. More than 90% of the 

grains we measure are smaller than 1 µm2 for the AS sample, while the FIRA 

samples shows 83% of the grains having an area between 0-30 µm2 as we report 

in Figure A2.6. While the FIRA grains are large, they are smaller than the size 

of the clusters shown in SEM Figure 2.3g). 
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Figure 2.3. EBSD maps reveal the crystal orientation and grain size of the two 

systems. a) EBSD setup. b) IQ (brightness) overlay with IPF (color) map of AS 

sample showing crystallographic orientation along z-axis. Inset, a magnification 

of the typical Kikuchi patterns recorded from the sample. c) IQ (brightness) 

overlay with IPF (color) map of FIRA sample showing crystallographic 

orientation along z-axis. Inset, a magnification of the typical Kikuchi patterns 

recorded from the sample. d) Distribution of orientation for the two samples 

along z-axis. IQ (brightness) overlays with IPF (color) map of FIRA sample 

showing crystallographic orientation along e) x- and f) y-axis. g) SEM image 

showing the apparent grain size of a FIRA cluster. The cluster measured with 

EBSD is highlighted with a dashed line. 

  

MAPbI3 has an anisotropic tetragonal crystal structure and properties like 

trap-state density have been shown to be dependent upon crystal orientation49,50. 

In the following, we study the optoelectronic properties of the two well-

characterized and spatially separated orientations shown by FIRA sample using 
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spatially resolved photoluminescence. Often, enlargement and preferential 

orientation of grains are achieved by introducing chemical additives which often 

also passivate the perovskite grains, prolonging lifetime and enhancing the 

photoluminescence. To avoid misleading attribution of the effects of additives to 

the grain size effects, here we compare the highly oriented FIRA and the AS 

samples fabricated without additives and from the same precursor solution.  

2.3. Optoelectronic Properties 

 We measure the PL intensity using a confocal imaging microscope using 

405nm laser as excitation source with a power density of 0.23 W/cm2. As the two 

orientations on the sample are spatially well-separated, we can map any 

difference in PL emission between them. We measure a large area of the FIRA 

and AS samples including a whole FIRA cluster as shown in Figure 2.4a and 

Figure A2.7 for a larger area. In the AS sample the PL intensity is relatively 

homogeneously distributed across the measured region, varying from cluster to 

cluster, consistent with many other works51,52. For the FIRA sample, we find 

comparable photoluminescence between the interior of the grain and the GBs. 

Previously grain boundaries were reported to cause either enhancement or 

reduction29,48,53 of the emission intensity, mostly caused by ambiguities of 

assigning these boundaries. In our case, GBs do not lower the emission of the 

film. In contrast, the FIRA sample shows an enhancement in intensity of two to 

six-fold at the CBs and at the nucleation site where the spherulitic growth is 

started. To investigate the role of grain size on the PL intensity we compare the 

PL from the interior of the FIRA sample to the AS sample. In Figure 2.4b we 

plot PL spectra from five random regions of the two samples. Here we show that 

the interior region of the FIRA cluster shows a comparable PL intensity with the 

AS sample (FIRA Point 2&3), despite much larger size of the FIRA grains. This 

comparison shows that the PL emission is not solely determined by the grain size 

(at least for grains > 400 nm). Furthermore, we see no difference in wavelength 

or intensity for the regions that correspond to the two different, well-defined 

crystal orientations. Hence, the variation in PL emission intensity and wavelength 

are not related to the crystallographic orientations for the samples studied here.  
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Figure 2.4. Emission properties of MAPbI3 varying crystal orientation and grain 

size. a) Spatially resolved PL maps of AS and FIRA sample and corresponding 

b) PL spectra extracted from five random regions indicated in figure (a). c) 

Emission wavelength map of the same region as in figure (a) for the AS and FIRA 

samples. For the FIRA sample, the emission wavelength is converted into the 

additional travelled thickness ATT (on the horizontal scale bar) the light has been 

through before it is emitted and d) AFM image of AS and FIRA sample 

highlighting the CBs region in the FIRA sample.  

 

 The map of the PL peak position of the AS sample (Figure 2.4c) shows 

identical emission wavelength for every grain. In contrast, the FIRA sample 

shows a variation in emission wavelengths at distinct locations. The PL peak 

position at the CBs and nucleation point is red shifted compared to the interior of 

the cluster (Figure 2.4c). We also observe an asymmetric shape of the peak for 

the FIRA sample as shown in Figure A2.8. This shape, in combination with the 

red shift of the peak has been assigned to self-absorption when light travels 

through the perovskite layers before being emitted.54 To validate this assignment 

we calculate the emission spectra expected from the light passing through 

different thicknesses of MAPbI3 before being emitted. We calculate the red-shift 
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at the CBs and nucleation points we observe corresponds to light that has been 

travelling through 400nm – 800nm excess material as compared to the cluster 

interior region before being emitted (additional travelled thickness (ATT) on 

horizontal scale bar in Figure 2.4c). The calculation is reported in the Appendix 

2.6.2. This is in good agreement with the observed thickness variation between 

the two regions in the AFM. From AFM measurements, the AS sample shows 

only minor height variation between the center and the rest of the grain (RMS 

roughness 70.5±7.5 nm, Figure 2.4d). On the contrary, the FIRA sample shows 

significant height variation at the CBs and at the nucleation point as shown in 

Figure 2.4d and in Figure A2.9. In these regions the film is around 400 nm to 

1000 nm thicker compared to the interior of the cluster leading to a much larger 

roughness (RMS roughness is estimated 26.8±14.5 nm in the interior of the 

cluster, 175±47 nm at the nucleation site and 75.3±21 nm at the CBs). 

 The rough nature of the boundary observed in Figure 2.4d can favour 

light-outcoupling, as shown on patterned perovskite surfaces55. We hence 

tentatively assign the higher PL intensity in the CBs and nucleation site to better 

light-outcoupling at these rough surfaces. We corroborate the assignment of self-

absorption and outcoupling differences by measuring PL lifetime maps of the 

FIRA sample. We observe a bi-exponential decay, with a fast and a slow 

component. The effect of reabsorption and photon recycling have been shown to 

affect the recombination dynamics by lengthening the slow lifetime component55–

58. The lifetime of the FIRA sample at the CBs and at the nucleation site shows 

the same fast lifetime component, but a prolonged slow decay component 

compared to the interior of the cluster (𝜏1 = 10.1 ± 0.9 and 𝜏2 = 49.2 ± 2.0 for 

the darker PL region in the grain interior and 𝜏1 = 12.9 ± 0.9 and 𝜏2 = 75.1 ±

1.1 for the brighter PL region at the CBs as reported in Figure 2.5a,b. The ratio 

of the slow-to-fast lifetime component (1.5 in our case) depends on the thickness 

and the likelihood of the light-outcoupling events56. The increased thickness 

increases the likelihood of re-absorption and increases the ratio, and better light-

outcoupling decreases the lifetime ratio. Accounting only for difference in 

thickness at the CBs compared to the cluster interior, the lifetime ratio is 

overestimated. However, outcoupling is also most likely at rougher regions such 

as the CBs. Thus, the change in lifetime can be explained taking both the larger 
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thickness and outcoupling into account, consistent with the shift in PL spectrum. 

A semi-quantitative analysis is reported in Appendix 2.6.3. Similarly, no 

significant difference in lifetime is observed between the interior of the grain and 

the GBs within the FIRA cluster. We also do not observe a trend across the cluster 

that would correspond to the two different grain orientations. Thus, we do not 

find direct correlation between the crystal orientation and the PL intensity. 

 

Figure 2.5. Extended charge lifetime at the rough regions in the FIRA sample. 

Lifetime maps of FIRA sample of the a) nucleation site and the b) CBs and 

corresponding decay curves of grain interior (darker) and CBs/nucleation site 

regions (brighter). Throughout the cluster the lifetime is comparable and neither 

shortening nor lengthening of lifetime is observed at the GBs within the FIRA 

cluster, while we observe longer slow component at the CBs and some long-lived 

hotspots. Lines represent the cluster boundaries and the long-lived hotspots are 

circled in black. 

  

Next to the optical properties, the electronic properties have been shown 

to depend on grain size in some cases59. To investigate the mobility and 

recombination dynamics of photoexcited charge carriers in our two systems we 
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use the time-resolved microwave conductivity (TRMC) technique. The FIRA and 

AS samples were excited with 485 nm excitation wavelength. Figure 2.6 shows 

the photoconductance ΔG as a function of time after pulsed excitation of AS and 

FIRA sample, respectively. The product of the yield of free charges φ and their 

mobility Σμ (sum of electron and hole mobility) is derived from the maximum 

signal height (ΔGmax) which was divided by the fraction of absorbed photons for 

the two samples to take into account the difference in absorption.  

 

 

Figure 2.6. Mobility and lifetime varying the grain size. Time-resolved 

microwave conductivity (TRMC) traces measured at different carrier density for 

the a) AS and b) FIRA sample deposited on quartz.  

 

We find a mobility of (15±3) cm2/(Vs) for the AS and (19±4) cm2/(Vs) for 

the FIRA sample, the difference of which is comparable to sample-to-sample 
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variation. The charge carrier lifetime is obtained from the photoconductance 

decay. The decay of the photoconductance represents the immobilization of free 

charges due to trapping or recombination. For both systems, we find that the 

lifetime of charges is in the order of a few hundred nanoseconds. We observe a 

slight increase of the effective mobility in the FIRA sample compared to the AS 

sample likely related to the enlarged grain size59. This difference is relatively 

small, despite the difference in grain size between the FIRA (tens of microns) and 

the AS sample (hundreds of nanometers). This shows that grain size alone does 

not dominate charge carrier transport properties. We note that the TRMC 

measurement mostly probes the local conductivity (~50 nm, more details about 

the probing length are reported in Appendix 2.6.4). Inter-grain transport across 

larger distances may show larger differences in crystallographically different 

systems. This finding is consistent with the similar device performances that have 

been reported for both FIRA and AS showing similar Jsc, Voc, FF and PCE33. 

Practically, FIRA could allow a lower cost, environmentally friendly fabrication 

route to produce large scale, reproducible and more stable (Figure A2.10) 

perovskite compared to the AS method33. 

2.4. Conclusion 

 We have shown that the crystallographic orientation of MAPbI3 grains 

does not determine the optical and local electronic properties. We study a MAPbI3 

thin film where crystallization is induced by FIRA. We apply EBSD to extract 

information about the microstructure of the perovskite thin film with high spatial 

resolution. The large FIRA clusters consist of grains that are tens of micrometer 

in size, highly oriented perpendicularly and in parallel to the substrate with a 

preferential orientation along the [112] and [100] direction along the z-axis. In 

comparison, a conventional sample fabricated via AS shows grains of hundreds 

of nanometers in size, randomly oriented in the three directions. We find 

increased PL intensity and a spectral shift in the FIRA sample at the CBs 

compared to the interior part of the FIRA cluster, which can be explained by 

roughness and thickness variations favoring light-outcoupling and self-

absorption, respectively. No difference in PL between the grain and the GBs is 
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observed in the FIRA sample, leading us to the conclusion that in the grain 

boundaries are not detrimental to the PL in our system. Finally, we investigate 

charge carrier dynamics and find comparable lifetime and a slight increase in 

effective mobility in the FIRA and AS samples. We hence conclude that in our 

case, neither the grain size (when larger than a few hundred nm) nor the grain 

orientation are the dominant factor determining the optoelectronic properties of 

perovskite thin films. This finding implies that efforts towards a more efficient 

perovskite device may need to focus on reducing defects within the bulk and at 

the interface as well as impurities within the materials rather than growing large, 

oriented grains. 
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2.5. Experimental Methods 

Sample Preparation 

 The precursor solution used to fabricate MAPbI3 thin films is prepared at 

a concentration of 1M by mixing 1 M solutions of PbI2 and MAI in a 1:1 ratio. 

The solutions are prepared in anhydrous 3 v/v DMF:1 v/v DMSO. For the AS 

film, the perovskite solution is spin-coated in two steps at 1000 and 6000 rpm for 

10 and 20 s, respectively. During the second step, 100 µL of chlorobenzene is 

poured onto the substrate 5 s before the end of the spin coating program. Finally, 

the substrates are annealed at 100 °C for 1 h. The FIRA films are made by using 

the same precursor solution as described above. The spin-coating program 

consists of a single step at 4000 rpm for 10 s. Right after the spin coating, the 

substrates are irradiated with a 1.2 s short pulse of IR light to induce the 

crystallization of the perovskite.  

 

X-Ray Diffraction  

 The X-Ray diffraction pattern of perovskite films deposited on ITO was 

measured using an X-ray diffractometer, Bruker D2 Phaser, with Cu Kα 1.5406 

Å as X-Ray source, 0.002° (2θ) as step size, 0.150 s as exposure time. A FEI 

Verios 460 instrument was used to obtain SEM images. Atomic force microscopy 

(AFM) measurements were performed on a Veeco Dimension 3100 (Bruker) in 

tapping mode.  

 

Optical Microscopy 

 Optical microscope (Zeiss, AxioCam ICc 5) equipped with a 10x/0.2 

objective EC Epiplan, polarizer and analyzer set at different angles was used for 

polarized optical microscopy imaging. We combine the optical microscope in 

reflection mode with two polarizers, one placed in the light path before the 

specimen, and a second one, called analyzer, between the objective lenses and 

eyepieces. 
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Steady-State Photoluminescence  

 Steady-state PL of samples deposited on quartz was measured with a 

home-built setup equipped with a 640 nm continuous-wave laser as source of 

excitation (PicoQuant LDH-D-C-640) at a power output of 1 mW. Two Thorlabs 

filters, a long pass, ET655LP, and a notch, ZET642NF, were used to remove the 

excitation laser from the signal. The PL was coupled into a fiber connected to an 

OceanOptics USB4000 spectrometer. An integration time of 300 ms was used for 

each measurement.  

 

Electron Back-Scattered Diffraction 

 The samples were prepared and kept in a nitrogen-filled glovebox to 

prevent degradation from moisture exposure before the measurement. Samples 

were deposited on ITO to avoid charging effects during the experiment. Samples 

were glued on a metallic stub with silver paste and left degassing for at least 2 

hours in a humidity-controlled environment (<5%). Since the perovskite is a soft 

material, no additional mechanical treatments (e.g. mechanical polishing, 

grinding, electropolishing, ion milling) were applied before the measurement. 

The detector used is a direct electron detector based on the Timepix sensor from 

Amsterdam Scientific Instruments (ASI). The best parameters for the scans were 

found to be 15 keV as acceleration voltage, 100 pA as beam current, 100 ms as 

exposure time and working distances between 12 mm and 10.1 mm. This 

translates to the application of 10 nA per ms per pixel which is around 103 times 

lower compared conventional measurement reducing sample damage. The step 

size was chosen depending on the cluster size shown by the specific sample, 200 

nm and 1 μm for the AS and FIRA sample, respectively. EBSD data were 

collected using EDAX OIM software and a Python script was used for image 

processing. The resulting Kikuchi patterns were indexed using tetragonal 

symmetry, I4/mcm, using 1-3° as degree of tolerance.  

 

Spatially-resolved Photoluminescence 

 Spatially resolved PL maps were measured using a confocal imaging 

microscope (WITec alpha300 SR). A 405 nm laser diode (Thorlabs S1FC405) 

was used as excitation source where the PL intensity of the two MAPbI3 films 
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was collected in reflection mode through a NA 0.9 objective using a spectrometer 

(UHTC 300 VIS, WITec) leading to a spatial resolution of 0.33 μm. The intensity 

was measured within the 700 to 840 nm emission wavelength range. A 488 nm 

LP filter was used to remove the excitation laser from the signal. The light 

collection was done from the same sample side as the excitation. The PL spectra 

were converted to the energy scale using a Jacobian transformation60.  

 

Time-Resolved Microwave Conductivity  

 Time-Resolved Microwave Conductivity (TRMC) was measured on AS 

and FIRA sample deposited on quartz. The thin films were placed in a sealed 

resonance cavity inside a nitrogen-filled glovebox to avoid degradation due to air 

exposure. The samples were excited at 485 nm using a pulsed excitation (10 Hz) 

and the photoconductance probed at different excitation densities. Neutral density 

filters were used to vary the intensity of the incident light. The ΔG signal rise is 

limited by the width of the laser pulse (3.5 ns FWHM) and the response time of 

the microwave system (18 ns). The slow repetition rate of the laser of 10 Hz 

ensures full relaxation of all photo-induced charges to the ground state before the 

next laser pulse hits the sample. The mobility ∑ μ  which is the sum of the 

electrons and holes mobility (μ𝑒 + μℎ) is derived by the maximum signal height 

by the following equation61, 

 

𝜑Σμ =
∆𝐺𝑚𝑎𝑥

𝛽𝑒𝐼0𝐹𝐴
 (2.1) 

 

where I0 is the number of photons per unit area per pulse, β a geometric factor 

related to the microwave cell, e is the elementary charge, φ is the charge carrier 

generation yield and FA the fraction of the light absorbed by the sample at the 

excitation wavelength used. We assume φ to be unitary for the low exciton 

binding energy of the material.  

 

Photoluminescence decay 

 Time-correlated single photon counting (TCSPC) measurements were 

performed with a home-built setup equipped with PicoQuant PDL 828 ‘‘Sepia 
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II’’ and a PicoQuant HydraHarp 400 multichannel picosecond event timer and 

TCSPC module. A 640 nm pulsed laser (PicoQuant LDH-D-C-640) with a 

repetition rate of 2 MHz was used to excite the sample. A Thorlabs FEL-700 

long-pass filter was used to remove the excitation laser.  
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2.6. Appendix 

2.6.1. ADDITIONAL FIGURES 

 

 

Figure A2.1. SEM images of MAPbI3 fabricated via antisolvent dripping at lower 

magnification. SEM shows perovskite domains of (sub-)micron size.  

 

 

Figure A2.2. Polarized light microscopy of the same area of FIRA sample 

deposited on quartz. Analyser and polarizer are set at a) 0° and 93° and b) 0° and 

97° degree, respectively. The perovskite shows a birefringent behaviour typical 

of spherulitic crystals.  
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Figure A2.3. Image Quality (IQ) overlay with Inverse Pole Figure (IPF) map of 

the FIRA sample showing crystallographic orientation along a) z-direction, b) y-

direction and c) x-direction. The perovskite domains that show homogeneous 

orientation along all three directions correspond to a crystallographic grain. 

 

 

Figure A2.4. Image Quality (IQ, brightness) overlay with Inverse Pole Figure 

(IPF) map of AS sample showing crystallographic orientation along x-direction 

and y-direction. The perovskite domains that show homogeneous orientation 

along x-, y-, and z-direction correspond to a crystallographic grain. 
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Figure A2.5. Crystal orientation distribution along x-, y- and z-axis for AS and 

FIRA system. The AS system shows almost random orientation long the three 

directions while the FIRA system shows preferential orientation. 

 

 

Figure A2.6. Grain area obtained from EBSD measurements in the AS and FIRA 

system. For the AS sample the binning in the histogram is 1 μm2 and for the FIRA 

sample is 10 μm2. 
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Figure A2.7. Spatially resolved PL of a bigger region of the FIRA sample 

including several clusters with a resolution of 0.33 μm per pixel. This map shows 

the enhancement in PL at the CBs and nucleation site for all the clusters. The 

enhancement varies from 4 to 6 times. 
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Figure A2.8. Normalized PL of the five regions highlighted in the main text for 

the AS and FIRA sample. The peak position in the AS sample remains constant 

in different regions showing no asymmetry in the emission peak, whereas in the 

FIRA sample the PL peak is red-shifted and more asymmetric moving from the 

interior region of the cluster (Point 2&3) to the CBs (Point 4&5) to the nucleation 

site (Point 1). 

 

 

 

Figure A2.9. AFM images of FIRA sample at two different regions at a,b) the 

CBs and at c) the nucleation site 
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Figure A2.10. PL spectra of a) AS and FIRA measured after fabrication and up 

to 4 days of exposure to ambient conditions (with relative humidity of 22±4 RH% 

and temperature of 21±2 °C). b) Images of AS and FIRA films after 2, 3 and 4 

days of air exposure. 
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2.6.2. ADDITIONAL THICKNESS TRAVELLED BY LIGHT 

 We simulate the expected PL spectra as a function of the additional 

travelled thickness (ATT) by the light before being emitted using the model 

following54 

 

𝐼𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛(𝑑; 𝜆) = 𝐼𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛(𝑑0; 𝜆)𝑒−𝛼(𝜆)𝑑 (2.2) 

 

where 𝐼𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛(0; 𝜆) is the PL spectrum of the interior region of the cluster used 

as reference, d is the thickness by which light is transmitted within the perovskite, 

𝛼(𝜆) is the absorption coefficient obtained from absorption, A(λ), as follows 

 

𝛼(𝜆) =
2.303 𝐴(𝜆)

𝑑0
 (2.3) 

 

The model takes in account only the attenuation of the emitted light due to self-

absorption events. In Figure A2.11a, we show the agreement of the simulated PL 

spectrum with the experimentally measured spectrum when the ATT is 250 nm. 

We convert the additional thickness transmitted by the light through the 

perovskite into the expected PL peak position using equation (2.1).  Therefore, 

we fit a second order polynomial to find the relation between the PL peak position 

and the ATT (Figure A2.11b). Then the experimental emission wavelengths of 

the FIRA cluster shown in Figure 2.4c are converted using the relation obtained.  
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Figure A2.11. a) Experimental and simulated PL spectrum for additional 

transmitted thickness (ATT) of 250 nm. b) Relation between the PL peak position 

and the ATT before light being emitted 
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2.6.3. THICKNESS AND ROUGHNESS EFFECT ON LIFETIMES 

 The elongation of the radiative decay component due to photon recycling 

events has been observed in earlier works55–57. From Staub et al.,56 the externally 

observed bimolecular component ratio is given by  

 

𝑘𝑟𝑎𝑡𝑖𝑜
𝑒𝑥𝑡 =

1 − 𝑝𝑟,0𝑘

1 − 𝑝𝑟,𝐶𝐵𝑘
 (2.4) 

 

Where k is the radiative fraction, pr,0 and pr,CB is the probability for a photon to be 

reabsorbed in the layer before being emitted at the interior of the grain and at the 

cluster boundaries (CB), respectively. This term can be described as 

 

𝑝𝑟 = 1 − 𝑝𝑒 − 𝑝𝑝 (2.5) 

 

and 𝑝𝑒 is the probability for a photon to be emitted without reabsorption events 

which depends on the escape cone Ω, and 𝑝𝑝  is parasitic absorption into the 

substrate. Assuming the radiative fraction 𝑘 and 𝑝𝑝  are constant, the radiative 

lifetime ratio at the grain interior and at the grain boundaries would only depend 

on the sample thickness and the escape cone 

 

𝜏0

𝜏𝐶𝐵
≈

1 − (
𝑝𝑒,0  
𝑑0

𝑑𝛺0 +
𝑝𝑎,0

𝑑𝐶𝐵
) 𝑘

1 − (
𝑝𝑒,𝐶𝐵 

𝑑𝐶𝐵
𝑑𝛺𝐶𝐵 +

𝑝𝑎,0

𝑑𝐶𝐵
) 𝑘

 (2.6) 

 

where 𝑑0  and 𝑑𝐶𝐵  are the thickness at the grain interior and at the cluster 

boundaries, respectively. 𝑑𝛺0 and 𝑑𝛺𝐶𝐵 are the escape cone at the grain and at 

the cluster boundaries. Experimentally we find the lifetime ratio to be 1.5. 

Accounting only for differences in thickness, the value obtained from calculation 

is 2.5, overestimating the one observed experimentally.  

Light-outcoupling is favored by the difference in roughness of the surfaces. On 

average the grain interior and the cluster boundary regions show RMS roughness 
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of 26.8±14.5 nm and 75.3±21 nm, respectively. Thus, for the CBs, the 𝑑𝛺𝐶𝐵 is 

increased and the lifetime ratio decreases in accordance with the experiments.   



