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II. Abstracts 

II.1. Abstract 
This study provides a comprehensive analysis of the luminescent properties of 

two different types of perovskites: rare–earth aluminum oxide perovskites (RAlO3, 
where R represents Gd, Tb, Lu, Y, or a mixture) doped with Eu3+ and Ce3+ ions and 
cesium lead bromide (CsPbBr3). Spectroscopic techniques were employed to 
investigate the luminescence centers and band gap properties of the materials, with a 
focus on high–pressure spectroscopic studies using a diamond anvil cell (DAC). 

One part of the study focuses on the luminescent properties of Eu3+–doped 
RAP (R = Gd, Tb, Y, Lu, or a mixture), which have applications in scintillation 
detectors. The K–value, which represents the ratio of the intensities of 5D0 → 7F2 and 
5D0 → 7F1 transitions of Eu3+, is studied as a function of pressure. The results show 
that YAP exhibits an atypical shift towards higher energy for some lines with 
increasing pressure, and the K–value of YAP is smaller compared to the other studied 
samples. In LuAP, the K–value's behavior on pressure is affected by the interaction of 
Eu3+ centers with defects, which manifest in luminescence as broadband and are 
attributed to Pb2+ dimers. The study concludes that the K–value parameter depends on 
several factors, including the lattice parameters of the perovskites, the symmetry of 
the local structure, the concentration of defects, and the strength of the interaction 
between defects and Eu3+ centers. 

Another part of the study investigates the luminescent properties of Ce3+–
doped LuAP and YAP. The direct bandgap values of YAP and LuAP are determined 
to be 7.63 eV and 7.86 eV, respectively, through absorption measurements in the 
near–UV region. The luminescence of both YAP:Ce and LuAP:Ce is studied as a 
function of temperature up to 873 K, enabling the estimation of the position of the 
lowest excited 5d level of Ce3+ relative to the bottom of the conduction band. The 
position of the 4f levels is found to be consistent with the predictions of Dorenbos 
theory and DFT calculations. However, the pressure downshift of the 5d energy 
levels of Ce3+ relative to the free Ce3+ ion, as calculated according to the Dorenbos 
theory, does not agree with experimental data. This disagreement is resolved by 
calculating the downshift relative to the bandgap energy of YAP and LuAP, which 
also allows for the correlation of the observed changes in the 5d state energies under 
pressure in LuAP with the pressure–induced changes in the average cation–anion 
distances. Additionally, alternative hypotheses are considered. The high–pressure 
Raman experiment identifies a soft mode with an energy of 455.4 cm−1 at ambient 
pressure, the energy of which decreases with increasing pressure. 

The study also investigates the photoluminescence properties of CsPbBr3, a 
promising material for use in photovoltaic devices. Low–temperature and high–
pressure photoluminescence measurements are conducted, revealing a complex 
luminescence spectrum with three main groups of lines: (i) direct (free) and indirect 
(Rashba) excitons and their phonon replicas, (ii) a broad defect band, and (iii) an 
unknown line at around 540 nm. The study shows that the sample's structure 
fluctuation affects its luminescent properties, with fluctuations responsible for the 
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increase in Rashba splitting and the quenching of defect luminescence with the 
temperature increase from cryogenic to room temperature. For the first time, low–
temperature high–pressure luminescence was measured, which allowed for the 
resolution of free and Rashba excitons under high pressure. The analysis of the 
results shows that the free and Rashba excitons are competing deexcitation paths. 
Additionally, the study revealed blue emission from the bulk CsPbBr3 under high 
pressure, which was explained by the rapid expansion of the CsPbBr3 band gap at 
high pressures. 

The work comprises ten sections, including a Preface, Abstracts, List of 
publications, Acknowledgments, Introduction, Experimental techniques, Results and 
discussion,  Conclusions, Appendixes, and References. Chapter V. Introduction 
provides a literature review, while chapter VI. Experimental techniques outlines the 
experimental techniques employed in the study. Chapter VII. Results and discussion 
presents and discusses the experimental results, and chapter VIII.  Conclusions 
summarizes the findings and outlines future research directions. 