2 - Effects of Grain Size and Orientation on Optical Properties 

72 

2.6.4. PROBING LENGTH IN TR-MICROWAVE CONDUCTIVITY 

 The distance crossed by the charges is limited by the charge carrier 

diffusion coefficient and half the oscillation period ν (8.5 GHz), and the probing 

length P is given by: 

 

𝑃 = √𝜇(𝑘𝐵𝑇/𝑒)
1

2
𝜐−1 (2.7) 

 

Figure A2.12 shows the probing length at room temperature as function of 

mobility for different measurement frequencies.4 If we now assume a 300 nm-

sized grain in which the charges are homogeneously distributed, then ~83% of 

the charges will be generated within the TRMC probing length of 68 nm of a 

grain boundary. For a grain size of 10 μm, this would be less than 5%. Hence, the 

similar lifetimes of mobile charges for the different grain sizes means that the 

recombination is not significantly affected by the surface.  

 

 

Figure A2.12. Probing length as function of mobility for photoconductivity 

measurements conducted at a frequency of 8.5 GHz (solid line, TRMC 

technique). This shows that the mobilities of 15 cm2/(Vs) and 19 cm2/(Vs) 

correspond to probing lengths of 68 nm and 76 nm, respectively. The probing 

length at 1 THz (dotted line, THz). 
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3. PRESSURE EFFECTS ON THE HOT-CARRIER 

COOLING  

 

 

 

Hot-carrier cooling (HCC) in metal halide perovskites is significantly slower compared 

to conventional semiconductors above the Mott transition. This effect is commonly 

attributed to a hot-phonon bottleneck but the influence of the lattice properties on the 

HCC behaviour is poorly understood. Using pressure-dependent femtosecond transient 

absorption spectroscopy (fs-TAS) we find that at an excitation density below Mott 

transition, pressure does not affect the HCC. On the contrary, above Mott transition, HCC 

in methylammonium lead iodide (MAPbI3) is around two – three times as fast at 0.3 GPa 

compared to ambient pressure. Our electron-phonon coupling calculations reveal about 

two times stronger electron-phonon coupling for the inorganic cage mode at 0.3 GPa. 

However, our experiments reveal that pressure promotes faster HCC only above Mott 

transition.  Altogether, these findings suggest a change in the nature of excited carriers 

above the Mott transition threshold, providing insights on the electronic behavior of 

devices operating at such high charge-carrier density. 
 

 

This chapter is based on the following publication: 

L. A. Muscarella, E. M. Hutter, J. M. Frost, G. G. Grimaldi, H. Bakker, B. Ehrler, Accelerated Hot-

Carrier Cooling in MAPbI3 Perovskite by Pressure-Induced Lattice Compression, The Journal of 

Physical Chemistry Letters, 2021, 12 (17), 4118-4124. 

 



3.1 – Pressure Effects on the Hot-Carrier Cooling 

82 

3.1. Introduction 

 In Chapter 1.2, we have briefly introduced the concept of hot-carrier 

cooling occurring when a semiconductor is excited with a photon energy larger 

than its bandgap. This high-energy excitation results in the formation of a non-

thermal distribution of “hot charge-carriers” (i.e. high-energy electrons in the 

conduction band and high-energy holes in the valence band). In semiconductor 

solar cells, these charges relax to the conduction (and valence) band edge before 

they are collected. The first step of this process is the thermalization1,2, occurring 

within a few hundred femtoseconds, where the generated hot-carriers interact 

with each other through carrier-carrier scattering until they reach a common 

quasi-Fermi temperature, usually much higher than the lattice temperature. 

Subsequently, HCC occurs though carrier-phonon or carrier-impurity scattering 

until a thermal equilibrium with the local lattice is reached, usually on picosecond 

timescales1,3,4. In this step, heat is dissipated in the lattice through acoustic 

phonons. In solar cells, 33% of the energy of sunlight is lost as heat5,6 during the 

thermalization and cooling processes. Slow HCC is desired for thermoelectric 

devices7, and hot carrier solar cells8 where extracting carriers before they have 

cooled could enables circumventing the thermodynamic limit for single-junction 

solar cells. Emissive applications such as lasers9, single-photon sources10 and 

optical modulators11 require short HCC time for efficient radiative recombination 

and to prevent carrier trapping. In particular for lasers, it is quintessential to 

understand the electronic properties at the high-carrier density required to obtain 

lasing.  

 In metal halide perovskites, the HCC timescale was found to be 

significantly slower3,12–14 than in conventional semiconductors like InN15 or 

GaAs12 under the same (high) excitation density conditions and upon increasing 

excitation density3,16,17. This slower cooling has been explained from an effect 

that is commonly known as hot-phonon bottleneck. The origin of this 

phenomenon is still under debate, but it has been attributed to several mechanisms 

such as the accumulation of optical phonons that cannot be easily dissipated12,18,3, 

optical-acoustic phonon up-conversion14 and polaron formation19–21. Metal halide 

perovskites are polar semiconductors, and thus their electronic properties are 
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expected to be strongly coupled with the lattice vibrations. Applying external 

pressure directly affects the lattice dynamics, and therefore can be used to tune 

properties that are strongly dependent on the lattice vibrations, such as the 

electron-phonon coupling and the phonon lifetimes. Changes in one or both of 

these quantities can affect the HCC. Increasing the electron-phonon coupling is 

expected to lead to faster HCC. For example, replacing iodide with a lighter 

halide increases the frequency of the longitudinal optical phonon mode (ωLO)22 

and thus shortens the HCC time measured under the same excess of energy and 

excitation density conditions23,24,3. In MAPbI3, the acoustic phonon lifetime, 

responsible for heat transport, has been found in the range of a few ps25,26, two 

orders of magnitude shorter than in conventional semiconductors27. Thus, the 

thermal transport at room temperature in MAPbI3 is highly inefficient if no 

thermal management strategy is applied. If the acoustic phonon lifetime 

increases, the HCC is expected to become faster. Understanding how lattice 

properties relate with HCC provides insights on the electronic behaviour of 

devices operating at various charge-carrier densities. For some devices such as 

hot carrier solar cells, slow cooling is desired, while for lasing applications fast 

cooling is preferred. Thus, an effective strategy to manipulate ad hoc the HCC 

time is required to design devices with a specific application operating in a certain 

charge-carrier density regime. 

 In this Chapter, we combine pressure-dependent femtosecond transient 

absorption spectroscopy (fs-TAS) previously discussed in Chapter 1.6  and 

electron-phonon coupling calculations to elucidate the effect of lattice 

compression on the factors that influence the HCC. We experimentally probe the 

HCC time in MAPbI3 at room temperature at pressures ranging from 0 to 0.3 GPa 

at varying light excitation densities. At low excitation density (7 × 1017 

photons/cm3), the HCC time is fast (0.3 - 0.5 ps) and independent of pressure. 

High excitation density triggers a Mott transition, previously calculated to occur 

at an excitation density above 7 × 1017 photons/cm3 21. Here, we refer to “Mott 

transition” as a change in electronic species from isolated polarons acting 

independently to an electron-hole plasma where the thermal energy is shared 

between overlapping polarons. At an excitation density above the Mott transition 

threshold (5.9 × 1018 photons/cm3), the HCC is significantly slower (2-3 ps) at 
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ambient pressure but accelerates by a factor 2-3 upon increasing the pressure to 

0.3 GPa. Electron-phonon calculations reveal that the phonon mode at ~27 cm-1 

(0.8 THz), associated with the lead-iodide octahedral twist shows a significant 

and approximately linear increase as a function of pressure.  In solar cells and 

optoelectronic devices operating above the Mott transition (> 1018 photons/cm3), 

faster HCC timescale may allow for a faster dissipation of heat and therefore a 

lower operating temperature. 

3.2. Pressure-dependent Cooling 

 Solution-processed MAPbI3 thin films were deposited by spin coating 

onto quartz substrates as reported in the Experimental Methods 3.5. Absorption 

measurements as a function of pressure and X-Ray diffraction measurements 

were performed on the sample to confirm the bandgap energy and the high 

crystallinity of the sample as shown in Figure A3.1. Pressure-dependent transient 

absorption measurements were performed inside a hydrostatic pressure cell filled 

with the inert hydraulic liquid tetradecafluorohexane as schematically depicted in 

Figure 3.1a.  

 A 100-fs pulsed pump beam with an energy of 3.1 eV is used for 

photoexciting the sample and a 100-fs pulsed probe beam (white light) is used to 

probe the excitation-induced change in transmission of MAPbI3 on a picosecond 

timescale. The two beams are overlapped on the sample inside the pressure cell, 

and the arrival time of the two pulses is controlled with a delay stage. To ensure 

the absence of any non-linear effects, we investigated the HCC process at 

excitation densities above Mott transition, but where the ΔT/T still shows a linear 

behavior with the pump fluence (Figure A3.2).  
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Figure 3.1. Pressure-dependent transient absorption spectroscopy to probe the 

hot-carrier cooling. a) Schematic representation of the pressure-dependent fs-TA 

setup showing the generation of hot-carriers (white spot on the sample) and b) 

HCC mechanism following photoexcitation.  

 

 Photoexcitation with a photon energy larger than the MAPbI3 bandgap 

lead to a population of high-energy carriers (electrons and holes) with no common 

temperature (Figure 3.1b, dark red curve) that undergo rapid (~ 85 fs1) 

thermalization, faster than our temporal resolution. This thermalization process 

results from carrier-carrier scattering. The resulting hot-carrier population can be 

approximated to a quasi-Fermi distribution. Once the hot-carrier population 

reaches a common temperature Tc (Figure 3.1b, red curve), higher than the lattice 

temperature TL, carrier-phonon interactions dominate the HCC until Tc is in 

equilibrium with TL (Figure 3.1b, yellow curve). Figure 3.2 show representative 

pseudo-color TA plots of MAPbI3 at 0 and 0.3 GPa as a function of the pump-

probe delay and probe energy. MAPbI3 is photoexcited at 3.1 eV (bandgap 1.7 

eV) with an initial carrier density 𝑛0 of 7.0 × 1017 photons/cm3 (Figure 3.2a,b) 

and 5.9 × 1018 photons/cm3 (Figure 3.2c,d) at ambient pressure and at 0.3 GPa, 

respectively. The carrier density is calculated as described in Appendix 3.6.2. 

Importantly, no degradation is observed at high excitation density as 

demonstrated in Figure A3.3 from the stability of the TA signal over the course 

of the measurement.   
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Figure 3.2. 2D plot of ∆T/T collected for MAPbI3 at low and high pressure. a)  

2D plot of ∆T/T as a function of the probe energy and time excited in the low-

density regime (7 × 1017 photons/cm3) at 0 GPa and b) 0.3 GPa and c) in the high-

density regime (5.9 × 1018 photons/cm3) at 0 GPa and d) 0.3 GPa. The evolution 

of the high-energy tail represents the hot carriers. 

 

The pseudo-color ΔT/T plots show three features: (i) a positive ΔT/T 

centred at the bandgap energy of ~1.67 eV corresponding to the ground state 

bleach (GSB) signal that results from the band filling effect; (ii) a negative ΔT/T 

feature at energies below the bandgap (< 1.67 eV) at early times resulting from 

the bandgap decrease induced by the high-energy carriers.2; (iii) a negative and 
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broad ΔT/T  signal at energies above the bandgap (> ~1.7 eV) resulting from light 

absorption of the photo-generated carriers. The corresponding ΔT/T traces are 

reported for 0.3 to 5 ps delay time in Figure 3.3a-d. 

 

 

Figure 3.3. Charge carrier cooling as a function of applied pressure from 0.3 ps 

to 5 ps in step of 1 ps. a) ΔT/T traces of MAPbI3 with n0 of 7.0 × 1017 photons/cm3 

at ambient pressure and b) at 0.3 GPa. c) ΔT/T traces of MAPbI3 with n0 of 5.9 × 

1018 photons/cm3 at ambient pressure and d) at 0.3 GPa. 

 

Here, the hot-carrier population is evident from the width of the initial 

GSB signal, which shrinks over the course of the measurement (picosecond 

timescale) as the hot carriers cool down to the lattice temperature. This feature 

represents an average of the hot electron and hot hole temperatures given the 

effective masses are very similar28. A comprehensive model to obtain the HCC 

time and temperature from the transient absorption measurements has still to be 

developed but several methods are commonly used13,16,29. We use two fitting 

strategies to obtain the trend of the HCC time as a function of pressure and 

excitation density. Both strategies yield a comparable HCC time upon increasing 
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the pressure and for both excitation densities. The first method consists of 

integrating the ΔT/T signal in the region of the high-energy GSB tail from 1.75 – 

1.80 eV and plotting the result as a function of delay time. The integrated range 

is highlighted in grey in Figure 3.3. We plot the integrated traces for the low and 

high-density regime in Figure 3.4a,b.  

 

 

Figure 3.4. Two fitting strategies for determining the HCC time as a function of 

pressure. a) Normalized ΔT/T integrated in the range of 1.75-1.80 eV in the GSB 

tail as a function of time, and delay time for excitation density of 7 × 1017 

photons/cm3 and b) 5.9 × 1018 photons/cm3 at different applied pressures. The 

decay of the GSB tail becomes faster upon increasing pressure in the high-density 

regime. c) Carrier temperature obtained by fitting the high-energy tail of the GSB 

with a Maxwell-Boltzmann distribution, as a function of delay time for high 

excitation density of 7 × 1017 photons/cm3 and d) 5.9 × 1018 photons/cm3 at 

different applied pressures. 

 

We fit the traces at fluences below and above Mott transition with a convolution 

of the instrument response function (IRF)  and an exponential decay function as 
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reported in Appendix 3.6.3 and shown in Figure A3.7. Below the Mott transition 

threshold (7 × 1017 photons/cm3), no pressure dependency is observed, showing 

fast (~ 0.3 ps) HCC at all pressures investigated (Figure 3.5a, blue). Above the 

Mott transition threshold, the decay comprises a fast component with a time 

constant of a few picoseconds (attributed to the HCC) and a slow component with 

a time constant in the order of tens of picoseconds. The presence of an additional 

slower process above the Mott transition has been shown previously and its origin 

is still under debate13,14,30,31, therefore we compare the two fast components at the 

two excitation density used. The time constant for the short-lived component 

above the Mott transition is plotted in Figure 3.5a (red). 

 This experiment, contrary to the one below the Mott transition threshold, 

shows almost three times faster HCC (time constant ~1 ps) at 0.3 GPa compared 

to ambient pressure (~3 ps). To make sure the extracted trend of the HCC time 

with pressure is not affected by the energy range integrated, we performed the 

same fit but integrating ΔT/T in various energy ranges of the broad tail (Figure 

A3.4 and Figure A3.5 above and below the Mott transition threshold, 

respectively). The absolute values of the HCC time constants vary slightly, but 

the trend as a function of pressure is consistent. To make sure the fitting method 

does not influence our result, we test a second method to obtain the HCC time. It 

consists of approximating the high-energy tail of the GSB and the negative PIA14 

with a modified Maxwell–Boltzmann distribution function13,32,33 as shown in 

Appendix 3.6.4. The fit yields the carrier temperatures which we show in Figure 

3.4c,d as a function of delay time for ambient and three representative high-

pressure conditions.  
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Figure 3.5. Hot-carrier cooling time obtained from two fitting strategies. HCC 

time extracted from a) the fit of the GSB tail decay and b) from the fit of the 

temperature decay as a function of pressure above (red) and below the Mott 

transition threshold (blue). 

 

The initial temperature depends on the excess energy of the photoinduced 

carriers, and the excitation density. This is the temperature reached by the carriers 

directly after the thermalization. Interestingly, we observe a higher initial hot-

carrier temperature upon increasing the pressure both in the low and high-density 

regime. The slight redshift in the bandgap energy (7 meV, Figure A3.6) when 

we increase the pressure cannot account for this effect. We thus conclude that 

pressure may have an effect on the thermalization process as well, but because 

this process is faster than our temporal resolution, we cannot further investigate 

this effect. The cooling time plotted in Figure 3.5b for the regime below and 

above Mott transition (in blue and red, respectively) is obtained by fitting an 

exponential decay function to the curve in Figure 3.4c,d taking into account the 

temperature errors of each datapoint. As with the first fitting routine, the HCC at 

ambient pressure and above the Mott transition is much slower than at high 

pressure, as reflected in a longer HCC time. The absolute values obtained by this 

fitting procedure for the cooling time are slightly lower than those obtained with 

the integration method shown in Figure 3.5a. As before, below the Mott 

transition threshold, HCC is fast, and there is no variation within the experimental 

error. Thus, in both regimes, the results by both fitting routines match 

qualitatively, and to a large extent quantitatively show the same result.  
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 The HCC time depends on experimental parameters like the ambient 

temperature, the excess of excitation energy compared to the bandgap of the 

material, and the excitation density3,20,34. To exclude that the change in the HCC 

time observed as a function of pressure is determined by the change of one of 

these factors, we now discuss each of them. The temperature of the sample is kept 

constant (room temperature) during the experiment for all the pressure measured, 

and possible minor fluctuations cannot explain the change in cooling time as a 

function of pressure. The energy used to excite the perovskite is 3.1 eV, resulting 

in an excess energy of 1.42 eV compared to the MAPbI3 bandgap at ambient 

pressure. As a function of pressure, we observe a redshift of the MAPbI3 bandgap 

equal to 7 meV (Figure A3.6). A change in the excess energy can change the 

HCC time, however, to obtain a 2× faster hot carrier cooling, the excess of energy 

would have to be around 1 eV lower20 (i.e. the excitation energy should be ≈ 2.1 

eV). Therefore, we can exclude the change in the bandgap and the excess of 

energy as the reason of the faster HCC observed. The excitation density 

calculated as a function of pressure is dependent on the fraction of absorbed 

photons (Appendix 3.6.2) by the material at the excitation energy used. This 

quantity increases 1.8% as a function of pressure and this should result in the 

same increase of the excitation density. If such a small increase in excitation 

density would affect HCC, the expected time constant should be longer upon 

increasing pressure but not shorter as found experimentally. Thus, we can exclude 

the slight change in excitation density as origin for the shorter HCC.  Finally, the 

pressure applied is below the threshold to induce a crystallographic phase 

transition (> 0.35 GPa35) that may cause a significant change the thermal 

properties of the material. Since we can exclude significative changes in these 

parameters upon changing the pressure, we can attribute the pressure-dependent 

trend observed solely to changes in the material properties following 

compression. In particular, we focus on the electron-phonon coupling.  
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3.3. Electron-Phonon Calculation  

 In order to understand the processes occurring in the microscopic scale 

within the material as a function of pressure, we calculate the electron-phonon 

coupling for all the phonon modes. The results of the relevant phonon modes are 

shown in Figure 3.6a. In these calculations we uniformly increase the pressure 

in a semi-local DFT electronic structure calculation (see Experimental Methods 

3.5), starting with an ambient pressure pseudo-cubic MAPbI3 structure36. The 

number of the phonon modes shown in Figure 3.6a is indexed in ascending 

energy order. The modes 1-3 represent the acoustic modes, that play a negligible 

role in the initial HCC where charge carriers strongly couple to optical modes 

though Fröhlich interactions. Modes 4-6 and 7-9 with frequencies ranging from 

19 to 35 cm-1 (0.5-1 THz) represent octahedral twist and distortion, respectively. 

These phonon modes generally preserve the bond length and have limited 

coupling with the organic cation, in contrast to the phonon modes with 

frequencies above 65 cm-1 (~ 2 THz), from mode 10 onwards. For these latter 

modes, the change in bond length leads to collisions with the A+-site ion, inducing 

coupling with the tumbling MA+ 37.  Modes 10-16 are coupled motions of the 

organic cation with the inorganic sub-lattice and rotational vibration of the cation 

around the nitrogen or the carbon atom. Modes 17-36 are related to intramolecular 

vibration of the organic cation, and not relevant in the context of HCC as the 

electronic modes are localized mostly on the inorganic cage. A detailed 

assignment and description of the phonon modes can be found also in Leguy et 

al.38 Previous works39,40 have shown that the dominant phonon mode coupled to 

the excited state dynamics observed by fs-TAS in MAPbI3 has a frequency 

around 27 cm-1 (~ 0.8 THz), and that there is a somewhat less strongly coupled 

mode at higher frequencies. For this reason, we confine our discussion to phonon 

modes 4-9 representing octahedral twist and distortion, as these are the most 

relevant for the coupling with the electrons at the conduction band minimum. 

Whereas most of phonon modes show no clear trend with pressure, the electron-

phonon coupling of mode 5 (~27 cm-1, ~ 0.8 THz) associated with the octahedral 

twist, highlighted in grey in Figure 3.6a, shows a significant and approximately 
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linear increase (Figure 3.6b) when pressure rises from ambient to 1 GPa, with 

two times enhancement at 0.3 GPa compared to ambient pressure. 

 

 

Figure 3.6. Calculated electron-phonon coupling as a function of pressure. a) 

Electron-phonon coupling strength of the MAPbI3 phonon modes to the 

conduction band minimum (CBM) at the gamma point in the Brillouin zone in a 

2×2×2 supercell, listed in ascending phonon energy. Highlighted in grey is the 

phonon mode 5 (~27 cm-1, ~0.8 THz), affected most strongly by pressure.  b) 

Electron-phonon coupling of the mode 5 (~27 cm-1, ~0.8 THz) as a function of 

pressure. Inset: atomic motions related to the phonon mode 5 (octahedral twist). 

  

 A quantitative prediction of HCC (a phenomenological quantity) from 

the calculation of microscopic electron-phonon coupling matrix elements 

requires a mechanistic model of the cooling processes, and a detailed 

consideration of the electron-phonon interaction across the double electron and 

phonon Brillouin zones and goes beyond the scope of this work.  

 One would anticipate that the greater electron-phonon coupling at higher 

pressure would result in faster HCC, both below and above the Mott transition. 

However, we only observe a dependence on pressure above the Mott transition 

threshold. Below that, HCC is fast (0.3-0.5 ps) and independent of pressure. In a 

polar material, the dielectric electron-phonon coupling dominates because it is 

long-range41, and will provide the main channel by which electrons photo-excited 

above bandgap will lose their energy. This coupling involves the interaction of 

the charge of the carriers with the transition dipole moment of the surrounding 

phonon modes. The variational polaron method predicts a polaron relaxation time 

constant of ~ 0.1 ps42 for this material, which is consistent with our observation 
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of a very short HCC time. This long-range dielectric coupling is not expected to 

be significantly affected by pressure43, in agreement with our observations. 

Above the threshold for the Mott transition, we propose that this dielectric 

coupling is screened, and instead the HCC proceeds via the weaker local electron-

phonon coupling. We calculate that this local electron-phonon coupling is 

proportional to pressure over the pressure range 0-0.3 GPa (in fact we find a linear 

trend up until 1.0 GPa), and so the HCC above the Mott transition becomes faster 

with pressure. This result is related to what has been found by Mohanan et al.44 

who  attributed the presence of a hot-phonon bottleneck to the deposition of a 

large portion of the initial energy on the optical modes at 27 cm-1 (~0.8 THz). 

These do not efficiently dissipate the excess energy as they are isolated from the 

rest of the lattice. Our findings thus reveal that the pressure enhancement of the 

electron-phonon coupling can be used to manipulate HCC at densities above the 

Mott transition density, while having no effect in the regime below, where the 

long-range dielectric electron-phonon coupling dominates. The excitation density 

that we assign for the Mott transition comes from considering the polaron size. 

An alternative interpretation of the observed pressure-dependence of the cooling 

time could be that this Mott transition is being pushed to a higher density under 

pressure. This change would require that the polarons are more localised at higher 

pressure. In turn, within the Fröhlich theory, this would require a considerably 

larger dielectric electron-phonon coupling, or a considerably larger effective 

mass. However, we are cautious with this interpretation as the vibrational and 

optical properties do not change significantly over this pressure range. The hot-

phonon bottleneck in MAPbI3 perovskite has also been attributed to the extremely 

short acoustic phonon lifetime45 of this material, which also causes its low 

thermal conductivity46. A short acoustic phonon lifetime can thus be responsible 

for the suppression of heat dissipation, as this energy could be reabsorbed by 

optical phonons and thus create a hot-phonon bottleneck that slows down the 

cooling of the hot electron-phonon plasma. Although this mechanism occurs in 

the second stage of the cooling (tens of picosecond), it might have some minor 

influence on the first cooling stage as well. To determine to what extent the faster 

HCC results only from the enhanced electron-phonon coupling or from a 
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combination with a longer acoustic phonon lifetime would require an expensive 

computation that is beyond the scope of this work.  

3.4. Conclusion 

We used pressure-dependent fs-TAS to investigate the effect of external 

pressure on hot-carrier cooling in MAPbI3 thin films. We found that below the 

Mott transition threshold, the HCC time is not affected by pressure, whereas it 

becomes two to three times faster above Mott transition. Our calculations reveal 

a twofold enhancement of the electron-phonon coupling for the mode related to 

the octahedral twist when the pressure is increased from ambient pressure to 0.3 

GPa. These findings, together with the observed difference in the behaviour in 

the low and high-density regime, suggest the presence of two different 

mechanisms dominating HCC at the two excitation densities explored. Below the 

Mott transition threshold, where polarons do not overlap, the long-range 

dielectric electron-phonon coupling dominates. Above the Mott transition 

threshold, this contribution is suppressed as the polarisation fields of the polarons 

overlap forming an electron-hole plasma and the HCC occurs via local electron-

phonon coupling. This local contribution is significantly weaker at ambient 

pressure leading to slow HCC but increases linearly over the 0.3 GPa pressure 

range studied. These findings contribute to the understanding of how applied 

stress can be used to control the HCC time in halide-perovskite devices for 

emissive applications such as lasers and single-photon sources.   
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3.5. Experimental Methods 

Sample Preparation 

 MAPbI3 precursor solution (1.05 M) is prepared by mixing MAI (TCI, 

>99%) and lead iodide (TCI, 99.99%, trace metals basis) in N,N-

dimethylformamide (DMF, Sigma Aldrich anhydrous, ≥99%) in a 1:1 ratio. Thin 

films are prepared by spin coating the precursor solution at 9000rpm for 30s and 

the antisolvent (Chlorobenzene, Sigma Aldrich, anhydrous, ≥99%) dripped after 

15s on quartz. Films are subsequentially annealed at 100 °C for 1 hour. The 

precursor solution preparation and spin coating are conducted in a nitrogen-filled 

glovebox. 

 

X-Ray Diffraction  

 The XRD pattern of perovskite films deposited on quartz was measured 

using an X-ray diffractometer, Bruker D2 Phaser, with Cu Kα (λ = 1.541 Å) as 

X-ray source, 0.01° (2θ) as the step size, and 0.100 s as the exposure time. 

 

Steady-State Absorption 

 Absorption spectra of MAPbI3 films on quartz as a function of pressure 

were measured in a pressure cell (ISS Inc.) with a LAMBDA 750 UV/Vis/NIR 

Spectrophotometer (Perkin Elmer) from 550 nm to 850 nm. 

 

Pressure-dependent Transient Absorption 

 Hydrostatic pressure was generated inside a pressure cell (ISS Inc.) 

increasing the volume of an inert liquid (FC-72, 3M) using a manual pump. Prior 

using, the liquid was degassed in a Schlenk line to remove oxygen which causes, 

from 0.3 GPa onwards, scattering of a fraction of light and therefore a reduction 

of the transmitted signal from the sample. The pressure was applied from 0.3 GPa 

to ambient pressure in steps of 0.050 GPa. The error in the pressure reading is 

estimated to be 0.020 GPa. We wait 7 minutes after applying the pressures before 

the measurement for equilibration of the material under pressure. The transient 

absorption (TA) setup used for pressure-dependent measurements has been 

previously described in Hutter et al.47 In addition, a reflective neutral density filter 
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(OD 1) is placed in the probe path, before the sample, to reduce the 800 nm 

residue. To avoid polarization effects, the relative polarization of the probe and 

pump pulses was set to the magic angle (54.6°). 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. A mechanical delay 

stage is used to change the pump-probe overlap time to follow the evolution of 

the hot-carrier cooling from 0.05 ps to 30 ps with a step size of 0.05 ps. To correct 

all spectra for the chirp of the white light, we extract the chirp from the cross-

correlation measured on a bare quartz substrate, inside the pressure cell and in the 

same conditions as the experiments with MAPbI3. 

 

Electron-Phonon Coupling Calculation 

 The reference structures at pressures 0 GPa to 1 GPa were generated with 

a Limited-memory Broyden–Fletcher–Goldfarb–Shanno (LBFGS) optimisation, 

using Perdew–Burke–Ernzerhof (PBE) exchange correlation functional with a 

plane-wave basis of 700 eV cut-off and a 6x6x6 Brillouin-zone integration grid. 

Pressure was applied in increments of 0.1 GPa. Electron-phonon couplings were 

then calculated by a linear combination of atomic orbitals (LCAO) method with 

a double-zeta basis set, in a 2x2x2 supercell of the pressurised realisations, with 

the PBE functional. All calculations were in Grade Point Average Weighted 

(GPAW)48,49 using the Atomic Simulation Environment (ASE)50 interface. 
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3.6. Appendix 

3.6.1. ADDITIONAL FIGURES 

 

 

Figure A3.1. a) UV-Vis absorption spectrum and b) XRD pattern of tetragonal 

MAPbI3 thin films 

 

 

Figure A3.2. ∆T/T as a function of the pump excitation density confirms the 

investigation of the HCC mechanism in the linear regime. 
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Figure A3.3. a) ∆T/T as a function of the probe energy at 15 ps (delay stage 

position) and real time for MAPbI3 at ambient pressure excited at the band-edge 

with a fluence comparable to the high excitation density shown in main text and 

b) a cross-cut of the ground state bleach signal at 15 ps as a function of real time 

showing that no degradation is observed at the high excitation density used. 
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Figure A3.4. Normalized ΔT/T integrated in the range a) 1.72-1.85 eV and c) 

1.77-1.85 eV in the ground state bleach tail as a function of time and pressure 

applied in the high-density regime. The decay of the ground state bleach tail is 

faster upon increasing pressure. b) HCC time extracted from the fit of the tail 

decay in the 1.72-1.85 eV and d) 1.77-1.85 eV energy range as a function of 

pressure. Changing the integrated energy range may change the absolute decay 

time but the trend with pressure is consistent.  
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Figure A3.5. Normalized ΔT/T integrated in the range a) 1.72-1.85 eV and c) 

1.70-1.75 eV in the ground state bleach tail as a function of time and pressure 

applied in the low-density regime. No appreciable change is observed. b) HCC 

time extracted from the fit of the tail decay in the 1.72-1.85 eV and d) 1.70-1.75 

eV energy range. Changing the integrated energy range may change the absolute 

value but the trend is consistent. 

 

 

Figure A3.6. a) Averaged ∆T/T in the range of 35-38 ps as a function of the probe 

energy and pressure for MAPbI3 and b) the extracted band gap from the ground 

state bleach as a function of pressure. 
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3.6.2. ESTIMATION OF THE CARRIER DENSITY  

The pump fluence of each pulse was calculated by using the following formula 

 

#𝑝ℎ𝑜𝑡𝑜𝑛𝑠 =
𝑃

𝑓 ×  𝐸𝑝𝑢𝑚𝑝
 (3.1) 

 

Where 𝑃 is the pump power in Watt, 𝑓 is the frequency of the chopper in Herz, 

𝐸𝑝𝑢𝑚𝑝 is the energy of a single pump photon in Joule. The number of photons is 

then converted into carrier density by using the following formula 

 

𝑛0 =  
#𝑝ℎ𝑜𝑡𝑜𝑛𝑠 ×   𝐹𝐴

𝐴𝑟𝑒𝑎𝑝𝑢𝑚𝑝  ×  𝑑 
 (3.2) 

 

Where 𝐹𝐴 is the fraction of absorbed photons by the sample at the pump energy 

measured by absorption measurements, 𝐴𝑟𝑒𝑎𝑝𝑢𝑚𝑝 is the area of the pump beam 

in cm2 and 𝑑 is the thickness of the film as measured by SEM cross-section in 

cm. The only parameter that could change as a function of pressure is 𝐹𝐴 as both 

the pump energy and the beam area are kept constant during the experiment. 

However, as reported in Table 3.1, the 𝐹𝐴  at the pump energy measured is 

constant to a value of 0.65 and therefore the excitation density as a function of 

pressure is constant. 

 

Table 3.1. Fraction of absorbed photons calculated from pressure-dependent 

absorption (assuming constant reflectance increasing pressure). 

 

Pressure (GPa) 𝑭𝑨 

0 0.64 

0.10 0.65 

0.15 0.65 

0.20 0.66 

0.25 0.66 

0.30 0.65 
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3.6.3. IRF FUNCTION AT 800 NM 

The TA signal can be described by the convolution of the Instrument Response 

Function (IRF) 

𝑓𝐼𝑅𝐹(𝑥) =
1

√2𝜋𝜎2
𝑒

−
𝑥2

2𝜎2 (3.3) 

 

and the function describing the change of the TA signal after excitation, 

 

𝑓𝑒𝑥(𝑥) = 𝐴𝜃(𝑥)𝑒−
𝑥
𝜏 + 𝐴2𝜃(𝑥) (3.4) 

 

where 𝜃 is the Heaviside theta function. Equation 3.4 describes a signal whose 

height switches instantaneously from 0 to 𝐴 +  𝐴2 at time 0 and that then decays 

exponentially to the value 𝐴2 with a time constant 𝜏 representing the HCC time. 

The convolution integral of the IRF function and an exponential decay after a step 

function can be written as 

 

(𝑓𝐼𝑅𝐹 ∗ 𝑓𝑒𝑥)(𝑦) =
𝐴

2
𝑒

𝜎2

2𝜏2−
𝑦
𝜏 [1 + erf (

𝑦

√2𝜎
−

𝜎

√2𝜏
)]

+
1

2
(1 + erf (

𝑦

√2𝜎
)) 𝐴2 

(3.5) 

 

We obtain the standard deviation 𝜎 of the IRF by fitting the time-dependence of 

the band-edge signal for resonantly excited MAPbI3, where no carrier cooling is 

expected, and the rise time is limited by the IRF. To fit the below-bandgap signal 

we neglect any HCC effect. The 𝜎 obtained is shown in Figure A3.7 and does 

not change significantly as a function of pressure. We then fixed 𝜎 to the value 

obtained for resonant excitation and fitted the TA curves of MAPbI3 excited with 

3.1 eV in the low- and high-density regime, optimizing the fit for HCC time 𝜏. 
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Figure A3.7. a) ΔT/T traces at 1.59 eV (below bandgap) as a function of pressure 

and b) the resulting IRF extracted by fitting a rise function, 
1

2
A (1 + erf [

t0+𝑥

√2σ
]), 

to the curves.  
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3.6.4. MAXWELL-BOLTZMANN FIT FUNCTION 

 Following Yang et al.12, the modified Maxwell–Boltzmann distribution 

function used for the second fitting strategy is  

 

𝑓𝑀𝐵(𝑥) =
𝐴1

𝑥
 √𝑥 − 𝐸𝑔 𝐸𝑥𝑝

(−
𝑥−𝐸𝑓

2 𝑘 𝑇𝑐
)

+
𝐴2

√𝑥 − 𝐸𝑔

 (3.6) 

 

Here, A1 and A2 represent the amplitudes of the band-filling and bandgap 

renormalization components, k is the Boltzmann constant, Eg is the bandgap 

energy as calculated from the fit of the GSB as a function of pressure at later 

times when the HCC is completed (Figure A3.6), Ef is the electron (and holes) 

quasi-Fermi level, and 𝑥 is the energy. We approximate Ef as Eg and obtain the 

values of A1, A2 and Tc from the fit. The second term of this fitting function is 

included to fit the negative feature originating from hot carrier induced bandgap 

reduction. We perform this fitting method on the same data. To probe the same 

population of hot carriers at all pressures conditions, the selected starting energy 

of the fit is the one corresponding to 1/2 of the maximum bleach. To ensure to 

probe the hot-carrier population after thermalization (but before HCC is finished), 

we only consider the data starting from 0.5 ps after photoexcitation. 
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4. PRESSURE-DEPENDENT MANIPULATION OF 

PHASE SEGREGATION 

 

 

The easy bandgap tunability of mixed-halide perovskites makes them promising 

candidates for LEDs and tandem solar cells. However, illuminating mixed-halide 

perovskites leads to the formation of segregated phases enriched in a single-halide. This 

segregation occurs through ion migration and its control is essential for the long-term 

stability of the devices. Using pressure-dependent transient absorption spectroscopy, we 

find that the formation rates of both iodide- and bromide-rich phases in MAPb(BrxI1-x)3 

(x = 0.25, 0.5, 0.7) reduce by 2 orders of magnitude upon increasing the pressure to 0.3 

GPa. At high pressure, we find that the segregation is also almost suppressed, as indicated 

by the energy of the final phase that is very similar to the mixed phase. A similar 

mechanism occurs when the unit cell volume is reduced by incorporating a smaller cation 

(e.g. Cs+). These findings reveal that external pressure can manipulate both the kinetics 

and thermodynamics of the phase segregation and this stability with respect to halide 

segregation can be achieved either physically through compressive stress or chemically 

through compositional engineering.  
 

 

This chapter is based on the following publications: 

L.A. Muscarella, E.M. Hutter, F. Wittmann, Y.W. Woo, Y.-K. Jung, L. McGovern, J. Versluis, A. 

Walsh, H.J. Bakker and B. Ehrler, Lattice Compression Increases the Activation Barrier for Phase 

Segregation in Mixed-Halide Perovskites, ACS Energy Letters, 2020, 5 (10), 3152-3158 

 

E.M. Hutter, L.A. Muscarella, F. Wittmann, J. Versluis, L. McGovern, H.J. Bakker, Y.W. Woo, 

Y.-K. Jung, A. Walsh and B. Ehrler, Thermodynamic Stabilization of Mixed-Halide Perovskites 

against Phase Segregation, Cell Rep. Phys. Sci., 2020, 1 (8), 100120, 1-11  
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4.1. Introduction 

 In Chapter 1.3 we have discussed the characteristic softness of the 

perovskite lattice and how the relatively weak covalent-ionic bond nature can 

cause the so-called ion migration process. This process consists in the migration 

of the halide or the organic cation species within the perovskite lattice 

compromising the long-term stability of the associated devices1. For mixed-

halide perovskites, halide migration2 during continuous light exposure3 or applied 

bias4 leads to phase segregation where domains enriched in one of the halides are 

formed.  

The bandgap of mixed-halide perovskites can easily be tuned by mixing halides 

in different ratio5. For instance, mixing iodide and bromide in MAPb(BrxI1-x)3 

(with MA = methylammonium, CH3NH3
+) results in bandgaps in between that of 

full iodide (x = 0, 1.6 eV) and full bromide perovskites (x = 1, 2.3 eV).6,7 The easy 

fabrication of compositions with the desired bandgap makes the mixed-halide 

perovskites promising candidates for light emitting diodes (LEDs)8,9 and tandem 

solar cells10. However, methylammonium(MA)-based mixed-halide perovskites, 

MAPb(BrxI1-x)3, with x > 0.20 lack long-term bandgap stability under standard 

solar cell operating conditions11 because these compositions have been shown to 

suffer from phase segregation2. As a result of continuous light exposure, low- and 

high-bandgap phases are formed within the mixed composition. The low- and 

high-bandgap phases correspond to iodide-rich and bromide-rich domains2. 

Phase segregation affects the homogeneity of the bandgap required for many 

applications such as lighting and displays as the photogenerated charges transfer 

into the low-bandgap iodide-rich domains, where they recombine.  

 The activation energies reported for halide migration in single-halide 

systems12,13 and in mixed-halide systems2,13 are comparable, suggesting a similar 

transport mechanism in both cases. Therefore, both single- and mixed-halide 

perovskites would benefit from increasing the activation energies for ion 

migration, as this would slow down the degradation rate and hence increase the 

lifetime of the corresponding device. For commercial purposes, a long-term 

stability of 20 years may not be possible with kinetic stabilization only, as this 

would require a five order of magnitude lower segregation rate14 or an order of 
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magnitude higher activation energy. Therefore, understanding how to manipulate 

the segregation rate to a substantial extent and push toward a thermodynamic 

stabilization route would be the key to obtain long-term stability in devices.  

Phase segregation has been shown to depend on various factors such as 

light intensity13,15,16, duty cycle17, and film quality and thickness16,18. Reducing 

the halide vacancy concentrations19 and passivating electron traps20 whose 

electric field has been proposed to initiate halide migration by accumulating 

holes, have been suggested as ways to reduce the rate of phase segregation. 

Slower phase segregation rate has also been achieved by partial replacement of 

the organic cation with the smaller Cs+ in the mixed-perovskite21–24.  

 In this Chapter, we investigate how the kinetics and thermodynamics of 

phase segregation can be manipulated upon compressing the unit cell volume by 

increasing physical pressure in mixed-halide perovskite MAPb(BrxI1-x)3. We use 

pressure-dependent transient absorption spectroscopy, previously introduced in 

Chapter 1.6. The measurements are performed at hydrostatic pressures ranging 

from 0 (ambient pressure) to 0.3 GPa using an additional light beam to induce 

phase segregation. We find that phase segregation is substantially slower at high 

pressure for all MAPb(BrxI1-x)3 mixing ratios (x = 0.25, 0.5 and 0.7). We explain 

this reduction in the phase segregation rate by the increase of the activation 

energy (𝐸𝑎 , in light) for halide migration upon compression of the unit cell 

volume. Theoretical calculations corroborate this interpretation, revealing an 

increase in the energy barrier required for a halide species to diffuse into a 

vacancy under pressure. In addition, we find that the reduction of the unit cell 

volume at ambient pressure by partial replacement of the MA+ cation with the 

smaller Cs+, (e.g. MA0.7Cs0.3Pb(Br0.5I0.5)3  and CsPb(Br0.5I0.5)3), also leads to 

slower segregation, in a similar manner to the reduced segregation rate of 

MAPb(Br0.5I0.5)3 under high-pressure conditions. Surprisingly, we find that 

increasing pressure, the final mixing ratio of the segregated phases is closer to the 

one of the initial mixed-phase ratio, suggesting that pressure changes the 

thermodynamic landscape for phase segregation. This finding can be understood 

from a change in the thermodynamics (Gibbs free energy) as a function of 

pressure, paving a route to obtain mixed-halide perovskites stable against phase 

segregation regardless of their initial halide mixing ratio. Altogether, these 
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findings suggest that the reduction of the unit cell volume, achieved through 

compositional engineering or physical pressure, can be effectively used to delay 

halide migration by increasing the activation barrier of the halide migration 

process and push toward a thermodynamic stabilization. 

4.2. Pressure-dependent Phase Segregation 

 MAPb(BrxI1-x)3 thin films with x = 0, 0.25, 0.5, 0.7 and 1 were prepared 

by spin coating the precursor solutions onto quartz substrates as reported in the 

Experimental Methods 4.6. Absorption measurements and X-ray diffraction 

patterns are collected to confirm the successful fabrication of mixed-halide 

perovskites film as reported in Figure A4.1. To further confirm whether the 

desired halide mixing ratio was achieved after the fabrication, we performed 

elemental analysis using SEM/EDS and the results are reported in Table 4.1. The 

EDS analysis show a slight deficit of bromide in the case of the x = 0.5 sample 

and a slight excess of bromide for the x = 0.7. Overall, the real composition 

slightly differs from the stoichiometric one. We use the stoichiometric 

composition to label our samples throughout the entire chapter. 

 

Table 4.1. Stoichiometric Br fraction x compared to the real Br fraction 

incorporated in the mixed-halide films after fabrication. 

Stoichiometric Br- fraction (x) Real Br- fraction (EDS) 

0.25 0.25±0.02 

0.50 0.45±0.03 

0.70 0.74±0.03 

 

Transient absorption spectroscopy (TAS) allows us to probe the excited state of 

MAPb(BrxI1-x)3 by recording absorption spectra of the probed area at each delay 

time (from 0.05 ps to 800 ps) following a pulsed pump excitation (400 nm, with 

excitation density of ~1018 absorbed photons/cm3 corrected for the fraction of 

absorbed photons by each composition). Figure 4.1a shows a 2D plot of the ∆T/T 

signal of MAPb(Br0.5I0.5)3 as a function of the delay time between pump and probe 

and the probe pulse energy. In absence of an additional light-source, 
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MAPb(Br0.5I0.5)3 shows a ground state bleach at (2.08±0.01) eV in agreement with 

the onset obtained from steady-state absorption measurements reported in  

Figure A4.1 at ambient pressure. We then focus a continuous wave (CW) light 

source (λ = 405 nm, I = 2.37 × 103 mW/cm2) on the pump spot to induce phase 

segregation. In Figure 4.1b we show the 2D plot of MAPb(Br0.5I0.5)3 after 20 

minutes of light-soaking, when the phase segregation is complete.  

 Here, we observe two bleaching signals, one at (1.88 ± 0.01) eV and one 

at higher energy (2.12 ± 0.003) eV compared to the initial bleach attributed to the 

mixed phase. These two features can be assigned to iodide- and bromide-rich 

domains, respectively. At later times, the bleaching signal from the bromide-rich 

phase decays, indicating the transfer of photogenerated charges into the iodide-

rich phase. To investigate the phase segregation in MAPb(Br0.5I0.5)3 during light-

soaking, we fixed the delay stage position at 15 ps, after most of the hot charge 

carriers induced by the high-energy pump have cooled25,26 to the band edges of 

the high- and low-energy phases.  

 

 

Figure 4.1. Transient absorption to probe the segregated domains at ambient 

pressure. a) ∆T/T as a function of the probe energy and delay time between the 

pump and probe pulse for MAPb(Br0.5I0.5)3 before light-soaking where only the 

bleach from the mixed-halide composition (x = 0.5) is observed and b) after 20 

minutes of light-soaking with a CW-laser where a bleach from two phases 

peaking at 1.88 eV and 2.12 eV are observed, indicative of halide segregation. 

The measurements are performed at ambient pressure. The dashed lines indicate 

the delay time chosen to study the evolution of phase segregation. 
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In Chapter 3, the hot-carrier cooling time at an excitation density of ~1018 

photons/cm3 was found to be ~ 3ps for MAPbI3. MAPbI3 is the composition with 

the largest excess of energy generated after photo-excitation at 400 nm, thus we 

expect a faster cooling time for mixed-halide compositions where the excess of 

energy is lower. An important advantage of TAS with respect to time-resolved 

photoluminescence (TRPL) is the ability to track the excited population from 

both the iodide- and bromide-rich phase15, whereas TRPL mainly probes the 

emissive low-energy phase.  

We record ∆T/T spectra every second for 20 minutes. When only the 

pump excitation is present, we do not observe any phase segregation (see Figure 

A4.2) and the positive GSB feature peaking at (2.08±0.01) eV corresponds to the 

ground state bleach of the mixed iodide-bromide perovskite phase. When the 

mixed-halide perovskite film is irradiated by a CW laser at ambient pressure, we 

observe the appearance of a second feature at lower energy peaking at (1.88 ± 

0.01) eV almost immediately, which subsequently grows in amplitude.  

 

 

Figure 4.2. Transient absorption in real time to probe phase segregation. a) ΔT/T 

as a function of the probe energy and real time (minutes) at a pump-probe delay 

of 15 ps for MAPb(Br0.5I0.5)3 during light-soaking where both the iodide- and the 

bromide-rich domains is visible from early times after illumination. b)  Cross-cut 

of the measured ΔT/T at 2, 47, 97, 247 and 347 s (from light to dark color) 

showing the reduction and the blue-shift of the initial peak attributed to the 

mixed-halide phase and the growth of the iodide-rich peak. 
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At the same time, the initial bleach shifts to higher energy peaking at (2.12 ± 

0.003) eV and reduces in amplitude. The evolution of the ΔT/T as a function of 

time in minutes at ambient pressure is shown in Figure 4.2a as 2D plot and the 

growth of the amplitude of the low-energy peak is highlighted in the cross-cut at 

different times in Figure 4.2b. When the light-soaking is complete, two positive 

features are present in the ΔT/T spectrum, indicating the presence of an iodide-

rich and bromide-rich domain with bandgaps of 1.88 and 2.12 eV, respectively. 

Subsequently, we investigated the phase segregation as a function of compressive 

stress induced by external pressure which reduces the unit cell size. We first 

calculate the change in the unit cell volume for each composition by fitting the 

pressure-dependent unit cell volume extracted from Jaffe et al.27 for x = 0, 0.2 0.6 

and 1 (Figure 4.3a-d) to the second-order Birch-Murnaghan28 equation as 

following 

 

𝑃 =
3

2
𝐾𝑇0 [(

𝑉0

𝑉
)

7
3

− (
𝑉0

𝑉
)

5
3

] (4.1) 

 

where 𝐾𝑇0  is the isothermal bulk modulus at standard temperature, 𝑉0  is the 

initial volume, V is the volume at pressure P. Then, the bulk moduli for the mixed-

halide perovskites 𝐵(𝑥) are calculated according29 to  

 

𝐵(𝑥) =
(1 − 𝑥)𝑎𝐼𝐵𝐼 + (𝑥)𝑎𝐵𝑟𝐵𝐵𝑟

𝑎𝑥  
 (4.2) 

 

where 𝑎𝐼 and 𝑎𝐵𝑟  are the lattice parameters and 𝐵𝐼 and 𝐵𝐵𝑟 the bulk moduli of 

MAPbI3 and MAPbBr3, respectively. The lattice parameter as function of 𝑥 is 

determined from the XRD measurements shown in Figure A4.1b. The calculated 

bulk moduli are shown in Figure 4.3e. From ambient pressure to 0.3 GPa, the 

unit cell volume change is about 3% for x = 0.25, 2.5% for x = 0.5 and 2.2% for 

x = 0.7 indicating higher compressibility for compositions with higher content of 

iodide.  

In addition, Figure 4.3f shows that the lattice mismatch between the full MAPbI3 

and MAPbBr3 decreases with pressure.  
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Figure 4.3. Bulk moduli in mixed-halide perovskites. a-d) P-V relation as a 

function of pressure adapted from Jaffe et al.27 and the resulting bulk moduli 

obtained from the second-order Birch-Murnaghan equation in the inset. The error 

on the fit is displayed in (e). e) Fit to obtain the bulk moduli for the mixed-halide 

perovskites as a function of x. f) Lattice parameter mismatch between pure 

MAPbI3 and MAPbBr3 as a function of pressure. 

 

 

Now that the change in the unit cell volume induced by external pressure is 

known, we perform pressure-dependent transient absorption measurement of the 
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sample with x = 0.5 inside a hydrostatic pressure cell filled with inert liquid (FC-

72, see Experimental Methods 4.6). The change in hydrostatic pressure is 

achieved by increasing the amount of inert liquid through a manual pump, with a 

resulting pressure ranging from 0 (ambient pressure) to 0.3 GPa. 

In Figure 4.4, after 20 minutes of light-soaking, we observe that the 

features attributed to the iodide- and bromide-rich domains change in energy as 

a function of the applied pressure. The narrower energy difference between the 

iodide and bromide phase is related to thermodynamic changes in the system and 

further discussed in Chapter 4.3. In addition, we observe a change in the rate at 

which the phase segregation occurs as a function of the increased pressure that 

can be related to a change in the kinetics behaviour of the system, further 

discussed in Chapter 4.4. The same behaviour under pressure as described above 

is observed for the composition with x = 0.7 shown in Figure A4.3 and Figure 

A4.4. The 2D ΔT/T plot in Figure A4.4 shows that, for the composition x = 0.25, 

closer to the threshold where the phase segregation does not occur, a complete 

suppression of phase segregation occurs already at 0.1 GPa and no clear iodide-

rich or bromide-rich phase is observed. For x = 0.5 and 0.7, the phase segregation 

also becomes less visible. At 0.3 GPa, the phase segregation only leads to a 

broadening of the initial mixed-halide peak, and no clear separate iodide-rich 

phase is observed. In the following sections, we investigate how the composition 

of the segregated phase changes and how the dynamics of the formation rate of 

halide-rich domains is affected by the external pressure. 
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Figure 4.4. Phase segregation as a function of pressure. ΔT/T as a function of the 

probe energy and real time (minutes) for MAPb(Br0.5I0.5)3 under light-soaking at 

a) 0.1 GPa, b) 0.2 GPa and c) 0.3 GPa. The dashed lines are a guide for the eye 

to highlight the iodide- and bromide-rich phase. 
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4.3. Thermodynamics Changes under Pressure 

 Figure 4.5a shows cross-cuts of T/T traces after different amounts of 

time (2 - 347 seconds) of light-soaking at ambient pressure for mixed-halide 

perovskites with x = 0.5. At ambient pressure, the initial bleach attributed to the 

mixed phase peak at (2.08±0.01) eV for x = 0.5 in agreement with steady-state 

absorption measurements shown in Figure A4.1a. After 20 minutes light-

soaking, when the phase-segregation process is complete, the sample with 

composition x = 0.5 shows two features at an energy of (1.88 ± 0.01) eV and 

(2.12 ± 0.003) eV attributed to the iodide- and bromide-rich phase, respectively. 

By using the position of the initial bleach for x = 0, 1, 0.25, 0.5 and 0.7 at a pump-

probe delay of 15 ps, we calculate the relation to convert the peak energy 

associated with the iodide- and bromide-segregated phase to the fraction of 

bromide in the segregated domains (xs,Br and xs,I) after the phase segregation is 

complete (Figure A4.6). The energies reported above for the segregated phase in 

x = 0.5 correspond to a composition xs,I of 0.28 ± 0.02 for the iodide-rich phase, 

and xs,Br = 0.63 ± 0.01 for the bromide-rich phase. Upon increasing pressure at 

0.3 GPa (Figure 4.5b), we find that the segregated iodide-rich phase has a 

different energy, much closer to the energy of the initial mixing ratio.  

 In fact, light soaking the same mixed-halide perovskite at high pressure 

(0.3 GPa) does not lead to the formation of distinct iodide and bromide phases. 

Instead, only a small side peak appears corresponding to xs,I = 0.41 ± 0.03, next 

to the initial ΔT/T peak (xs,Br = 0.51±0.04). This observation shows that halide 

segregation is substantially suppressed at high pressure. For x = 0.25 (Figure 

A4.6), we find that this composition is entirely stable against phase segregation 

already at 0.2 GPa and no significant shift of the main peak is observed. For x = 

0.7 (Figure 4.5c), the initial bleach at ambient pressure has an energy of (2.19 ± 

0.01) eV. After 20 minutes light soaking at ambient pressure, we observe two 

features at (1.83 ± 0.01) eV and (2.26 ± 0.02) eV, attributed to the iodide- and 

bromide-rich phase. The corresponding composition are xs,I = 0.29 ± 0.02 and xs,Br 

= 0.81 ± 0.05. At high pressure, x = 0.7 remains mostly stable (Figure 4.5d) 

showing no iodide-rich or bromide-rich feature. 
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Figure 4.5. Pressure-induced suppression of phase segregation in mixed-halide 

perovskites. ΔT/T traces at different time for a,b) x = 0.5, c,d) x = 0.7 at 0 GPa 

and 0.3 GPa 

 

We observe that whereas the iodide-rich phase has the same final composition 

independent of initial composition (at ambient pressure), the bromide-rich phase 

changes substantially with x, as indicated by the different positions of the high-

energy peaks in Figure 4.5a-d after light-soaking. Table 4.2 summarizes for each 

composition (x = 0.25, 0.5 and 0.7, stoichiometric fraction) the values of the peak 

energy of the mixed phase before light soaking at different pressures Emixed and 

the corresponding composition xmixed, the peak energy attributed to the iodide- 

and bromide-rich phase after light soaking together with the corresponding 

bromide fraction. Previously, it has been proposed30,31 that the onset of the phase 

segregation matches with the bromide fraction at which the phase transition in 

the mixed-halide perovskites occurs (x > 0.2). When x < 0.2, the mixed-halide 

compositions show a tetragonal crystal structure, while when x > 0.2, the crystal 

structure adopted by the perovskite is cubic. In other words, the cubic phase was 

considered unstable under light and thus the origin of the immiscibility of iodide 
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and bromide in mixed-halide under illumination. However, our observation that 

the composition of the segregated phase xs does vary with x at high pressure 

indicates that xs is not determined by the cubic-to-tetragonal phase transition. As 

found by Jaffe et al.27, x = 0.2 and x = 0.4 are still cubic at 0.3 GPa and thus the 

pressure-dependent terminal x cannot be explained with the cubic-to-tetragonal 

phase transition. 

 

Table 4.2. Peak energy of the mixed phase for x = 0.25, 0.5 and 0.7 before light 

soaking Emixed at different pressures and the corresponding composition xmixed, the 

peak energy corresponding to the iodide- and bromide-rich phase after light 

soaking, Ex,I and Ex,Br, respectively, and the corresponding bromide fraction. 

 

x 
P 

(GPa) 

𝑬𝒎𝒊𝒙𝒆𝒅 

(eV) 
𝒙𝒎𝒊𝒙𝒆𝒅 

𝑬𝒙,𝑰 

(eV) 

𝑬𝒙,𝑩𝒓 

(eV) 
𝒙𝒔,𝑰 𝒙𝒔,𝑩𝒓 

0.25 

0 1.79±0.01 0.22±0.01 1.76±0.03 - 0.19±0.02 - 

0.1 1.77±0.02 0.22±0.01 1.76±0.01 - 0.21±0.02 - 

0.2 1.78±0.01 0.21±0.01 1.77±0.01 - 0.21±0.02 - 

0.3 1.79±0.01 0.23±0.01 1.77±0.01 - 0.21±0.02 - 

0.5 

0 2.08±0.01 0.59±0.01 1.84±0.01 2.10±0.01 0.28± 0.02 0.63±0.05 

0.1 2.07±0.01 0.60±0.01 1.83±0.01 2.04±0.02 0.30± 0.02 0.56±0.04 

0.2 2.07±0.01 0.59±0.01 1.89±0.03 2.03±0.02 0.36± 0.03 0.54±0.03 

0.3 2.07±0.01 0.59±0.01 1.93±0.03 2.00±0.01 0.41± 0.03 0.51±0.04 

0.7 

0 2.19±0.01 0.75±0.01 1.83±0.01 2.26±0.02 0.29± 0.02 0.81±0.05 

0.1 2.19±0.01 0.75±0.01 1.89±0.01 2.19±0.02 0.37± 0.02 0.75±0.04 

0.2 2.19±0.02 0.74±0.01 2.00±0.01 2.18±0.02 0.50± 0.03 0.74±0.02 

0.3 2.18±0.01 0.75±0.01 2.09±0.03 2.18±0.01 0.63± 0.03 0.74±0.03 

 

As origin of the phase segregation, we propose an alternative explanation 

for the suppression of the phase segregation process at high pressure that 

considers the mechanical effects associated with the less compressible and 

smaller unit cell volume for samples with higher bromide content. In Figure 4.6a 

we plot the composition of the segregated phase xs for x = 0.25, 0.5 and 0.7 as a 

function of the unit cell volume calculated in Figure 4.3e and we observe that the 

final iodide-rich composition significantly shifts with the changes in the unit cell 

volume induced by the external pressure applied. In other words, the smaller the 

unit cell volume, the closer the composition of the segregated phase is to the 

original mixing ratio. At ambient pressure, the positive mixing enthalpy for 

MAPb(BrxI1-x)3 drives photo-induced segregation at x > 0.232,33. For high pressure 
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and thus smaller unit cell volumes, the mixing enthalpy is reduced so that the 

entropy dominates for a larger range of mixing ratios. 

 

 

Figure 4.6. Smaller unit cell volumes result in a more stable mixed-halide 

composition regardless from the initial mixing ratio. a) Composition of the 

segregated phase xs as a function of the unit cell volume calculated using the bulk 

moduli. The larger volumes correspond to ambient pressure conditions, whereas 

smaller volumes result from compression at 0.3 GPa. b) Schematic representation 

of the suppression of segregation by compressing the mixed-halide perovskite.  

 

 MAPb(BrxI1-x)3 is a pseudo-binary mixture (or solid solution) and its 

accessible solubility range at a certain temperature T is determined by the free 

energy of mixing ΔG(x), i.e. the free energy of the mixed phase with respect to 

the phase-separated iodide (x = 0) and bromide (x = 1) compounds assuming that 

Δ𝑈 = 0. The free energy of mixing holds an enthalpic and entropic term, ΔH(x) 

and ΔS(x), respectively. Both depend on the material’s composition x.  

 

𝛥𝐺(𝑥) =  𝛥𝐻(𝑥) − 𝑇𝛥𝑆(𝑥) (4.3) 

 

First-principles calculations of Eq. 4.3 confirm a positive enthalpic term H(x = 

0.5) ~ 2 kJ/mol  due to chemical strain in the mixed MAPb(I1-xBrx)3 perovskite,33 

originating from the ionic size mismatch of I- (2.22 Å) and Br- (1.96 Å). This 

enthalpic cost of straining the bonding environment is offset by the gain in 

configurational entropy (TS).33 For a binary mixture, the entropy S (x) reaches 

a maximum at x = 0.5 with a value of also ~ 2 kJ/mol  (0.7 kBT at T = 300 K). 
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Analysis of G(x) shows two minima (at x ~ 0.2 and at 0.75) under ambient 

pressure conditions. The region in between these minima represents the 

miscibility gap (i.e. the range of compositions that are thermodynamically 

unstable). We propose that the externally applied pressure changes the PV term 

contained in the enthalpic term , whereas S is unchanged under the mild 

pressure we apply, because the regular perovskite structure is maintained. For 

most solid semiconductors, the PV term is often neglected due to a large 

resistance to compression under pressure. However, lead-halide perovskites are 

polar semiconductors and their bulk modulus is smaller than that of other 

conventional semiconductors (e.g. Si = 105 GPa, GaAs = 75 GPa) as discussed 

previously in Chapter 1.4 and as reported in Table 1.1. Thus, manipulating the 

H by inducing a change in the PV term can be used as an additional lever to 

control and extend the stability range of mixed-halide compositions. Combining 

a pressure of 0.3 GPa for a composition x  = 0.5 results in ΔV = 5Å3, and PΔV = 

1 kJ/mol. Given that the magnitude of TΔS is limited to 2 kJ/mol, this represents 

a substantial contribution. Furthermore, because the bulk modulus of the iodide 

perovskite (9 GPa for MAPbI3) is much smaller than that of the bromide 

perovskite (18 GPa for MAPbBr3), the iodide-rich regions undergo a larger 

volume change and pay a larger enthalpic penalty. As previously shown in Figure 

4.3f, the compositions with a larger fraction of iodide are more compressible than 

the composition where a larger fraction of bromide is present. Therefore, upon 

increasing pressure the ionic size mismatch is reduced and so is the microscopic 

strain, which allows TS to dominate and stabilize the mixture for larger values 

of x as schematically depicted in Figure 4.6b. Local inhomogeneities in halide 

distribution may result in low-bandgap regions (already present in the dark),34 

which act as traps to photo-excited holes. The bandgap difference Eg between 

the high- and low-bandgap domains then provides the driving force for the light-

induced phase segregation process.32 We note that this electronic term in the 

phase diagram is expected not to change significantly with pressure, as the 

bandgaps of both the iodide- and bromide compounds, and their mixtures, show 

a similar pressure dependence as reported in Table 4.2.  These observations show 

that the unit cell volume is an important factor determining the x-values at which 

mixed-halide perovskites are stable. Another strategy to tune the unit cell volume 
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is by compositional engineering, i.e. replacing the MA+ cation with a smaller 

cation, for instance Cs+ as schematically depicted in Figure 4.7a. Indeed, we find 

that chemically reducing the unit cell volume of x = 0.5 by replacing 30% of MA 

with smaller Cs cations reduces the halide segregation roughly to the same extent 

as applying 0.2 GPa external pressure to the pure MA cation perovskite, as shown 

in Figure 4.7b. Note that the Cs-based perovskites have larger bandgaps than 

MA-based perovskites,35 so that the absolute peak energies cannot be compared.  

 

 

Figure 4.7. Suppression of phase segregation in compositions where the unit cell 

volume is reduced by Cs incorporation. a) Schematic representation of the unit 

cell volume reduction when the organic MA+ is replaced by the smaller inorganic 

Cs+. b)  ΔT/T traces after 20 minutes of light soaking of composition with x = 0.5 

where the cation MA+ (red trace) is partially (blue trace) or fully replaced by Cs+ 

(black trace). 

 

When the MA+ cation is fully replaced by Cs+, the phase segregation is almost 

suppressed with the energy difference between the two peaks of only ~ 100 meV, 

similar to applying 0.3 GPa to the MA-based perovskite. While the pressure-

dependent measurements on MAPb(BrxI1-x)3 allowed us to isolate the effect of 

pressure, reducing the unit cell by replacing MA+ with Cs+ may lead to changes 

in the defect density or the halide ratio. Therefore, a direct comparison between 

the physical and chemical pressure should not be made. However, the qualitative 

observation that phase stability in general can be improved on decreasing the unit 

cell volume, either physically or chemically, may explain the previously reported 
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absence of segregation in CsPb(BrxI1-x)3 for x < 0.4 (compared to x < 0.2 for MA 

analogues).36  

4.4. Kinetics Changes under Pressure 

 Not only the composition of the segregated phase xs is affected by 

pressure but also the segregation rate, i.e. the formation rate of the iodide- and 

bromide-rich domains. The dynamic ingrowth of the iodide- and bromide-rich 

phases during light-soaking is shown in Figure 4.8a.  As pressure increases, we 

observe a substantially slower phase segregation. This observation holds true for 

all MAPb(BrxI1-x)3 compositions studied, x = 0.25 (which barely segregates from 

0.1 GPa onward), x = 0.5 and x = 0.7, as reported in Figure A4.7. To extract the 

segregation rate as a function of pressure, Gaussian profiles are fitted to the 

ground state bleaches of the low- and high-energy peaks position, and we monitor 

the peak energies of these Gaussians as a function of the light-soaking time. All 

kinetic traces are characterized by a continuous change in the ground state bleach 

energy, due to a change in composition, followed by saturation at a certain energy 

when segregation is complete. We observe that the time at which this final 

composition is reached changes substantially with pressure. The traces were fitted 

with mono-exponential curves, 𝐴𝑒𝑘𝑠𝑒𝑔𝑡 + 𝑐 (eV, offset), to determine the 

segregation rate 𝑘𝑠𝑒𝑔. Our rates at ambient pressure are comparable to previous 

work calculated under comparable light-soaking conditions15,37. Under pressure, 

the iodide-rich phase formation rate decreases by almost two orders of magnitude. 

For x = 0.5, 𝑘𝑠𝑒𝑔  decreases from (0.08±0.01) s-1 at ambient pressure to 

(0.003±0.001) s-1 at 0.3 GPa. At 0.3 GPa the difference between the initial and 

final energies is much smaller than at ambient pressure38. However, still the time 

constant associated with the evolution towards the terminal xs-value is much 

longer, indicating that segregation is substantially slower at 0.3 GPa. A similar 

trend is observed for x = 0.7 and x = 0.25, where the segregation rate decreases 

from (0.1±0.03) s-1 at ambient pressure to (0.003±0.001) s-1 at 0.3 GPa, and from 

(0.028±0.002) s-1 to (0.004±0.001) s-1, respectively. For x = 0.25, there was no 

detectable change in the mixed peak position within our resolution. For the other 

compositions, the formation rate of the bromide-rich phase is slower and less 
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affected by pressure compared to the iodide-rich one (Figure 4.8b). This 

observation will be discussed in more detail later. 

 

 

Figure 4.8. Peak energy evolution of the iodide- and bromide-rich phase. a) 

Dynamic evolution of the low-energy iodide-rich phase (red) and high-energy 

bromide-rich phase (blue) from ambient pressure to 0.3 GPa. b) Segregation rates 

for the iodide- and bromide-rich phases as function of pressure for all the 

MAPb(BrxI1-x)3 compositions (x = 0.25, x = 0.5 and x = 0.7). 

 

 We explain the diminution of the segregation rate upon increasing 

pressure from an increase of the activation energy associated with the migration 

of halide ions, consequently delaying the accumulation of ions in the low-energy 

phase. Density functional theory calculations on the model systems CsPbI3 and 

CsPbBr3 in Figure 4.9a show the energy barrier associated with vacancy-assisted 

halide diffusion. The potential energy surface for ion diffusion is calculated, and 

the saddle point is identified, as a function of applied pressure. The transition 

state increases in energy as the cell volume decreases (see Figure A4.8). As a 

result, the energy barrier increases with pressure for both materials, with a change 

of 0.134 eV (I-) and 0.138 eV (Br-) when the pressure is increased from 0 to 2 

GPa. 
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Figure 4.9. Calculated and observed activation energy for halide migration of 

perovskites under pressure. a) Calculated (DFT/PBEsol) activation energy for 

iodide and bromide diffusion in CsPbI3 and CsPbBr3 as a function of unit cell 

volume. b) −𝑙𝑛(𝑘𝑠𝑒𝑔) (which is proportional to the activation energy for phase 

segregation), plotted against the external physical pressure applied for x = 0.5 and 

x = 0.7 

 

To derive the relation between the segregation rate and the activation 

energy for the halides migration we use the definition of the diffusion 

coefficient39 (see Appendix 4.7.2 for the full derivation)  

 

𝑘𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑞2𝑁𝜈0𝑑2

6 𝜖0𝜖𝑝𝑒𝑟𝑜𝑘𝐵𝑇
𝑒𝑥𝑝

(
𝛥‡𝑆°

𝑘𝐵
)

𝑒𝑥𝑝
(−

𝐸𝑎
𝑘𝐵𝑇

)
 (4.4) 

 

Where 𝛥‡𝑆°  is the entropy change between the initial state and the activated state, 

as opposed to the entropy difference between reactant and product, kB is the 

Boltzmann constant, 𝜐0 is the attempt frequency for an ion to hop, d is the ionic 

hopping distance, Ea is the activation energy, q is the elementary charge, 𝜖𝑝𝑒𝑟𝑜 is 

the permittivity of the perovskite, 𝜖0 is the permittivity in vacuum and N is the 

doping density. The attempt-to-escape frequency has been commonly attributed 

to the frequency of an attempt to break or loosen a bond. For ion migration in 

halide-based perovskites, the vibrational frequency relevant for halide migration 
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is determined by the Raman frequency of the [PbI6]4– cage (10-50 cm-1)40. As a 

function of pressure, this term has been found constant for MAPbI3
41 and 

temperature-dependent Raman42 shows similar results for MAPbX3 (X=Br-,Cl-) 

below their phase transition, therefore we assume that this term remains relatively 

constant in the range of pressures we studied. At such mild pressure, we do not 

expect a change in the mechanism of halide migration and hence we can assume 

the 𝛥‡𝑆° to be constant in the range of pressure used. Similarly, we expect only 

small changes in the remainder of the pre-factor  
𝑞2𝑁𝜈0𝑑2

6 𝜖0𝜖𝑝𝑒𝑟𝑜𝑘𝐵𝑇
 under pressure. The 

jump distance 𝑑 can change as a function of pressure similarly as the strain (2-

3%) as it depends on the lattice parameter of the unit cell. 𝜖𝑝𝑒𝑟𝑜 and 𝑁 may both 

change proportionally to the volume change, which will be well below 5% at the 

mild pressures applied. Hence, the pre-factor cannot account for the large change 

in the migration rate. As a consequence of the discussion above, it follows that 

the natural logarithm of the migration rate is largely proportional to the activation 

energy for the migration process 

 

−ln(𝑘𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛) ∝ 𝐸𝑎 (4.5) 

 

For simplicity, we define the experimental −ln(𝑘𝑠𝑒𝑔) as the effective activation 

energy 𝐸𝑎
∗. Typical activation energies for halide migration in these perovskites 

are in the order of 100-200 meV (see transient ion drift (TID) measurements 

below)13,37,43.  The experimental 𝐸𝑎
∗   plotted as a function of physical pressure 

applied increases by a factor three upon increasing pressure to 0.3 GPa for all the 

compositions (Figure 4.9b).  

Interestingly, we show in Figure 4.10a that similarly to what was observed in 

Chapter 4.3, the reduction in unit cell volume by partial or complete replacement 

of MA+ with the smaller cation Cs+ results in a similar kinetic behaviour as under 

high pressure. This observation suggests that slower ion migration is a 

phenomenon that is more generally linked to a reduction of the unit cell volume, 

independent of how this reduction is achieved (see Figure A4.9 for 𝐸𝑎
∗  as a 

function of unit cell volume change induced by chemical and physical pressure). 

We note here again that partial replacement of MA+ with the smaller Cs+ may 
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result in different defect densities, crystallinity and strain which will also affect 

the absolute segregation rate. As local stoichiometric variations could also play a 

role in establishing the absolute rates of phase segregation, further investigations 

on single crystals would be useful as they show less stoichiometric variations 

compared to thin films44. By applying external physical pressure, we essentially 

vary only one parameter while moving from MA+ to Cs+ may also change other 

parameters. However, the similarity in the trends observed in Figure 4.9b and 

Figure 4.10b indicates that the unit cell volume plays a key factor in the phase 

segregation rate. 

 

 

Figure 4.10. Chemical modification to reduce the phase segregation rate. a) 

Dynamic evolution of the low-energy iodide-rich phase measured by pressure-

dependent TAS during light-soaking for compositions where the A cation is MA+ 

(red trace), MA+ : Cs+ in 0.7 : 0.3 ratio (blue trace) and Cs+ only (black trace). 

Corresponding b) −𝑙𝑛(𝑘𝑠𝑒𝑔) plotted against the unit cell volume. We observe 

that −𝑙𝑛(𝑘𝑠𝑒𝑔) follows the same trend as when the pressure is varied. 

 

Ion migration plays a large role in the degradation of perovskite thin 

films, and the effect of strain shimmers through many observations related to 

perovskite stability. Under tensile strain, the inorganic [PbX6]4- framework is 

distorted resulting in longer and weaker Pb−X bonds and less strongly tilted 

octahedra45. This strain results in a decreased formation energy for defects and a 

lower activation energy for ion migration46. A source of tensile strain which 

lowers the activation energy for ion migration46,47,48 is the presence of light during 
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light-soaking, which has been shown to lead to thermal expansion in MA-based 

mixed halide perovskite unit cells49. We also find a lower activation energy under 

light exposure than under dark conditions, which we measured using TID on an 

x = 0.20 sample, the composition with the highest mixing ratio which does not 

segregate under light-soaking. We found two negatively charged species 

migrating with comparable activation energy in dark, namely (0.15 ± 0.03) eV 

and (0.14 ± 0.01) eV. In single-halide composition only one negative species was 

observed12 so it is likely that the two species found in the mixed-halide 

compositions represent both iodide and bromide. In light, the activation energy 

of the former species is reduced to (0.09 ± 0.01) eV, whereas the latter remains 

constant at (0.13 ± 0.02) eV. The decrease in activation energy in light is 

consistent with the observation that light-induced tensile strain leads to increased 

ion migration. We note that some of the change in activation energy could be due 

to heating but it cannot explain the full magnitude50. Since light changes the 

activation energy of only one of the two halide migration processes, we propose 

that the process with the lower activation energy in light may be mainly 

responsible for phase segregation (see Appendix 4.7.3 and Figure A4.12 for TID 

traces and details on the fitting method).  

 Our observation that the rate of phase segregation strongly depends on 

the physical pressure demonstrates the large role that strain plays for ion 

migration. We hypothesize that pressure-induced compressive stress counteracts 

the effect of thermal expansion induced by light. Therefore, by strengthening the 

Pb−X bonds, pressure mitigates the reduction of the activation energy for halide 

migration. A scheme of the proposed mechanism at the microscopic and 

macroscopic level is shown in Figure 4.11a-b.  

A similar reduction of phase segregation can be obtained at ambient 

pressure by inducing strain via either regulating strain in the perovskite film 

through charge-transport layers as recently reported by Xue et al.51 or through 

compositional engineering, by partial replacement of MA+ with smaller cations. 

As a consequence, Cs+ incorporation further slows down phase segregation in 

MA-based mixed halide perovskites52. Ferdani et al.53 have also reported 

increased ion migration activation energy in dark also when MA+ is partially 

replaced by larger cation. In  fact, strain can also play a key role in mixed-cation 
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mixed-halide perovskite compositions which are reported to be less sensitive to 

light-induced thermal expansion50 and phase segregation22,23,24. 

 

 

Figure 4.11. Schemes of the proposed mechanism to kinetically stabilize phase 

segregation by external physical pressure. a) Light induces thermal expansion 

strain and decreases the energy barrier for halide migration by weakening the 

Pb−X bonds. At high pressure, the compressive strain counteracts the light-

induced strain and increases the activation energy for halide migration. b) At 

ambient pressure, mainly the iodide ions move to the illuminated areas (dashed 

circle) to increase the volume of quickly formed iodide-rich islands, increasing 

their volume. At high pressure, halide ions move slower given the higher 

activation energy, leading to slower phase segregation. 

 

From our measurements the formation rate of the low-energy iodide-rich 

phase appears to be faster than the high-energy bromide-rich phase for all the 

compositions and pressures explored. The total mixing ratio before light-soaking 

at ambient conditions calculated from the area and the energy position of the 

bleach is 0.531 ± 0.001 for x = 0.5. Now that we know the x-values of the 
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segregated phases calculated from the bleach energy positions, and their relative 

peak areas, we can calculate whether the total mixing ratio has changed during 

the segregation. After 20 minutes of light-soaking, the mixing ratio is 0.46 ± 0.01, 

suggesting iodide-enrichment of the illuminated area. Although most of the 

halide ions move within the illuminated area, the decrease in the total mixing ratio 

suggests that some iodide ions have moved from outside the illuminated region. 

At high pressure, a similar trend is observed (x = 0.47± 0.01 after light-soaking). 

This similarity in total mixing ratio suggests that despite the changes in 

segregation rate and final composition, the total number of iodides moving into 

the probed area does not change with pressure. Furthermore, while both the 

segregation rate and the final composition of the iodide-rich phase are heavily 

affected by physical pressure38, the bromide-rich phase does not show a clear 

trend with pressure. As an additional observation, the rate of evolution of the area 

of the bleach of the low-energy phase (roughly proportional to the volume 

fraction) is slower as compared to the rate obtained by the peak energy position 

in time, whereas the high-energy phase shows the same rate for the peak energy 

and peak area decay as shown in Figure A4.10. We speculate that all these 

observations could be explained by the formation of local, small iodide-rich 

islands (low-energy phase) with a well-defined composition from a small portion 

of the film which does not substantially affect the high-energy phase. Then, once 

those islands are formed, the bulk of the halides segregate via the migration of 

iodide ions into the initially-formed islands, growing the volume of these 

domains32. It is important to note that the different rates extracted from the areas 

can also be the result of different dynamics before 15 ps for the low- and high-

energy phase. Therefore, the interpretation is not trivial. In addition, we observe 

that during halide segregation, the total area of the two bleaches changes over 

time at low pressure (see Figure A 4.11). Finally, given that the halide migration 

likely occurs via a similar vacancy-mediated mechanism both in mixed- and 

single-halide compositions, we propose that unit cell size is equally important for 

halide migration in single-halide systems, and that a similar chemical approach 

as in mixed-halide compositions could be used to reduce the rate of halide 

migration in single-halide compositions, e.g. MAPbI3. 



 4.5 - Conclusion 

137 

4.5. Conclusion 

 We used pressure-dependent transient absorption to investigate the 

evolution of the phase segregation in several mixed-halide perovskites, 

MAPb(BrxI1-x)3 (x = 0.25, 0.5 and 0.7) by tracking the iodide- and bromide-rich 

phase formation over time. We have shown that the segregation threshold (xs ~ 

0.2 at ambient pressure) is substantially shifted with pressure, reaching xs ~ 0.6 

at 0.3 GPa for an initial mixing ratio of x = 0.7. We propose that the external 

pressure applied alters the Gibbs free energy via the previously overlooked PΔV 

term. This term, often neglected in conventional semiconductors due to the 

stiffness of their lattice in comparison with the perovskite one, supplies a lever to 

extend the range of thermodynamically stable mixed-halide compositions by 

increasing the pressure or decreasing the volume. This suggests that, in principle, 

any iodide-bromide mixing ratio could be thermodynamically stabilized against 

halide segregation by tuning the crystal volume and compressibility. We also 

found that the phase segregation rate is reduced by the external pressure applied. 

We attribute the reduced segregation rate to a pressure-induced increase in the 

effective activation energy for the halide migration process. First-principle 

calculations support this explanation. We show that a similar thermodynamic and 

kinetic manipulation can be achieved by reducing the unit cell volume achieved 

via partial or complete replacement of the MA+ cation by the smaller Cs+ cation. 

Hence, chemically tuning the unit cell at ambient conditions (instead of applying 

physical pressure) may be used to manipulate ion migration/phase segregation. 

These findings will help in understanding the key factors affecting the rate of 

halide migration and to develop an effective strategy that combine 

thermodynamic and kinetic manipulation to suppress halide migration for the 

lifetime of the perovskite-based devices. 
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4.6. Experimental Methods 

Sample fabrication 

Quartz substrates were sonicated with deionized water, acetone, and isopropanol 

sequentially for 15 minutes, followed by an oxygen plasma treatment for 20 

minutes at 100 W. The solvents N,N-dimethylformamide (DMF, Sigma Aldrich 

anhydrous, ≥ 99%) and dimethylsulfoxide (DMSO, Sigma Aldrich anhydrous, ≥ 

99.9%) were mixed in a 4:1 (DMF:DMSO) volume ratio. The solvent mixtures 

were used to prepare stock solutions of lead iodide (TCI, 99.99%, trace metals 

basis), CH3NH3I (MAI, TCI, >99%), lead bromide (Sigma Aldrich, trace metals 

basis) and CH3NH3Br (MABr, TCI, >98%) by dissolving these precursors at 1.1 

M concentration. MAPbI3 and MAPbBr3 solutions were prepared by mixing the 

MAI with PbI2 and MABr with PbBr2 stock solutions at 1:1 molar stoichiometric 

ratios (i.e. 1:1 v:v). Similarly, CsPbI3 (0.4 M) and CsPbBr3 (0.4 M) stock 

solutions were prepared in a nitrogen-filled glovebox mixing CsI (99.999% trace 

metals basis), CsBr (99.999% trace metals basis), PbI2 and PbBr2 in DMSO. Note 

that CsBr is soluble in DMSO only at smaller molar concentration compared to 

the MA equivalent. Stock solutions were mixed to obtain the desired halide and 

cation ratios. The MA-based mixed-halide solutions were spin coated on quartz 

at 9000 rpm for 30 s and anti-solvent of chlorobenzene was dropped 15 s after 

the start of spin coating. The films were annealed at 100 °C for 1 hour. For Cs-

based compositions, no antisolvent was used and the annealing was done at 65°C 

for 15 minutes.  

 

X-Ray Diffraction 

The XRD pattern of perovskite films deposited on quartz was measured using an 

X-ray diffractometer, Bruker D2 Phaser, with Cu Kα (λ = 1.541 Å) as X-ray 

source, 0.01° (2θ) as the step size, and 0.100 s as the exposure time. 

 

Steady-State Absorption 

Absorption spectra of MAPbI3 films on quartz were measured with a LAMBDA 

750 UV/Vis/NIR Spectrophotometer (Perkin Elmer) from 550 nm to 850 nm. 
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Elemental analysis 

Elemental analysis was performed using a FEI Verios 460 field emission 

scanning electron microscope (SEM) combined with an energy-dispersive X-ray 

detector operating at 10 kV.  

 

First-principles defect diffusion 

Activation energies were calculated for vacancy-assisted halide migration in both 

the cubic phases of CsPbI3 and CsPbBr3. These were performed within density 

functional theory and the PBEsol54 exchange-correlation functional as 

implemented in VASP55,56. Scalar-relativistic projector-augmented wave 

pseudopotentials were combined with a plane-wave kinetic energy cutoff of 700 

eV and a k-point sampling of  444. To begin, the volume of the CsPbX3 (X = 

Br, I) unit cell was optimized in each case to obtain the equilibrium lattice 

constant a (CsPbI3 = 6.25 Å, CsPbBr3 = 5.87 Å) and bulk modulus B (CsPbI3 = 

17.34 GPa, CsPbBr3 = 21.70 GPa). In the optimization procedure, the calculated 

energy-volume data was fit using the Birch–Murnaghan equation of state. Point 

defect calculations were then performed for a positively charged halide vacancy 

in a 444 supercell. In the cubic phase, all nearest-neighbour ion diffusion 

pathways are equivalent, so we chose one pathway in a (100) plane and mapped 

the ion diffusion on a real-space 4141 2D grid. This provides direct access to 

the activation energy. These defect migration calculations were repeated as a 

function of the supercell volume, which was converted to pressure using the 

calculated bulk moduli. 

 

Pressure-dependent transient absorption spectroscopy 

The setup in use is described extensively in Chapter 1.6. During the 

measurement, the sample is kept inside the pressure cell filled with FC-72 

previously degassed in a Schlenk line. The range of pressures applied is from 

ambient pressure (0 GPa) to 0.3 GPa in steps of 0.1 GPa. We wait 7 minutes for 

equilibration of the material under pressure prior to the measurement. The pump 

fluence used during the experiment was ~1018 photons/cm3. To induce the phase 

segregation, we focus a 405 nm continuous wave (CW) light beam in the pressure 
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cell. The spot size of the light-soaking beam used was 243 μm in diameter with 

an intensity of 2.37 × 103 mW/cm2 (~24 sun).  

 

Transient ion drift spectroscopy (TID) 

TID is measured using a commercially available DLTS system from Semetrol. 

The sample is loaded into a Janis VPF-100 liquid nitrogen cryostat where the 

temperature is swept from 210 K to 330 K in steps of 3 K, with a temperature 

accuracy of 0.2 K. To ensure thermal equilibrium, the sample is held at 210 K for 

30 minutes before starting the measurement. The cryostat is further linked to a 

turbo pump which maintains the pressure below 2 × 10-6 mbar. TID relies on the 

application of a voltage pulse close to the built-in voltage, here 1.5 V for 2 

seconds. Measurements under light are taken using a 405 nm continuous wave 

(CW) single-mode fibre-coupled laser source (Thorlabs), equivalent to the one 

used as the third light source in the pressure-dependent transient absorption 

spectroscopy experiments. 
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4.7. Appendix 

4.7.1. ADDITIONAL FIGURES 

 

 
Figure A4.1. a) UV-VIS absorption spectrum and b) X-Ray Diffraction pattern 

of MAPb(BrxI1-x)3, showing that on a macroscopic level, the halides are 

homogeneously mixed and both the bandgap and unit cell size scale with x. For 

simplicity, only the diffraction peak corresponding to the (100) reflection is 

shown.  

 

Figure A4.2. ∆T/T as a function of the probe energy and real time at a pump-

probe delay of 15 ps for MAPb(Br0.5I0.5)3 at ambient pressure without CW light-

soaking source, showing that the pulsed pump and probe used in the TA 

measurements do not induce phase segregation. The bleach of x = 0.5 is stable at 

(2.08±0.01) eV during the whole measurement and no second peak related to the 

formation of the iodide-rich phase is observed.  
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Figure A4.3. ΔT/T 2D plot as a function of the probe energy and real time 

(minutes) at a pump-probe delay of 15 ps for x = 0.7 during light-soaking at a) 0 

GPa, b) 0.1 GPa, c) 0.2 GPa and d) 0.3 GPa. Dashed lines are used as a guide for 

the eye to highlight the iodide- and bromide-rich phase. 
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Figure A4.4. ΔT/T 2D plot as a function of the probe energy and real time 

(minutes) at a pump-probe delay of 15 ps for x = 0.25 during light-soaking at a) 

0 GPa, b) 0.1 GPa, c) 0.2 GPa and d) 0.3 GPa.  
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Figure A4.5. Bromide content determined with SEM-EDX elemental analysis 

for x = 0, 1, 0.25, 0.5, 0.7 plotted against the energy (eV) of the bleach before 

segregation determined from fitting Gaussians to the T/T spectra at a delay time 

of 15 ps at pressures of 0, 0.1,0.2 and 0.3 GPa. The lines represent the following 

fits Eg = 0.79x + 1.61 (0 GPa), Eg = 0.80x + 1.59 (0.1 GPa), Eg = 0.78x + 1.61 (0.2 

GPa), Eg = 0.76x + 1.61 (0.3 GPa). These functions are used to convert the energy 

peak associated with the formation of iodide- and bromide-rich phase at the end 

phase segregation to the bromide fraction present in the segregated phase. 

 

 

Figure A4.6. ΔT/T traces at different time for a) x = 0.25 at ambient pressure and 

b) at 0.3 GPa. 
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Figure A4.7. Dynamic evolution of the low-energy iodide-rich phase (red) and 

high-energy bromide-rich phase (blue) phase for a) x = 0.7 and b) x = 0.25 

measured by pressure dependent TA during light-soaking with the CW-laser from 

ambient pressure (light color) to 0.3 GPa (dark color). 

 

 

 

Figure A4.8. Calculated (DFT/PBEsol) activation energy for iodide and bromide 

diffusion in CsPbI3 and CsPbBr3 as a function the unit cell volume. 



4.7 – Pressure-dependent Manipulation of Phase Segregation 

146 

 

Figure A4.9. Effective activation energy 𝐸𝑎
∗ as a function of unit cell volume 

change induced by physical pressure (for x = 0.25, 0.5 and 0.7) and chemical 

pressure (Cs+ incorporation). The unit cell volume at ambient pressure is 

calculated from XRD, whereas the one resulting from external physical pressure 

is calculated from the bulk moduli of the perovskite compositions. 
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Figure A4.10. Dynamic evolution of the area of low-energy iodide-rich phase 

(red) and high-energy bromide-rich phase (blue) and corresponding rate for a,b) 

x = 0.25, c,d) x = 0.5 and e,f) x = 0.7  
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Figure A 4.11. Total area calculated as ( 𝐴𝑏𝑟 +  𝐴𝐼) in time for a) x = 0.5 and b) 

x = 0.7 as a function of pressure. The total area decreases over time at low- and 

remains almost constant at high-pressure 
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4.7.2. RELATION BETWEEN THE SEGREGATION RATE AND THE 

ACTIVATION ENERGY FOR HALIDE MIGRATION 

 

To derive the relation between the segregation rate and the activation energy for 

ion migration we use the definition of the diffusion coefficient39 

 

𝑘𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 =
1

𝜏
=

𝑙2

𝐷
 (4.6) 

 

where 𝑙 is the ion diffusion length which is assumed to correspond to the Debye 

length  
 𝜖0𝜖𝑝𝑒𝑟𝑜𝑘𝐵𝑇

𝑞2𝑁
 and the diffusion coefficient D can be expressed as 

𝜈0𝑑2

6
𝑒𝑥𝑝 (

𝛥‡𝑆°

𝑘𝐵
)  exp (−

𝛥‡𝐻°

𝑘𝐵𝑇
). Combining these expressions, the migration rate 

can be written as  

 

𝑘𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑞2𝑁𝜈0𝑑2

6 𝜖0𝜖𝑝𝑒𝑟𝑜𝑘𝐵𝑇
exp

(
𝛥‡𝑆°

𝑘𝐵
)

𝑒𝑥𝑝
(−

𝛥‡𝐻°

𝑘𝐵𝑇 )
 

=  
𝑞2𝑁𝜈0𝑑2

6 𝜖0𝜖𝑝𝑒𝑟𝑜𝑘𝐵𝑇
exp

(
𝛥‡𝑆°

𝑘𝐵
)

𝑒𝑥𝑝
(−

𝐸𝑎
𝑘𝐵𝑇

)
 

 

(4.7) 

where 𝛥‡𝐻° and 𝛥‡𝑆°  are the changes in enthalpy and entropy of a single ion 

migration step, kB is the Boltzmann constant, 𝜐0 is the attempt-to-escape 

frequency, d is the ionic jump distance, Ea is the activation energy, q is the 

elementary charge, 𝜖𝑝𝑒𝑟𝑜 is the permittivity of the perovskite, 𝜖0  is the 

permittivity in vacuum and N is the doping density. We refer to the change in 

Gibbs free enthalpy as the activation energy Ea
39.  
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4.7.3. QUANTIFICATION OF HALIDE MIGRATION USING TID  

 To determine the activation energy of halide migration in MA-based 

mixed-halide perovskites, we use MAPb(I1-xBrx)3 with x = 0.2, i.e. the highest 

mixing ratio which does not segregate under light. Our measurement would be 

impossible with a device that segregates because the timescale of the 

measurement is much longer than the segregation time. In dark we notice that the 

capacitance transients decrease with time until they reach a plateau after ~200 

ms, while in light, the capacitance transients decrease in the first 200 ms before 

they start increasing in the remaining time window (see Figure A4.12). 

A detailed discussion of the TID technique can be found elsewhere4. In TID of p-

type semiconductors, negative peaks are associated to anion migration, i.e. in the 

case of mixed-halide perovskites, to halide migration. We choose to focus on the 

halide migration process, as it is the relevant process when studying phase 

segregation. The fitting procedure goes as follows. To obtain the time constants 

for ion migration, the capacitance transients measured in dark are fitted with a 

function containing two exponential decay components, and the capacitance 

transients in light with a function containing three exponential decay components. 

In our case we are interested only in the two negative contributions originating 

from halide migration. We obtain the lifetime of the halide migration processes, 

τ, for each temperature. Finally, we analyse these lifetimes in an Arrhenius plot, 

as shown in Figure A4.12. The results for activation energy, 𝐸𝑎 , diffusion 

coefficient, 𝐷0, and concentration of the mobile halide ions, 𝑁𝑖𝑜𝑛, are shown in 

Table 4.3. 𝑁𝑖𝑜𝑛  is measured by using the following equation for mobile ion 

density 

 

𝛥𝐶 =  𝐶(∞) − 𝐶0 = 𝐶(∞)
𝑁𝑖𝑜𝑛

2𝑁𝐴
 (4.9) 

 

where 𝛥𝐶 is the magnitude of the transient, 𝐶(∞) is the capacitance at steady-

state, 𝐶0 is the initial capacitance at time t = 0 after releasing the voltage pulse 

and 𝑁𝐴 is the electronic doping density. In the case of the light measurement, we 

use the minimum capacitance 𝐶𝑚𝑖𝑛 instead of 𝐶(∞), to avoid accounting for the 

cation concentration. 
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Figure A4.12. Relative difference in the capacitance transients ΔC =  C(t) −

C0 of a MAPb(I0.8Br0.2)3 solar cell  (ITO/NiOx/Perovskite/C60/BCP/Ag) measured 

with a DC voltage of 0 V and an AC voltage of 20 mV at 10 kHz, after applying 

a pulse of 1.5 V for 2 seconds, between 210 K (blue) and 330 K (red) a) in dark, 

and b) in light. c) Arrhenius plots of the same composition in dark and d) in light. 

In both conditions, the negative transient corresponding to halide migration is 

decomposed into two contributions, shown here in red and orange. 
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Table 4.3. Characteristics of mobile halide ions in MAPb(Br0.2I0.8)3, under light-

soaking and dark conditions 

 

 Ea (eV) D at 300 K (cm2s-1) Nion (cm-3) 

Dark 
0.15 ± 0.03 

0.14 ± 0.01 

(8.5 ± 22) x 10-12 

(1.9 ± 1.5) x 10-10 
(1.2 ± 0.3) x 1016 

Light 
0.09 ± 0.01 

0.13 ± 0.02 

(3.9 ± 0.8) x 10-11 

(2.3 ± 3.6) x 10-10 
(4.3 ± 1.3) x 1016 
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5. PRESSURE EFFECTS ON 2D PEROVSKITES 

 

 

 

Layered 2D Dion-Jacobson (DJ) and Ruddlesden-Popper (RP) hybrid perovskite are 

promising materials for optoelectronic applications due to their modular structure. To 

fully exploit their functionality, mechanical external stimuli could be used to control their 

properties without changing the composition. However, the responsiveness of these 

systems to pressure compatible with practical applications (< 1 GPa) remains 

underexplored. We use hydrostatic pressure to investigate the structure-property 

relationships in representative iodide and bromide DJ and RP 2D perovskites based on 

1,4-phenylenedimethylammonium (PDMA) and benzylammonium (BN) spacers in the 

0–0.35 GPa pressure range. Pressure-dependent X-ray diffraction measurements reveal 

that lattices of these compositions monotonically shrink and DFT calculations provide 

insights into the structural changes within the organic spacer layer. These structural 

changes significantly affect the optical properties; the most significant shift in the optical 

absorption is observed in (BN)2PbBr4 under 0.35 GPa pressure, which is attributed to an 

isostructural phase transition. Surprisingly, the RP and DJ perovskites behave similarly 

under pressure, despite the different binding mode of the spacer molecules. This study 

provides important insights into understanding how the manipulation of the crystal 

structure affects the optical properties of such materials, whereas the reversibility of their 

response expands the perspectives for future applications. 

 

 

This chapter is based on the following work: 

L. A. Muscarella, A. Dučinskas, M. Dankl, M. Andrzejewski, N. P. M. Casati, U. Rothlisberger, D. 

Moia, J. Maier, M. Graetzel, B. Ehrler, J. Milic, Reversible Pressure-Dependent Mechanochromism 

of Dion-Jacobson and Ruddlesden-Popper Layered Hybrid Perovskites, submitted 
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5.1. Introduction 

 Layered two-dimensional (2D) hybrid perovskites have been briefly 

introduced in Chapter 1.1. These materials  have attracted considerable interest 

due to their unique optoelectronic properties and highly modular structure that 

can be tailored by altering both organic and inorganic components.1–4 These 

materials are composed of organic spacer (S) layers connecting adjacent 

perovskite slabs consisting of n layers of 3D perovskite based on the SxAn-

1MnX3n+1 formula that involves a central (A) cation (e.g. Cs+, methylammonium 

(MA+), formamidinium (FA+), etc.) embedded in the {MX6} octahedral metal-

halide framework based on divalent metal ions (Pb2+ or Sn2+) and halide (X–) 

anions (I–, Br–, or Cl–). They are often broadly classified into Ruddlesden-Popper 

(RP)5 and Dion-Jacobson (DJ) phases.6 In the case of RP perovskites, the 

perovskite layers are displaced by half the length of the unit cell vectors along the 

in-plane direction (a,b-axis), which mostly involves monofunctional spacers (x = 

2),3 whereas DJ perovskites attain the alignment in the structure without relative 

displacement and are commonly based on bifunctional spacer molecules (x = 1; 

Figure 5.1a).7 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, 3, 

etc.).2,3,8 Since the organic spacers are mostly electronically insulating, the charge 

carriers in these materials are predominantly confined to the inorganic slabs, 

resulting in natural quantum well (QW) behaviour (Figure 5.1b), where optical 

bandgaps decrease with the width of the QW because of reduced quantum 

confinement.9 This implies that their optical properties can be modulated by 

changing the number of hybrid perovskite layers (n). The QW width and the 

potential barrier properties, which can be controlled by the spacer size, further 

affect the optical properties of layered perovskite materials.10,11 

 



 5.1 - Introduction 

 

163 

 

Figure 5.1. Layered 2D perovskites and effect of pressure. Schematic 

representation of a) Ruddlesden-Popper and Dion-Jacobson phases and b) their 

quantum well behaviour, with the energy bandgap (Eg) defined by conduction 

band (CB) and valence band (VB) edges of the inorganic slabs and the highest 

occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals of the 

organic spacer layer. In blue, the electronic wavefunction sitting mostly in the 

inorganic framework and leaking into the organic layers c) Illustration of the 

different structural changes that control the optoelectronic properties of layered 

hybrid perovskites by external pressure: at low pressures, the main effect is 

reflected in changes in the organic spacer and octahedral tilting, whereas at high 

pressures an additional effect on the bond length and angle is expected. 

 

 

It would be of interest to control these effects on the potential barrier width 

without changing the perovskite composition, which can be achieved by relying 

on their mechanical properties and responsiveness to external stimuli, such as 

pressure.12,13 Thus, understanding the structure-properties relationship in such 
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layered perovskites can serve as a guide to design materials with specific optical 

properties. Simultaneously, knowing the pressure response of these materials 

opens opportunities for sensing applications, and is important for other 

applications such as flexible solar cells where strain might be induced during 

operation.  

The relatively low bulk modulus (K) of hybrid perovskites (of the order 

of 10s of GPa) renders them soft materials that are more easily compressible 

across different pressure ranges,  demonstrating mechanochromic behaviour.14–18 

For comparison, halide perovskites show at least a five times smaller bulk 

modulus than their oxide analogues (> 100 GPa).19,20 For 2D hybrid halide 

perovskites, the bulk modulus might not be an appropriate descriptor of their 

mechanical properties since compression in these materials is mostly 

anisotropic.21,22 Alternatively, their mechanical properties can be better described 

by in-plane or out-of-plane Young’s modulus (E),23 which is more commonly 

used for layered perovskites as it defines the material’s ability to deform along a 

given axis when force is applied along the similar axis. In-plane E is typically 

determined by the M–X bond strength, whereas out-of-plane E depends on the 

organic spacer.3,24,25 An appropriate choice of organic spacers can lead to a much 

smaller E in the 2D layered perovskites than the 3D analogous,24,25 suggesting a 

lower pressure threshold for tuning their optoelectronic and transport properties. 

The anisotropy of layered hybrid perovskites renders their compression 

predominant in out-of-plane (c-axis) direction under mild pressures.21,22,26 This is 

expected to be mainly determined by the organic spacer layer and it could result 

in different structural changes, including the compression of the organic spacer, 

its tilting, increased penetration depth or octahedral tilting (Figure 5.1c, left). 
21,22,26 These structural distortions are expected to change the QW structure or the  

M and X orbital overlaps and, consequently, optical properties. More specifically, 

the compression of M–X bonds lowers the optical bandgap due to increased 

antibonding atomic overlap between the metal and halide orbitals, whereas the 

deviation from the 180° angle (i.e. octahedral tilting) leads to an opposite effect.27 

Under higher pressures, the compressed inorganic perovskite lattice relaxes 

through two competing processes, namely M–X bond tilting or M–X bond 
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contraction (Figure 5.1c, right)7,28 which directly affect the optoelectronic 

properties.12,28   

It is of great importance to study effects in mild pressure regimes  (< 1 GPa), 

since induced levels of strain are comparable with polaron effects,29,30  chemical 

(i.e. conformational) strain31,32 or strain due to lattice mismatches,32,33 especially 

in 2D/3D perovskite composites.34 In that regard, the behaviour under mild 

pressure may serve as a powerful tool for controlling the properties of these 

materials in a manner comparable to other processes inducing internal strain. 

However, the investigations of layered hybrid perovskites in such mild-pressure 

ranges are underrepresented and the differences in the pressure-dependent 

behaviour of RP and DJ phases remain elusive.  

In this Chapter, we investigated representative DJ and RP 2D perovskites 

based on 1,4-phenylenedimethylammonium (PDMA) and benzylammonium 

(BN) spacers under hydrostatic pressure up to 0.35 GPa. These aromatic spacer 

moieties are closely comparable, and they have already demonstrated the capacity 

to form well-defined 2D perovskite phases,27,35,36 which makes them appropriate 

models to analyse the differences in compression between RP and DJ type 

perovskites. We further study the halide effect on their structure-property 

relationship by comparing systems based on (BN)2PbX4 and (PDMA)PbX4 

compositions for X = I, Br halide counter ions by pressure-dependent optical 

measurements and X-ray diffraction. One would expect that RP layered 

perovskites are more compressible and more sensitive to external pressure due to 

Van der Waals interactions in organic bilayer as opposed to DJ. However, we 

find that the RP and DJ perovskites behave similarly under pressure, despite the 

different binding mode of the spacer molecules. In addition, we establish no direct 

pressure-dependent difference between the Br- and I-based compositions and the 

differences under pressure are more subtle.  For all the compositions we observe 

that the unit cell monotonically shrinks, which is accompanied by a red shift of 

the optical absorption of the excitonic feature upon increasing the pressure to 0.35 

GPa. (BN)2PbBr4 shows the most significant red shift of absorption of the 

excitonic feature (-54.9 meV) as compared to the other compositions where a 

comparable shift (~ -30 meV) is observed. Density functional theory (DFT) 

calculations reveal that this is due to the increase in Pb–Br–Pb angle which allows 



5 - Pressure effects on 2D Perovskites 

166 

BN spacers penetrating deeper into the inorganic lattice, translating into a 

stronger pressure response as compared to its iodide counterpart and the PDMA-

based DJ systems.  

5.2. Pressure-dependent Structural Changes 

 To gain insights into the pressure response of RP and DJ perovskites, we 

prepared iodide-based precursor solutions using the monofunctional BN and the 

bifunctional PDMA as organic spacers.27,35–38 These aromatic spacers were 

selected based on their comparable structural features that permit the formation 

of phase-pure RP and DJ perovskites. While iodide-based 2D layered perovskites 

have been previously investigated in the GPa pressure range (1–12 GPa),13,21 

pressure studies of the bromide-based analogues are unprecedented. Although 

less investigated due to their high bandgap energy, a fundamental understanding 

on the dependence of the mechanical response on the halide species is required 

for designing materials for new applications.  

We therefore fabricated thin films based on (PDMA)PbX4 and 

(BN)2PbX4 (X = I, Br) compositions as described in the Experimental Methods 

5.5 section. We focused the analysis on these n =1 2D systems, since they 

represent the most well-defined layered structures.2,3,8 Moreover, understanding 

the behavior of n = 1 layered perovskites provides a limiting case for the analysis 

of n >1 systems in the future. The monofunctional spacers in RP phases form 

bilayers interacting via van der Waals interactions,39 whereas bifunctional spacers 

in DJ layered perovskites directly connect the neighbouring perovskite slabs.40 

Accordingly, one might expect that the additional degrees of freedom in RP 

spacer layers would render them more compressible as compared to their DJ 

analogues. Similarly, the differences in the lattice parameters of iodide and 

bromide systems are expected to become apparent in their different behavior 

under pressure.41  

Layered perovskite structure in the given thin films is confirmed by well-

defined periodic diffraction patterns measured by X-ray diffraction (XRD) at 

ambient pressure, which exhibit the most intense basal plane reflections below 

10° that are followed by higher-order reflections at the higher angles (Figure 5.2).  
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Figure 5.2. Structural differences of layered 2D perovskites with bromide and 

iodide forming the inorganic framework. X-Ray diffraction (Cu Kα 1.5406 Å) 

pattern at ambient pressure of a) (PDMA)PbX4 and b) (BN)2PbX4 showing a 

compression of the unit cell for the PDMA-based systems when the iodide 

counter ion is replaced with the bromide. The opposite is observed for the BN-

systems, where the presence of the bromide in the inorganic framework results in 

the expansion of the unit cell.  

 

A shift towards higher angles is observed when the iodide in the PDMA-based 

system is replaced by the bromide (Figure 5.2a), in accordance with the smaller 

halide radius which in turn lead to smaller unit cell. On the contrary, when the 

iodide is replaced by bromide in the BN-based system, we observe the opposite 

behavior and a shift toward lower angles, indicating a larger unit cell (Figure 

5.2b). This could suggest a difference in the packing of the spacer for different 

halide counter ions. 

To understand this peculiar behaviour as a function of halide counter ion and 

to elucidate the role of the physical pressure on the structural properties of these 

compositions, we investigated pressure-induced changes in the lattice parameters 

by pressure-dependent X-ray diffraction. Diffraction data of powders for each 

composition were acquired using a synchrotron source at several pressure points 

by using a membrane diamond-anvil cell (see Experimental Methods 5.5 and 

Appendix 5.6.3 for details and the attribution of the diffraction peaks). At low 

pressures, the monoclinic P21/c space group is assigned to (PDMA)PbI4 and 

(PDMA)PbBr4, the orthorhombic Pnma to (BN)2PbI4 and the orthorhombic 

Cmc21 to (BN)2PbBr4. Despite a compression along all the axes (Figure 5.3a), 

the largest compression is recorded along the c-axis for all systems, which is in 
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accordance with previous reports21,26. This trend is significantly more pronounced 

for the (BN)2PbBr4 case (Figure 5.3b), which shows a larger compression in the 

out-of-plane c-axis direction (-8% relative change) and an elongation of the in-

plane a and b axis followed by a compression (Figure A5.1 for absolute values 

of the lattice parameters).  

 

 

Figure 5.3. Pressure-dependent X-ray diffraction with synchrotron source reveal 

the changes of the inorganic framework as a function of pressure. a) Relative 

change of the lattice parameters as a function of pressure for (PDMA)PbX4 and 

b) (BN)2PbX4 compositions. c) Schematic representation of (BN)2PbBr4 

alternating inorganic sheet (aba) in comparison with its iodide counterpart (aaa) 

and the corresponding d) inter-octahedral tilting angles in (BN)2PbBr4 and 

(BN)2PbI4. 

 

Further structural analysis reveals that there are two distinct values of Pb–X–Pb 

angles (ϕ1 and ϕ2) in (BN)2PbBr4 as compared to (BN)2PbI4, where only one value 

of the Pb–X–Pb angle (ϕ1) is found (Figure 5.3c). Under pressure the angle 

between two adjacent octahedra hardly changes in the case of (BN)2PbI4, whereas 
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the two Pb–Br–Pb angles in (BN)2PbBr4 both change significantly between 0.15 

– 0.20 GPa, the range where also the compression along the c-axis is strongest 

(Figure 5.3d). Although these changes are remarkable, the Cmc21 space group is 

maintained, meaning that (BN)2PbBr4 undergoes an isostructural phase transition 

in this pressure range.42  Furthermore, to quantify at a first approximation the 

compressibility of the compositions in study,  we calculate the isothermal bulk 

modulus from the pressure-volume relationship assuming mostly isotropic 

response to pressure by relying on the second order Birch-Murnaghan equation 

of state (Appendix 5.6.4).43 Two distinct bulk modulus for (BN)2PbBr4 

composition have been identified, which are attributed to low pressure and 

elevated pressure isostructural phases.44 In addition,  smaller bulk modulus 

obtained for (BN)2PbBr4 supports its higher susceptibility to compression. 

5.3. Local Orientation of The Organic Spacer 

Since elucidating the local orientation of the organic spacer molecules 

remains challenging based on the diffraction experiments, we further investigate 

the effect of pressure on the organic spacer layer by density functional theory 

(DFT) calculations. To better account for the thermal expansion of the lattice 

parameters at the measured temperature, the initial structures obtained from the 

XRD were relaxed while keeping the cell fixed at the experimentally measured 

values. The results suggest that the compression along the c-axis is due to reduced 

distance between the two neighboring spacers and their closer packing (Figure 

5.4a). The initial vertical distance between the two BN spacers, d(BN-BN), 

defined from the center of the benzyl ring, is significantly larger in the case of 

(BN)2PbBr4 (4.43 Å) as compared to (BN)2PbI4 (2.97 Å; Figure 5.4a).  This 

distance decreases by 0.4 Å for (BN)2PbBr4, whereas for the I-based analogue the 

decrease accounts to only 0.08 Å within the same pressure range, resulting in a 

larger compression for (BN)2PbBr4 (Figure 5.4a). In accordance with the 

experimental analysis, DFT calculations reveal the presence of two distinct 

octahedra tilting angles (calculated to be 141.5° and 154.5°) in (BN)2PbBr4 

(Figure 5.4b). These angles are significantly lower than the one in (BN)2PbI4 (by 

4° and 16°, respectively), which leads to higher distortion of the octahedra, 
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thereby leaving less space for the BN spacers to penetrate. The Pb–X–Pb angles 

in (BN)2PbBr4 were found to increase with pressure (Figure 5.4b), leading to 

higher penetration depth of the spacers in the inorganic framework (Figure 5.4c). 

This is in contrast with the comparable octahedral tilting in (BN)2PbI4 and in 

PDMA-based systems (Figure A5.2a). In addition, the penetration depth of the 

spacer in the inorganic framework for the other compositions changes 

continuously upon increasing pressure (Figure A5.2b). The difference in the BN-

based systems could thus primarily originate from the changes in the orientation 

of the spacers and the penetration depth41 into the inorganic framework, which is 

defined by the distance between the nitrogen atom of the ammonium group of the 

spacer moiety and the axial halide plane. In addition to the penetration of the 

spacer layer one might expect also the Pb-X bond length to change under 

pressure. The equatorial Pb–Br bond lengths in (BN)2PbBr4 at low pressure 

(2.98 Å and 3.02 Å; Figure A5.2c) are smaller than the ones in (BN)2PbI4 (3.21 Å 

and 3.25 Å; Figure A5.2c), leading to a denser octahedral packing and, in turn, a 

significantly lower penetration into the Pb–Br lattice at ambient pressure. These 

structural differences in the low-pressure structures also translate into different 

responses to external pressure. However, the axial Pb–X bond lengths (Figure 

A5.2c) remain constant over the entire pressure range. This implies that the 

measured compressions are not caused by changes in the bond lengths of Pb–X. 

Instead, the response to mild pressure is the result to changes in the packing in 

the organic spacer layer (Figure A5.3). While (BN)2PbI4 and (PDMA)PbX4 show 

no significant change, the two BN spacers in (BN)2PbBr4 move closer together 

(Table 5.2, Table 5.3, Table 5.4, Table 5.5). Our calculations reveal that in the 

pressure range between 0.164 GPa to 0.213 GPa the BN spacers penetrate deeper 

into the inorganic lattice of PbBr4 (Figure 5.4c). 
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Figure 5.4. Calculated location of the organic spacer and inteoctahedral angles 

as a function of pressure. Calculated a) average distances of the (vertically) 

neighboring BN rings d(BN…BN) in the RP layer; b) average Pb–X–Pb angles in 

the Pb–X planes ϕ(Pb–X–Pb) as a measure of the equatorial tilting of the 

octahedra; and c) nitrogen penetration depth in the halide plane d(N…nX) as a 

measure of the penetration depth from DFT optimized structures (PBEsol). 

 

It is important to note that the zero is set at the halide planes and larger 

penetration corresponds to more negative values. This process is accompanied by 
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a decrease in the BN tilting angle, ϕ(BN…nPbX), defined as the angle between the 

c-axis and the benzyl plane (Figure A5.2d). Such a change corresponds to a 

rearrangement of the BN spacers into a more parallel orientation with respect to 

the c-axis (Figure A5.2d). Consequently, the significant change in the distance 

between the neighbouring BN groups is in accordance with the experimental 

observation of a larger compression for (BN)2PbBr4. Such changes in the 

assembly of the spacer layer in response to pressure are further reflected in their 

optical properties. 

5.4. Pressure-dependent Mechanocromism 

 To assess the mechanochromic properties, we monitored the optical 

absorption energy of the excitonic feature as a function of applied external stress 

by measuring pressure-dependent absorption spectra of (PDMA)PbX4 and 

(BN)2PbX4 (X = Br, I). The samples were placed inside a hydrostatic pressure 

cell filled with an inert liquid (tetradecafluorohexane, FC-72, Experimental 

Methods 5.5 and schematically depicted in Figure 5.5a). We applied pressure 

from 0 to 0.350 GPa in steps of 0.050 GPa through a manual pump. Quantum and 

dielectric confinement effects give rise to an intense and narrow excitonic feature 

(Figure A5.4), typical of layered 2D perovskites.45,46 We observe a continuous 

shift of the excitonic peak toward lower energies for all analysed layered 

perovskite compositions (Figure 5.5b-e).  In addition, the red-shift confirms that 

a mild external pressure can be sufficient to tune the optical properties in these 

materials. Similarly, pressure-dependent photoluminescence measurements show 

a red-shift toward smaller energy upon increasing pressure (Figure A5.5). We 

obtained the excitonic peak energy of the (PDMA)PbI4 and (BN)2PbI4 as a 

function of pressure fitting a skewed Gaussian function to optical spectra 

measured. At ambient pressure, the excitonic peak energy of (PDMA)PbI4 and 

(BN)2PbI4 is 2.41 eV and 2.36 eV, respectively. 

Upon increasing the pressure, the excitonic-peak shift at 0.30 GPa as 

compared to ambient pressure is about (-25 ± 0.6) meV for (PDMA)PbI4 and (-

27 ± 1) meV for (BN)2PbI4 (Figure 5.5f). We observed a similar linear trend for 

both RP and DJ perovskites until 0.30 GPa, where the response to external 
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pressure causes a comparable energy shift. From 0.30 GPa onward, the (BN)2PbI4 

appears to shift to a larger extent in comparison with the (PDMA)PbI4, showing 

an energy shift of (-33 ± 1) meV and (-27 ± 0.5) meV, respectively. 

 

 

Figure 5.5. Optical measurements reveal a red-shift of the excitonic feature. 

Schematic of the a) experimental setup for pressure-dependent absorption 

measurements and b) pressure-dependent absorbance collected (PDMA)PbI4, c) 

(BN)2PbI4, d) (PDMA)PbBr4 and e) (BN)2PbI4 from ambient to 0.35 GPa. The 

inset shows a schematic representation of the layered structures. f) Energy 

difference of the excitonic peak energy as a function of applied pressure. 

 

Further investigations at pressures above 0.35 GPa are not possible with the same 

experimental setup because of the limitations of the windows of the hydrostatic 

pressure cell. Moreover, monitoring the shift of the excitonic peak by its 

maximum intensity reveals the same slope as fitting the skewed Gaussian with a 
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larger error given by the resolution of the measurement (Figure A5.6 and Table 

5.6, Table 5.7, Table 5.8, Table 5.9). Considering the bromide analogues, the 

excitonic peak energy is 3.06 eV and 3.07 eV for (PDMA)PbBr4 and (BN)2PbBr4, 

respectively. Upon increasing the pressure from ambient to 0.35 GPa, the energy 

shifts for both (PDMA)PbBr4 and (BN)2PbBr4 by (-31 ± 1) meV and (-55 ± 0.2) 

meV, respectively. The (BN)2PbBr4 perovskite, despite showing a red-shift as a 

function pressure, has a notably larger energy shift than its iodide counterpart and 

the PDMA-based systems (Figure 5.5f and  Table 5.6, Table 5.7, Table 5.8 and 

Table 5.9).  To sum up, the energy shifts in iodide-based samples are closely 

corresponding to each other, which suggest that pressure-dependent properties 

are comparable for RP and DJ phases. However, bromide-based systems show 

contrasting differences, with (BN)2PbBr4 having remarkably larger shifts than 

(PDMA)PbBr4 and the I-based systems.  

The expected change in the bandgap was calculated for all the compositions 

by DFT (Figure A5.7, Table 5.10, Table 5.11,  

Table 5.12, Table 5.13) to observe qualitative variations of the bandgaps as 

a function of pressure, which corroborate with the experimental results. The 

larger red shift in (BN)2PbBr4 is in accordance with the significantly larger 

compressibility of (BN)2PbBr4 as compared to its iodide-based analogue and the 

PDMA-based systems (Figure A5.10). Furthermore, the isostructural phase 

transition induced by the reduction of octahedral tilting (i.e. the Pb–Br–Pb tilting 

is closer to 180° at the highest pressure measured) is associated with the change 

of penetration depth of the BN spacers into the perovskite lattice, which in turn 

favours a larger red shift of the optical absorption. Finally, we can directly 

correlate the experimental structural parameters obtained by pressure-dependent 

XRD measurements with the change in the optical absorption.  

The relationship between the shift in the exciton absorption peak and the 

length of the c-axis is linear for both PDMA-based and BN-based samples 

(Figure 5.6a,b), with the exception in (BN)2PbBr4, where we observe two 

different regimes which attributed to the isostructural phase transition. 
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Figure 5.6. Optical properties dependency on the compression of the c-axis and 

interoctahedral angles. Optical absorption shift in meV as a function of a) the c-

axis length for PDMA-systems and b) BN-systems, and as a function of the Pb–

X–Pb angles for c) for PDMA-systems and d) BN-systems based on the 

experimental data. 

 

A linear fit of the energy shift as a function of the c-axis length results in a 

slope of 0.227 eV/Å, 0.223 eV/Å for (PDMA) and PbBr4 (PDMA)PbI4, 

respectively. We obtain a slope of 0.156 eV/Å for (BN)2PbI4, 0.104 eV/Å and 

0.074 eV/Å for (BN)2PbBr4 below and above the isostructural phase transition, 

respectively (Figure 5.6a,b). This finding suggests a larger dependency of the 

PDMA systems on the change of the c-axis compared to the BN systems. No 

correlation is observed between Pb–X–Pb angle and the optical properties 

(Figure 5.6c,d), except in the case of isostructural phase transition regime in 

(BN)2PbBr4 (Figure 5.6d). Thus, we find that in the representative DJ and RP 

layered 2D perovskites presented in this study, the bandgap change is largely 

caused by the compression of the c-axis which is expected because of the reduced 

quantum confinement but no correlation is found with the Pb–X–Pb angles within 

the same structural phase.  
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Figure 5.7. Fully reversible mechanocromism. Pressure-dependent absorption 

recorded at three characteristic pressures in the upward and downward direction 

for a) (PDMA)PbI4 and b) (BN)2PbI4, c) (PDMA)PbBr4 and d) (BN)2PbBr4.  

 

The shift of the excitonic peak is fully recovered for both I- and Br- based RP 

and DJ perovskite samples upon decompression from 0.35 GPa to ambient 

pressure, implying that the process is reversible in this pressure range. The 

corresponding absorption spectra of both materials almost perfectly overlap in 

shape and intensity after decompression (Figure 5.7). The reversibility of the 

optical features strongly suggests structural reversibility, which is in agreement 

with the DFT predictions and in contrast with the amorphization commonly 

reported at higher pressures.47–49 This reversibility of the mechanochromic 

response of layered hybrid perovskites is of interest to their use as model systems 

for elucidating structure-property relationships in hybrid layered materials, 

provides promise for the long-term stability of flexible perovskite devices, but 

also points towards the use of mechanophores in the development of various 

smart materials and pressure sensors.50–52   
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5.4. Conclusion 

 In summary, we reported a direct comparison of the response of iodide 

and bromide-based RP and DJ 2D perovskites to pressure by using comparable 

aromatic spacer moieties, namely benzylammonium (BN) and 1,4-

phenylenedimethylammonium (PDMA), respectively. We applied a mild 

pressure up to 0.35 GPa to all the compositions and detected a red shift of the 

excitonic peak upon increasing the pressure. Whereas PDMA-based DJ 

perovskites were not found to be susceptible to changes associated with the halide 

ion, BN-based perovskite results in a larger shift of the optical absorption 

associated with the excitonic feature in bromide-based compositions that is in 

contrast with their higher expected level of rigidity. Furthermore, X-ray 

diffraction experiments in conjunction with DFT calculations under pressure 

suggest that this effect is related to the structural properties of the 2D perovskite 

phases. Specifically, X-ray diffraction experiments reveal the presence of an 

isostructural phase transition in (BN)2PbBr4 that maintain the orthorhombic 

Cmc21 space group, whereas no phase transition is detected for the other 

compositions. DFT computations further indicate that this isostructural space 

group transition is associated with a decrease in the octahedra tilting which leads 

to an increased penetration depth of the BN spacers into the Pb–Br lattice. These 

changes explain the large compression of (BN)2PbBr4 under mild pressures up to 

0.350 GPa. This study thereby provides important insights into the 

mechanochromic properties of layered hybrid perovskites. Finally, the unique 

reversibility of their mechanochromic response in this mild pressure range opens 

new perspective towards the utility of layered hybrid perovskites as platforms for 

amphidynamic materials53,54 and mechanophores,50–52 which expands the 

perspectives for their future applications.  
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5.5. Experimental Methods 

Sample Preparation 

Iodide-based solutions were obtained mixing PbI2 and (PDMA)I2 powders in 1:1 

stoichiometric ratio for (PDMA)PbI4, whereas 1:2 ratio of PbI2:(BN)I for 

(BN)2PbI4. Subsequently, solid mixtures were dissolved in the N,N-

dimethylformamide (DMF)  and dimethyl sulfoxide (DMSO) solvent mixture 

(4:1, v/v) to obtain 0.2 M solution. Bromide-based solutions were made mixing 

PbBr2:(PDMA)Br2 in 1:1 ratio for (PDMA)PbBr4 and in 1:2 PbBr2:(BN)Br for 

(BN)2PbBr4. The mixtures were then dissolved in (DMF:DMSO) (1:1, v/v) 

solvent to obtain 0.2 M solution. All the films were solution-processed by spin-

coating. Before deposition, the glass substrates were ultrasonically cleaned with 

acetone and ethanol sequentially for 5 min, followed by UV-Ozone 

cleaning/treatment for 15 min. Precursor solution was dropped on the glass 

substrate (Assitent 50), which was afterwards spun at 1000 rpm and 4000 rpm for 

10 s and 20 s, respectively. Spin-coated films were annealed on a hot plate at 150 

°C for 10 min. Solution preparation was carried out in an argon atmosphere 

glovebox (0.5 ppm < O2 and 0.5 ppm < H2O), whereas sample deposition in the 

dry air glovebox ( 𝑅𝐻 ≈ 5%).  Perovskite powders were prepared using 

mechanosynthesis by grinding in a ball mill (Retsch Ball Mill MM-200) using a 

grinding jar (10 ml) and a ball (⌀10 mm) for 30 min at 25 Hz. The molar ratios 

of all the precursors were stoichiometric and the resulting powders were annealed 

at 150 °C for 30 min. 

 

Pressure-dependent absorption  

We measured pressure-dependent absorption using a LAMBDA 750 

UV/Vis/NIR Spectrophotometer (Perkin Elmer). The samples are placed inside a 

pressure cell (ISS Inc.) filled with inert liquid (perfluorohexane, FC-72, 3M). The 

increase in the volume of the liquid inside the pressure cell upon pumping 

generates high pressure. Measurements are performed from ambient pressure to 

0.350 GPa, in steps of 0.050 GPa, and we waited 7 min before measuring at each 

pressure to ensure equilibration under pressure. Prior to use, the liquid is degassed 

in a Schlenk line to remove oxygen, responsible for scattering of light above 0.3 
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GPa and consequent reduction of the transmitted signal. We estimate an error of 

the reading of 0.020 GPa. 

 

X-Ray Diffraction 

 Measurements of perovskite thin films were carried out using 

PANalytical Empyrean Series 2 instrument in Bragg-Brentano configuration with 

Cu Kα radiation at 40 kV voltage and 40 mA current. A nickel filter was used to 

reduce K contribution. X-rays were detected using a PIXcel3d detector. 

 

Steady-State Photoluminescence  

 We measured photoluminescence (PL) with a home-built setup equipped 

with a 405 nm CW laser source (S1FC405, Thorlabs) for the iodide-based 

perovskite composition (PDMA-I and BN-I). The PL was coupled into a fiber 

connected to an OceanOptics USB4000 spectrometer. To remove the excitation 

laser from the acquired signal, a long-pass filter LP500 was mounted before the 

spectrometer. An integration time of 1 second was used for each measurement. 

To measure the PL of bromide-based perovskite composition (PDMA-Br and 

BN-Br), a 375 nm laser was used. 

 

Density Functional Theory 

 All computations were done on the DFT level of theory with the software 

package Quantum ESPRESSO v6.6 using ultrasoft pseudopotentials from the 

pslibrary 1.0.0, a wavefunction cutoff of 60 Ry, a charge density cutoff of 480 

Ry, Gaussian spreading of 0.005 Ry and the semiempirical Grimme‘s DFT-D3 

vdW correction.55–57 Relaxations were performed using the PBEsol functional in 

which the energies and forces are converged up to 10-7 Ry and 10-6 Ry/Bohr, 

respectively, with the system specific converged at Γ-point centered k-point 

Monkhorst-Pack grid (Table 5.1). For the computations of the bandgap, single 

point energy computations were done on the relaxed structures using the Perdew-

Burke-Ernzerhof (PBE) functional with a wavefunction convergence up to 10-8 

Ry and (apart from (BN)2PbBr4) at higher k-point Monkhorst-Pack grid (Table 

5.1). For each pressure, the experimentally obtained structure files are taken and 
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used for relaxation while keeping the cell fixed. For the PDMA based systems, a 

2×2×1 supercell was created prior to relaxation.  

 

Table 5.1. k-point Monkhorst-Pack grid used for the relaxation and SPE of the 

systems. 

 

System Relaxation SPE 

(BN)2PbBr4 8×8×2 8×8×2 

(BN)2PbI4 6×6×2 9×10×3 

(PDMA)PbX4 (X=Br,I) 4×4×6 6×6×9 

  

High-pressure powder X-Ray diffraction 

High-pressure powder X-ray diffraction measurements were performed with 

synchrotron radiation in the Swiss Light Source (λ= 0.49217Å and Pilatus 6M 

detector).58 The samples were compressed in a membrane diamond-anvil cell 

using DAPHNA oil as medium. Prior to the measurement, the cell is pre-

pressurized applying a pressure of 3-4 bars on the membrane to avoid leaks and 

ensure a good sealing of the cell. This results in a slightly higher value for the 

first datapoint with respect to ambient pressure. We note that the response of the 

membrane used to measure the (PDMA)PbBr4 is higher than for the other 

compositions, resulting in higher starting pressure. We used α-quartz as a 

pressure calibrant, blended with a sample, and diffraction patterns of the mixture 

were collected. The equation of state of quartz was used to determine pressure 

with accuracy of approximately 0.005 GPa.59 Raw data was processed in 

Dioptas60 extracting patterns of the mixtures after masking diffraction spots from 

the diamonds. PXRD patterns were treated with TOPAS software and unit-cell 

parameters were determined using Rietveld refinement.61,62  
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5.6. Appendix 

5.6.1. ADDITIONAL FIGURES 
 

 

Figure A5.1. Lattice parameters as a function of pressure obtained from Rietveld 

refinements of diffraction patterns for a) (PDMA)PbI4, b) (BN)2PbI4, c) 

(PDMA)PbBr4, d) (BN)2PbBr4. The right axis refers to the c-axis (in purple). 
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Figure A5.2. Computed a) ϕ(Pb–X–Pb) tilting angle and b) nitrogen penetration 

depth in the plane formed by the halide atoms d(N…nX). The penetration depths 

of the two nitrogen in the PDMA spacer are not equivalent. Computed c) average 

equatorial (triangle) and axial (disk) Pb–X bond lengths d(Pb–X). The octahedra 

has two inequivalent equatorial bonds and one axial bond and d) average tilting 

angles of the benzyl ring relative to the c-axis ϕ(BN…nPbX). 
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Figure A5.3. Relaxed structures of a) (BN)2PbBr4 at 0.014 GPa and at 0.673 GPa, 

b) (BN)2PbI4 at 0.0186 GPa and at 0.8229 GPa. c) (PDMA)PbBr4 at 0.0042 GPa 

and at 0.3011 GPa, d) (PDMA)PbI4 at 0.1598 GPa and 0.7881 GPa. The rectangle 

in grey highlights the change in the spacers’ distance for all the systems at a 

representative low and high pressure. 
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Figure A5.4. Normalized absorbance collected at ambient pressure for a) 

(PDMA)PbI4 and (PDMA)PbBr4, b) (BN)2PbI4 and (BN)2PbBr4 highlighting the 

presence of the typical excitonic feature observed in layered 2D perovskites. 

 

 

Figure A5.5. Pressure-dependent photoluminescence for a) (PDMA)PbI4, b) 

(BN)2PbI4, c) (PDMA)PbBr4, d) (BN)2PbBr4. The photoluminescence peak shifts 

towards smaller energy as a function of pressure for all the compositions studied. 
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Figure A5.6. Excitonic peak estimated using a skewed gaussian fit (blue) and the 

maximum intensity position of the excitonic feature (in orange) for a) 

(PDMA)PbI4, b) (BN)2PbI4, c) (PDMA)PbBr4, d) (BN)2PbBr4. The two methods 

result in comparable results. The larger error in the second method is given by 

the resolution of the measurement. 
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Figure A5.7. DFT calculation of the change of bandgap Egap relative to the 

corresponding structure at low pressure for all the compositions in study. 
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5.6.2. ADDITIONAL TABLES 

 

Table 5.2. Absolute values of the DFT calculated equatorial and axial bond 

length d(Pb–X), bond angle Pb–X–Pb, distance from the nitrogen of each organic 

spacer to the X plane d(N…nX), titing angle between the organic spacer the Pb–X 

plane ϕ(N…Pb–X) for (PDMA)PbI4 as a function of pressure. 

 

Pressure 

(GPa) 

Pb–X–Pb 

(°) 

d(Pb–X)ax 

(Å) 

d(Pb–X)eq 

(Å) 

d(N… nX) 

(Å) 

d(N…nX) 

(Å) 

ϕ(N…Pb–X) 

(°) 

0.1598 149.5329 3.1885 3.18315 -0.5933 -0.55825 5.64388 

0.1621 149.5348 3.18812 3.18276 -0.5949 -0.5592 5.65079 

0.1636 149.5361 3.18749 3.1823 -0.5965 -0.56033 5.66000 

0.1711 149.5376 3.18683 3.18167 -0.5979 -0.56151 5.67174 

0.1797 149.5426 3.18606 3.18105 -0.5992 -0.56259 5.68260 

0.1887 149.5367 3.1853 3.1803 -0.6007 -0.56374 5.69450 

0.1973    -0.6025 -0.56506 5.71414 

0.2106 149.5398 3.18369 3.17889 -0.6040 -0.56638 5.71800 

0.2168 149.5377 3.18267 3.17802 -0.6056 -0.56783 5.731925 

0.2292 149.5198 3.18119 3.17658 -0.6059 -0.56793 5.755073 

0.2299 149.5434 3.18185 3.17718 -0.6095 -0.57081 5.746575 

0.2459 149.5398 3.17971 3.17529 -0.6113 -0.57254 5.778501 

0.2605    -0.6135 -0.5744 5.794679 

0.2751 149.5377 3.17726 3.17303 -0.6159 -0.57671 5.816089 

0.2975 149.5439 3.17588 3.17175 -0.6185 -0.57908 5.836809 

0.3142 149.5448 3.17432 3.1703 -0.6209 -0.58163 5.861448 

0.3351 149.547 3.17257 3.16869 -0.6244 -0.58475 5.883516 

0.3597 149.5609 3.16817 3.16462 -0.6282 -0.5886 5.916929 

0.3934 149.5703 3.16518 3.16196 -0.6327 -0.59339 5.953579 

0.4299    -0.6344 -0.59578 5.999345 

0.4576    -0.6398 -0.6000 6.021744 

0.4838    -0.6428 -0.60357 6.066036 

0.5085 149.6319 3.15907 3.15646 -0.6475 -0.60857 6.100086 

0.5515 149.638 3.15629 3.15385 -0.6539 -0.61504 6.142101 

0.5994 149.6621 3.15251 3.1504 -0.6614 -0.62352 6.207654 

0.6734    -0.6716 -0.6336 6.295497 

0.7881     -0.5582 6.378513 

 

 

 

 



5 - Pressure effects on 2D Perovskites 

188 

Table 5.3. Absolute values of the DFT calculated equatorial and axial bond 

length d(Pb–X), bond angle Pb–X–Pb, distance from the nitrogen of each organic 

spacer to the X plane d(N…nX), titing angle between the organic spacer the Pb–X 

plane ϕ(N…Pb–X) for (PDMA)PbBr4 as a function of pressure. 

 

Pressure 

(GPa) 

Pb–X–Pb 

(°) 

d(Pb–X)ax 

(Å) 

d(Pb–X)eq 

(Å) 

d(N… nX) 

(Å) 

d(N… 

nX)(Å) 

ϕ(N…Pb–X) 

(°) 

0.0042 148.2977 3.0086 3.00124    

0.0756 148.2827 3.002715 2.99565 -0.50629 -0.45516 7.024311 

0.1146 148.266 2.99997 2.99308 -0.51182 -0.45921 7.146059 

0.1427 148.2715 2.997863 2.99308 -0.51397 -0.4620 7.203226 

0.1686 148.2562 2.996003 2.98911 -0.51635 -0.46520 7.248788 

0.1873 148.248 2.994741 2.98797 -0.51803 -0.46714 7.28877 

0.2044 148.2498 2.993764 2.98711 -0.5197 -0.46877 7.306107 

0.2184 148.2777 2.992746 2.98585 -0.5211 -0.47095 7.33093 

0.2335 148.2772 2.992309 2.98547 -0.52171 -0.47203 7.372813 

0.2404 148.2706 2.991744 2.98496 -0.52207 -0.47298 7.36974 

0.2504 148.2782 2.991343 2.98463 -0.52297 -0.47393 7.373831 

0.2566 148.2928 2.990668 2.98457 -0.52350 -0.47460 7.379919 

0.2623 148.2872 2.990378 2.98352 -0.52395 -0.47559 7.398313 

0.269 148.2957 2.990151 2.9834 -0.52520 -0.47630 7.405101 

0.2704 148.2907 2.98981 2.98306 -0.52573 -0.47670 7.410301 

0.2758 148.3007 2.989559 2.98281 -0.52556 -0.47733 7.417375 

0.2819 148.2979 2.989176 2.98245 -0.52646 -0.47822 7.421604 

0.2933 148.2951 2.988621 2.98193 -0.52733 -0.47895 7.430358 

0.2955 148.3059 2.988262 2.9815 -0.52748 -0.47934 7.437077 

0.2979 148.2996 3.0086 2.98137 -0.52728 -0.4798 7.445589 

 

 

 

 

 

 

 

 

 

 

 



 5.6 - Appendix 

 

189 

Table 5.4. Absolute values of the DFT calculated equatorial and axial bond 

length d(Pb–X), bond angle Pb–X–Pb, distance from the nitrogen of each organic 

spacer to the X plane d(N…nX), titing angle between the organic spacer the Pb–X 

plane ϕ(N…Pb–X) and the distance between the spacer d(BN…BN) for (BN)2PbI4 

as a function of pressure. 

 

Pressure 

(GPa) 

Pb–X–Pb 

(°) 

d(Pb–

X)ax (Å) 

d(Pb–

X)eq (Å) 

d(Pb–

X)eq (Å) 

d(BN-

BN) (Å) 

d(N…nX)  

(Å) 

ϕ(N…Pb–X)  

(°) 

0.0186 158.226 3.188795 3.205568 3.225182 2.95517 -0.77249 16.26021 

0.0259 158.171 3.188876 3.205345 3.224699 2.949492 -0.77237 16.30191 

0.0368 158.161 3.188793 3.204526 3.224062 2.942536 -0.77207 16.35031 

0.0525 158.0914 3.188814 3.203614 3.222925 2.931349 -0.77186 16.42522 

0.0746 158.0189 3.188839 3.202264 3.22139 2.916536 -0.77203 16.52653 

0.0928 157.9442 3.188883 3.201589 3.220359 2.907326 -0.77192 16.58269 

0.1053 157.946 3.188861 3.200642 3.219423 2.900458 -0.77165 16.62962 

0.1234 157.8722 3.188865 3.199676 3.218584 2.890662 -0.77131 16.70087 

0.1414 157.8064 3.18887 3.198585 3.217279 2.879254 -0.77107 16.77728 

0.1659 157.7161 3.188866 3.197197 3.21537 2.864104 -0.77016 16.88414 

0.236 157.4868 3.188785 3.19345 3.210936 2.827205 -0.76990 17.15686 

0.2977 157.2632 3.188675 3.19038 3.20701 2.797149 -0.77086 17.38496 

0.3934 156.9954 3.188082 3.185162 3.200705 2.755883 -0.77248 17.72018 

0.4831 156.7842 3.187391 3.180165 3.19515 2.721692 -0.77495 18.02232 

0.5888 156.5197 3.186379 3.174538 3.188543 2.686233 -0.7783 18.34094 

0.7054 156.0185 3.185185 3.16887 3.181604 2.654936 -0.78188 18.64073 
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Table 5.5. Absolute values of the DFT calculated equatorial and axial bond 

length d(Pb–X), bond angle Pb–X–Pb, distance from the nitrogen of each organic 

spacer to the X plane d(N…nX), titing angle between the organic spacer the Pb–X 

plane ϕ(N…Pb–X) and the distance between the spacer d(BN…BN) for (BN)2PbBr4 

as a function of pressure. 

 

Pressure 

(GPa) 

Pb–X–

Pb (°) 

Pb–X–Pb 

(°) 

d(Pb–

X)ax 

(Å) 

d(Pb–

X)eq 

(Å) 

d(Pb–

X)eq (Å) 

d(BN-

BN) 

(Å) 

d(N…nX) 

(Å) 

ϕ(N…Pb–

X) 

(°) 

0.0143 141.305 154.31 3.001 2.976 3.018 4.4130  11.88 

0.0425 141.251 154.288 3.0011 2.974 3.017 4.3856 -0.4730 12.00 

0.07 141.157 154.256 3.0013 2.9724 3.0159 4.3545 -0.4741 12.169 

0.086 141.111 154.252 3.0012 2.9712 3.0152 4.3334 -0.4751 12.274 

0.1075 141.053 154.250 3.0012 2.9697 3.0143 4.3105 -0.4764 12.375 

0.131 141.025 154.231 3.0012 2.9681 3.0134 4.2842 -0.4783 12.499 

0.1461 141.068 154.27 3.0007 2.9671 3.0133 4.2598 -0.4814 12.596 

0.1639 141.163 154.300 3.0002 2.9659 3.0131 4.2268 -0.4857 12.710 

0.1712 141.426 154.414 2.9989 2.9643 3.0135 4.1682 -0.4954 12.887 

0.1978 141.414 154.424 2.9962 2.9604 3.0129 4.0554 -0.5185 13.188 

0.2128 142.933 154.782 2.9956 2.9582 3.0091 3.9898 -0.5317 12.310 

0.2419 144.009 154.701 2.9971 2.9574 2.9993 3.9142 -0.5355 10.327 

0.2772 144.538 154.704 2.9972 2.9567 2.9955 3.8591 -0.5392 9.8109 

0.311 144.794 154.688 2.9972 2.9547 2.9923 3.8235 -0.5426 9.5804 

0.3666 144.994 154.662 2.9971 2.9515 2.9888 3.7783 -0.5474 9.5743 

0.4202 145.140 154.619 2.9971 2.9481 2.9853 3.7400 -0.5517 9.5202 

0.5322 145.244 154.575 2.9969 2.9410 2.9791 3.6656 -0.560 9.9320 
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Table 5.6. Excitonic peak position and shift obtained from the pressure-

dependent optical measurements of (PDMA)PbI4 by tracking the maximum 

position of the excitonic peak and by fitting the curve to a skewed Gaussian. 

 Max position Fit 

Pressure (GPa) Peak energy (eV) Energy shift (meV) Peak energy (eV) Energy shift (meV) 

0 2.424±0.002 0 2.4126±0.0002 0 

0.10 2.417±0.002 -7.08±3.44 2.406±0.0002 -6.64±0.37 

0.15 2.414±0.002 -9.44±3.44 2.401±0.0002 -10.94±0.38 

0.20 2.411±0.002 -14.13±3.44 2.397±0.0004 -14.78±0.41 

0.25 2.403±0.002 -21.14±3.44 2.391±0.0004 -20.66±0.54 

0.30 2.401±0.002 -23.46±3.44 2.388±0.0003 -24.61±0.56 

0.35 2.396±0.002 -28.10±3.44 2.385±0.0003 -26.82±0.51 

 

Table 5.7. Excitonic peak position and shift obtained from the pressure-

dependent optical measurements of (PDMA)PbBr4 by tracking the maximum 

position of the excitonic peak and by fitting the curve to a skewed Gaussian. 

 Max position Fit 

Pressure 

(GPa) 

Peak energy 

(eV) 

Energy shift 

(meV) 

Peak energy 

(eV) 

Energy shift 

(meV) 

0 3.092±0.002 0 3.0673±0.0006 0 

0.10 3.084±0.002 -7.69±3.44 3.0599±0.0006 -7.38±1.24 

0.15 3.081±0.002 -11.52±3.44 3.0551±0.0005 -12.20±1.17 

0.20 3.077±0.002 -15.34±3.44 3.0504±0.0005 -16.89±1.17 

0.25 3.069±0.002 -22.96±3.44 3.0463±0.0006 -20.94±1.24 

0.30 3.069±0.002 -22.96±3.44 3.0420±0.0005 -25.30±1.15 

0.35 3.065±0.002 -26.75±3.44 3.0363±0.0003 -31.02±1.03 

 

Table 5.8. Excitonic peak position and shift obtained from the pressure-

dependent optical measurements of (BN)2PbI4 by tracking the maximum position 

of the excitonic peak and by fitting the curve to a skewed Gaussian. 

 Max position Fit 

Pressure (GPa) Peak energy (eV) Energy shift (meV) Peak energy (eV) Energy shift (meV) 

0 2.373±0.002 0 2.3668±0.0007 0 

0.10 2.364±0.002 -9.04±3.44 2.3596±0.0005 -7.17±1.25 

0.15 2.359±0.002 -13.54±3.44 2.3556±0.0004 -11.16±1.16 

0.20 2.355±0.002 -18.03±3.44 2.3511±0.0004 -15.66±1.07 

0.25 2.348±0.002 -24.72±3.44 2.3455±0.0001 -21.28±0.82 

0.30 2.344±0.002 -29.16±3.44 2.3402±0.0003 -26.63±1.01 

0.35 2.337±0.002 -35.78±3.44 2.3335±0.0003 -33.29±1.05 
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Table 5.9. Excitonic peak position and shift obtained from the pressure-

dependent optical measurements of (BN)2PbBr4 by tracking the maximum 

position of the excitonic peak and by fitting the curve to a skewed Gaussian. 

 Max position Fit 

Pressure (GPa) Peak energy (eV) Energy shift (meV) Peak energy (eV) Energy shift (meV) 

0 3.103±0.002 0 3.0734±0.0001 0 

0.10 3.092±0.002 -11.61±3.44 3.0623±0.0001 -11.15±0.19 

0.15 3.084±0.002 -19.30±3.44 3.0535±0.0001 -19.91±0.18 

0.20 3.076±0.002 -26.95±3.44 3.0436±0.0001 -29.83±0.17 

0.25 3.065±0.002 -38.36±3.44 3.0334±0.0001 -40.03±0.16 

0.30 3.057±0.002 -45.92±3.44 3.0355±0.0001 -47.94±0.16 

0.35 3.050±0.002 -53.44±3.44 3.0186±0.0001 -54.88±0.17 

 

 

Table 5.10. Computed Egap for (PDMA)PbI4 

 

Pressure (GPa) Bandgap (eV) 

0.1598 2.1277 

0.1621 2.1272 

0.1636 2.1264 

0.1711 2.1254 

0.1797 2.1243 

0.1887 2.1235 

0.2106 2.1223 

0.2168 2.1213 

0.2292 2.1202 

0.2299 2.1185 

0.2459 2.1187 

0.2772 2.116 

0.2751 2.1143 

0.2975 2.1121 

0.3142 2.1096 

0.3351 2.1068 

0.3934 2.1038 

0.4299 2.1003 

0.5085 2.0957 

0.5511 2.0902 

0.5994 2.0874 

0.6734 2.0824 

0.7881 2.078 
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Table 5.11. Computed Egap for (PDMA)PbBr4 

 

Pressure (GPa) Bandgap (eV) 

0.0042 2.5925 

0.0756 2.5828 

0.1146 2.5784 

0.1427 2.575 

0.1686 2.5713 

0.1873 2.5696 

0.2044 2.5676 

0.2184 2.563 

0.2335 2.563 

0.2404 2.5623 

0.2504 2.5613 

0.2566 2.5601 

0.2623 2.5591 

0.269 2.5586 

0.2704 2.5577 

0.2758 2.5569 

0.2819 2.5561 

0.2933 2.5553 

0.2955 2.555 

0.2979 2.5543 

 

Table 5.12. Computed Egap for (BN)2PbBr4 

 

Pressure (GPa) Bandgap (eV) 

0.0143 2.7044 

0.0425 2.7034 

0.07 2.7028 

0.086 2.7023 

0.1075 2.701 

0.131 2.6998 

0.1461 2.6969 

0.1639 2.6931 

0.1712 2.6837 

0.1978 2.6576 

0.2128 2.6401 

0.2419 2.6203 

0.2772 2.6091 

0.311 2.6008 

0.3666 2.5913 

0.4202 2.582 

0.5322 2.5681 

0.6733 2.5547 
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Table 5.13. Computed Egap for (BN)2PbI4 

 

Pressure (GPa) Bandgap (eV) 

0 1.9504 

0.0259 1.9506 

0.0368 1.9501 

0.0525 1.9501 

0.0746 1.9495 

0.0928 1.9497 

0.1053 1.9488 

0.1234 1.9486 

0.1414 1.9483 

0.1659 1.9481 

0.2128 1.9469 

0.3934 1.9462 

0.4831 1.9434 

0.5888 1.9399 

0.7054 1.9359 

0.8229 1.9316 
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5.6.3. DETAILED ANALYSIS OF PRESSURE-DEPENDENT XRD 

The refinement revealed presence of unreacted substrates in all four 

mechanosynthesized samples (Figure A5.8). 

 

 

Figure A5.8. The samples inside a diamond anvil cell with a visible radiation 

damage after the experiments. 

 

A detailed description of the XRD patterns for all the four samples 

(Figure A5.9) is reported below. The mechanosynthesis of (BN)2PbI4 resulted in 

almost a full conversion of the precursors into the desired product. The fitting of 

SiO2 (green) and (BN)2PbI4 (red) patterns left just a few unidentified Bragg peaks 

(grey plot), which were not assigned neither to PbI2 nor BN-I. The reaction 

leading to (BN)2PbBr4 is slower and apart from the product identified (35.9%), 

the sample contains unreacted precursor BN-Br and PbBr2 (18.4 and 11.5%, 

respectively) and the remaining 34.2% is quartz. All significant reflections were 

fitted during the refinement (grey). The scattering of (PDMA)PbI4 sample was 

weaker, thus no strong high-angle reflections appeared for 2θ > 26°. Only the 

product and quartz were identified, but some remaining Bragg peaks (grey) could 

come from the phases. Although the fitting of full substrate’s patterns was 

unsuccessful, some of the reflections matched, which shows partial 

amorphization and/or preferential orientation of the substrate crystals after 

mechanosynthesis. The reaction yield of (PDMA)PbBr4 within the given 
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conversion time is not full as PbBr2 (28.8%) and PDMA-Br (18.6%) were 

identified in the mixture together with the product (21.7%) and the pressure 

sensor (30.9%). As indicated before, lack of some reflection (e.g. 001 2θ~3.7°) 

may suggest preferential orientation of PDMA-Br crystals. On the other hand, no 

distinguishable Bragg peaks for 2θ > 12° and broad reflections below may 

indicate partial amorphisation of the organic precursor. The crystal structure of 

(PDMA)PbBr4 is unknown and for the research purposes it was assumed 

isostructural to the I-analogue, which gave good agreement with collected data. 

Attempts to obtain a single crystal confirming the crystal structure were 

unsuccessful. 

 

Figure A5.9. XRD patterns of a) (BN)2PbI4, b) (BN)2PbBr4, c) (PDMA)PbBr4 

and d) (PDMA)PbBr4 showing the mixtures (orange) and separated patterns of 

the components, quartz (red), products (green) and unreacted substrates (if 

present, gray and magenta). 
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5.6.4. BULK MODULUS CALCULATION 

 Given the mostly isotropic response to the exertion of pressure, 

we calculate the isothermal bulk modulus from the pressure-volume (P-V) 

relationship (Figure A5.10) using the second order Birch-Murnaghan equation 

of state43  

𝑃 =
3

2
𝐾𝑇0 [(

𝑉0

𝑉
)

7
3

− (
𝑉0

𝑉
)

5
3

] (5.1) 

where 𝐾𝑇0  is the isothermal bulk modulus at standard temperature, 𝑉0  is the 

initial volume, V is the volume at pressure P. To account for the isostructural 

phase transition in (BN)2PbBr4, the two-phase transition regimes are fitted 

separately and two 𝐾𝑇0 are obtained for this composition (Table 5.14). 

 

 

Figure A5.10. Pressure-Volume (P-V) relationship as a function of pressure fitted 

with second order Birch-Murnaghan equation of state fit (solid black line) for a) 

(PDMA)PbX4 and b) (BN)2PbX4. Here, c-axis is the out-of-plane direction and a 

and b axis are the in-plane ones. 

 

Table 5.14. Isothermal bulk moduli for the layered 2D perovskites studied. 

 

Composition 𝑲𝑻𝟎 (GPa) 

(PDMA)PbI4 10.65 ± 0.06 

(PDMA)PbBr4 12.6 ± 0.1 

(BN)2PbI4 10.88 ± 0.03 

(BN)2PbBr4 (< 0.14 GPa)  6.9 ± 0.1 

(BN)2PbBr4  (> 0.14 GPa) 7.4 ± 0.2 



5 - Pressure effects on 2D Perovskites 

198 

A larger bulk modulus suggests a greater stiffness of the material. While one 

might expect that RP-type layered perovskites should be less rigid and more 

compressible due to van der Waals interactions in the spacer bilayers, the bulk 

modulus of (BN)PbI4 is comparable to (PDMA)PbI4. However, the behaviour of 

the bromide analogues is different; (BN)2PbBr4 shows a significantly smaller bulk 

modulus indicating higher compressibility and pressure responsiveness. 

According to the obtained bulk modulus, we expect a more pronounced effect of 

the pressure to the optoelectronic properties in the case of (BN)2PbBr4.  
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SUMMARY 

In the last decade, lead-halide perovskites have gathered significant attention due 

to their fascinating optoelectronic properties which make them suitable for a 

plethora of applications (e.g. solar cells, light-emitting diodes, scintillators, 

thermoelectric devices, lasers). The versatility of these materials results from the 

possibility to tune their properties by directly manipulating their chemical 

composition and structure. To make full use of this tunability we need to be able 

to understand the relationship between structure and properties. Thus, in this 

thesis we investigate how variations in structure resulting from different grain 

growth and mechanical stimuli can manipulate the optical properties of 

perovskite thin films.    

 Chapter 1 starts with an introduction to lead-halide perovskites and to 

their peculiar electronic structure. After elaborating on how changes in bond 

length and octahedral tilting can affect the optoelectronic properties of these 

materials, we compare the bulk moduli of such perovskites with conventional 

semiconductors. The soft nature of the perovskite lattice paves the way for 

manipulating the optoelectronic properties by means of external mechanical 

stimuli such as pressure. Thus, we introduce pressure-dependent transient 

absorption spectroscopy and pressure-dependent photoluminescence which are 

the main analysis methods used throughout this thesis. Together with applied 

external pressure, changes in structural properties can be achieved by using 

different fabrication methods, which can result in a different size and 

crystallographic orientation of grains. We introduce Electron Back-Scattered 

Diffraction (EBSD) as a powerful technique to obtain crystallographic 

information combined with the high spatial resolution typical of a scanning 

electron microscope (SEM).  

We use EBSD in Chapter 2 to study the microstructure of 

methylammonium lead iodide (MAPbI3) thin films fabricated with the 

conventional antisolvent-dripping (AS) method and flash-infrared annealing 

(FIRA).  EBSD analysis reveals that oftentimes the domains observed in SEM 

are misidentified with crystallographic grains. Also, we find that despite 

substantial differences in grain size between the two systems (~100s of nm for 
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the AS and ~100s of μm for the FIRA), the optoelectronic properties are similar 

suggesting that the optoelectronic quality is not necessarily related to the 

orientation and size of crystalline domains. 

In Chapter 3, we study the hot-carrier cooling process. At the 

femtosecond timescale, hot electrons generated by high-energy radiation interact 

with the lattice to dissipate the excess of energy in the form of heat. This process 

involves interactions between the photogenerated electrons and the vibrations of 

the lattice. We investigate how manipulating the lattice properties by applying 

external pressure affects the rate at which the hot electrons cool to the lattice 

temperature. We find that compressive stress 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 easy bandgap tunability of lead-halide perovskites is one of the most 

intriguing properties for the manufacture of LEDs, lasers and tandem solar cells. 

This tunability can be achieved by mixing the halide components in different 

stoichiometric ratio allowing to tune the bandgap from the UV toward the NIR. 

However, mixed-halide perovskites suffer from halide migration under light 

illumination or electrical bias. This halide migration leads to phase segregation 

in some composition. The formation of halide-rich domains in turn disrupts the 

homogeneity of the bandgap. The onset of phase segregation coincides with a 

phase transition from tetragonal to cubic when more than 20% of bromide is 

incorporated in the composition. However, it is not clear if and how the phase 

transition affects phase segregation. In Chapter 4, we use pressure-dependent 

transient absorption spectroscopy to verify how changes in the unit cell volume 

affect the thermodynamics and kinetics of phase segregation. We observe that 

phase segregation is almost suppressed at an external pressure of 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 to the presence of a phase transition as the crystal structure 

of all the compositions studied remain cubic in the pressure range used. In 

addition, the pressure reveals itself as an effective tool to reduce phase 

segregation. A similar compression of the unit cell volume can also be induced 

by change in the chemical composition, specifically replacing the A+ cation with 
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a smaller ion, exemplified by replacing MA+ with Cs+. Comparably to what is 

obtained under hydrostatic pressure, the change induced by this “chemical 

pressure” reduces the phase-segregation.  

Layered 2D perovskites have attracted considerable interest due to their 

highly modular structure that can be tailored by altering both organic and 

inorganic components. Given the presence of organic spacers, this class of 

materials is more easily compressible across different pressure ranges, 

demonstrating mechanochromic behaviour. In Chapter 5, we investigate the 

structure-property relationship in Ruddlesden-Popper and Dion-Jacobson 2D 

layered perovskites fabricated with comparable organic spacers, i.e. 

benzylammonium (BN) and 1,4-phenylenedimethylammonium (PDMA). 

Combining pressure-dependent absorption, X-ray diffraction with synchrotron 

radiation and density functional theory calculations, we surprisingly find that 

Ruddlesden-Popper and Dion-Jacobson layered perovskites behave rather 

similarly under pressure despite the different forces involved in connecting the 

two perovskites slabs. In addition, we find no direct difference between the Br- 

and I- based compositions, in contrast with the higher expected level of rigidity 

of the bromide-based system in comparison with its iodide counterpart. The most 

significant shift in the optical absorption is observed in (BN)2PbBr4 under 0.35 

GPa pressure. Density functional theory in combination with pressure-dependent 

X-ray diffraction reveal that, at mild pressure, (BN)2PbBr4 shows an isostructural 

phase transition associated with a change of penetration depth of the BN spacers 

into the Pb-Br lattice. The isostructural phase transition is associated with a 

decrease in the octahedra tilting which leads to an increased penetration depth of 

the BN spacers into the Pb–Br lattice, enabling some relaxation of the spacer 

tilting. This structural rearrangement can be correlated with the larger 

susceptibility of the system to pressure which in turn results in a larger redshift 

of the excitonic feature. These 2D perovskite materials hence show a rich 

parameter space for structural manipulations and understanding and manipulating 

the structural properties is pivotal to design new functional materials for targeted 

applications. 

 



 



 

SAMENVATTING 

In het afgelopen decennium hebben lood-halide perovskieten volop in de 

aandacht gestaan vanwege hun fascinerende opto-elektronische eigenschappen, 

waardoor ze geschikt zijn voor een overvloed aan toepassingen (zoals 

zonnecellen, lichtgevende diodes, scintillatoren, thermo-elektrische apparaten, 

lasers De veelzijdigheid van deze materialen komt voort uit de mogelijkheid hun 

eigenschappen af te stemmen door direct hun chemische samenstelling en 

structuur aan te passen. Om deze afstembaarheid volledig te benutten is het 

begrijpen van de relatie tussen structuur en eigenschappen essentieel. In dit 

proefschrift onderzoeken we daarom hoe variaties in structuur als gevolg van 

verschillen in kristalkorrel groei en mechanische stimuli de opto-elektronische 

eigenschappen van dunne perovskietlagen kunnen veranderen.  

Hoofdstuk 1 begint met een inleiding tot lood-halide perovskieten en 

hun bijzondere elektronische structuur. Na het uitwerken van de invloed van 

veranderingen in bindingslengte en octaëdrische kanteling op de opto-

elektronische eigenschappen van deze materialen, vergelijken we de 

compressiemoduli van dergelijke perovskieten met conventionele halfgeleiders. 

De zachte aard van het perovskietrooster maakt het mogelijk de opto-

elektronische eigenschappen aan te passen door middel van externe mechanische 

stimuli zoals druk. Daarom introduceren we drukafhankelijke tijdsopgeloste 

absorptiespectroscopie en drukafhankelijke fotoluminescentie, de belangrijkste 

analysemethoden die in dit proefschrift worden gebruikt. Naast het toepassen van 

externe druk kunnen structurele eigenschappen worden veranderd door 

verschillende fabricagemethoden te gebruiken, wat kan resulteren in een 

verschillende grootte en kristallografische oriëntatie van kristalkorrels. We 

introduceren elektronen terugverstrooiing diffractie als een krachtige techniek om 

kristallografische informatie te verkrijgen in combinatie met de hoge ruimtelijke 

resolutie die typisch is voor een rasterelektronenmicroscoop.  

We gebruiken EBSD in Hoofdstuk 2 om de microstructuur van dunne 

Methylammonium loodjodide (MAPbI3)-films te vergelijken die zijn 

gefabriceerd met de conventionele anti-oplosmiddel druppel methode of en met 

flash infrarood gloeien. EBSD-analyse onthult dat de domeinen die met de SEM 
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worden waargenomen vaak verkeerd worden geïdentificeerd als 

kristallografische korrels. Daarnaast demonstreren we dat, ondanks de 

aanzienlijke verschillen in kristalkorrelgrootte tussen de twee systemen 

(honderden nanometers voor AS en honderden micrometers voor FIRA) de opto-

elektronische eigenschappen vergelijkbaar zijn, wat suggereert dat de opto-

elektronische kwaliteit niet noodzakelijk gerelateerd is aan de oriëntatie en 

grootte van kristallijne domeinen.  

In Hoofdstuk 3 bestuderen we het koelproces van hete ladingdragers in 

perovskiet halfgeleiders. Op de femtoseconde tijdschaal leidt de interactie tussen 

hete elektronen en het kristalrooster ertoe dat de overtollige energie wordt 

afgevoerd in de vorm van warmte. Dit proces omvat interacties tussen de door 

hoogenergetisch licht aangeslagen elektronen en de trillingen van het rooster. We 

onderzoeken hoe het aanpassen van de roostereigenschappen door het toepassen 

van externe druk de snelheid beïnvloedt waarmee de hete elektronen afkoelen tot 

de roostertemperatuur. We ontdekken dat drukspanning een snelle koeling van de 

aangeslagen ladingdragers bevordert bij een hoge excitatiedichtheid (> 1018 

fotonen/cm2), wat gunstig zou zijn voor lichtemitterende diodes (LED's) en 

lasertoepassingen. 

 De gemakkelijke afstembaarheid van de bandkloof van lood-halide 

perovskieten is een van de meest intrigerende eigenschappen voor de productie 

van LED's, lasers en tandemzonnecellen. Deze afstembaarheid kan worden 

bereikt door de halidecomponenten in verschillende stoichiometrische 

verhoudingen te mengen, waardoor de bandkloof van ultraviolet (UV) tot nabij-

infrarood (NIR)kan worden afgestemd. Gemengde halideperovskieten hebben 

echter last van halidemigratie onder invloed van licht of elektrische spanning. 

Deze halidemigratie leidt tot fasescheiding in een bepaalde samenstelling. De 

vorming van haliderijke domeinen verstoort op zijn beurt de homogeniteit van de 

bandkloof. Het begin van de fasescheiding valt samen met een faseovergang van 

tetragonaal naar kubisch wanneer de samenstelling voor meer dan 20% uit 

bromide bestaat. Het is echter niet duidelijk of en hoe de faseovergang de 

fasescheiding beïnvloedt. In Hoofdstuk 4 gebruiken we drukafhankelijke 

tijdsopgeloste absorptiespectroscopie om te verifiëren hoe veranderingen in het 

volume van de eenheidscel de thermodynamica en kinetiek van fasescheiding 
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beïnvloeden. We zien dat fasescheiding bijna geheel onderdrukt wordt bij een 

externe druk van 0,3 GPa voor verschillende bromide-jodide mengverhoudingen 

en dat de algehele segregatiesnelheid drastisch wordt verminderd. Onze 

bevindingen suggereren dat het proces van fasescheiding niet kan worden 

geassocieerd met de aanwezigheid van een faseovergang, aangezien de 

kristalstructuur van alle bestudeerde composities kubisch blijft in het gebruikte 

drukbereik. Bovendien ontpopt de druk zich als een effectief middel om 

fasescheiding te verminderen. Een vergelijkbare compressie van het 

eenheidscelvolume kan ook worden geïnduceerd door verandering in de 

chemische samenstelling, met name door het A+-kation te vervangen door een 

kleiner ion, bijvoorbeeld door MA+ te vervangen door Cs+. Vergelijkbaar met wat 

wordt bevonden onder hydrostatische druk, vermindert de verandering die wordt 

veroorzaakt door deze "chemische druk" de fasescheiding.  

Er is veel belangstelling uitgegaan naar gelaagde 2D perovskieten 

vanwege hun zeer modulaire structuur die kan worden aangepast door zowel 

organische als anorganische componenten te veranderen. Gezien de 

aanwezigheid van organische tussenlagen is deze klasse materialen 

gemakkelijker samendrukbaar over verschillende drukbereiken, met aantoonbaar 

mechanochroom gedrag. In Hoofdstuk 5 onderzoeken we de structuur-

eigenschap relatie in Ruddlesden-Popper en Dion-Jacobson 2D gelaagde 

perovskieten vervaardigd met vergelijkbare organische tussenlagen, namelijk 

benzylammonium (BN) en 1,4-fenyleendimethylammonium (PDMA). Door 

drukafhankelijke absorptie, röntgendiffractie met synchrotronstraling en 

dichtheidsfunctionaaltheorieberekeningen te combineren, ontdekken we dat 

Ruddlesden-Popper en Dion-Jacobson gelaagde perovskieten zich verrassend 

genoeg redelijk vergelijkbaar gedragen onder druk ondanks de verschillende 

bindingsmodus van de organische tussenlaag. Daarnaast vinden we geen direct 

verschil tussen de op Br- en I-gebaseerde samenstellingen, in tegenstelling tot de 

hogere verwachte stijfheid van het op bromide gebaseerde systeem in 

vergelijking met zijn jodide-tegenhanger. De meest significante verschuiving in 

de optische absorptie wordt waargenomen in (BN)2PbBr4 onder een druk van 0,35 

GPa. Dichtheidsfunctionaaltheorie in combinatie met drukafhankelijke 

röntgendiffractie onthullen dat (BN)2PbBr4 bij milde druk een isostructurele 
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faseovergang vertoont geassocieerd met een verandering van penetratiediepte van 

de BN-afstandhouders in het Pb-Br-rooster. De isostructurele faseovergang gaat 

gepaard met een afname van de kanteling van de octaëders, wat leidt tot een 

grotere penetratiediepte van de BN- tussenlagen in het Pb-Br-rooster, waardoor 

enige ontspanning van de kanteling van de tussenlaag mogelijk wordt. Deze 

structurele herschikking kan worden gecorreleerd met de grotere gevoeligheid 

van het systeem voor druk, wat op zijn beurt resulteert in een grotere 

roodverschuiving van het excitonische kenmerk. Deze 2D-perovskietmaterialen 

vertonen dus een rijke parameterruimte voor structurele aanpassingen en het 

begrijpen en afstemmen van de structurele eigenschappen is cruciaal om nieuwe 

functionele materialen voor gerichte toepassingen te ontwerpen. 
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