Overall, this work contributes to our understanding of the luminescent 
properties of perovskite materials and may prove to be a valuable resource for 
researchers working in scintillation and photovoltaic research. 

II.2. Streszczenie 
Ta praca przedstawia kompleksową analizę właściwości luminescencyjnych 

dwóch różnych typów perowskitów: glinowych perowskitów z ziemiami rzadkimi 
(RAlO3, gdzie R reprezentuje Gd, Tb, Lu, Y lub ich mieszaninę) z domieszkami Eu3+ 
i Ce3+, oraz bromku ołowiowo cezowego (CsPbBr3). Do zbadania centrów 
luminescencyjnych i właściwości pasmowych materiałów wykorzystano techniki 
spektroskopowe, z naciskiem na badania spektroskopowe pod wysokim ciśnieniem 
za pomocą komórki diamentowej (DAC). 

Jedna część badań skupia się na właściwościach luminescencyjnych Eu3+ w 
RAP (R = Gd, Tb, Y, Lu lub ich mieszaninie), które mają zastosowanie w detektorach 
scyntylacyjnych. Wartość K, która reprezentuje stosunek intensywności przejść 
5D0 → 7F2 i 5D0 → 7F1 Eu3+, została zbadana w funkcji ciśnienia. Wyniki pokazują, że 
w YAP niektóre linie Eu3+ wykazują nietypowe przesunięcie ku wyższej energii przy 
wzroście ciśnienia, a wartość K jest mniejsza w porównaniu do innych materiałów. 
W LuAP zachowanie wartości K pod wpływem ciśnienia odzwierciedla wpływ 
interakcji centrów Eu3+ z defektami, które objawiają się jako szerokie pasmo i są 
przypisywane dimerom Pb2+. Stąd, parametr K zależy od kilku czynników, w tym od 
parametrów sieci perowskitów, symetrii struktury lokalnej, stężenia defektów i siły 
oddziaływania między defektami a centrami Eu3+. 

Kolejna część badań dotyczy właściwości luminescencyjnych LuAP i YAP 
domieszkowanych Ce3+. Wartości przerwy wzbronionej YAP i LuAP wynoszą 
odpowiednio 7,63 eV i 7,86 eV, co zostało ustalone na podstawie pomiarów absorpcji 
w bliskim UV. Luminescencja YAP:Ce i LuAP:Ce została zbadana w funkcji 
temperatury do 873 K, co umożliwiło oszacowanie położenia najniższego poziomu 
wzbudzonego 5d Ce3+ względem dolnej krawędzi pasma przewodnictwa. Położenia 
poziomów 4f są zgodne z teorią Dorenbosa i obliczeniami DFT. Jednakże, 
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przesunięcie w dół poziomów energetycznych 5d Ce3+ w stosunku do swobodnego 
jonu, obliczone zgodnie z teorią Dorenbosa, nie zgadza się z danymi 
eksperymentalnymi. Tę niezgodność można jednak skorygować poprzez uznanie za 
poziom odniesienia wielkość przerwy energetycznej YAP i LuAP, co pozwala 
również na skorelowanie zaobserwowanych zmian w energii stanów 5d pod 
wpływem ciśnienia w LuAP z ciśnieniowo–indukowanymi zmianami średniej 
odległości kation–anion. Dodatkowo rozważane są też alternatywne hipotezy. W 
eksperymencie wysokociśnieniowym Ramana zidentyfikowano miękki mod z energią 
455,4 cm−1 przy ciśnieniu atmosferycznym, którego energia maleje wraz ze wzrostem 
ciśnienia. 

Badania dotyczą również właściwości fotoluminescencyjnych CsPbBr3 jako 
obiecującego materiału do zastosowań w urządzeniach fotowoltaicznych. Wykonano 
pomiar fotoluminescencji w niskiej temperaturze i wysokim ciśnieniu, ujawniając 
złożone widmo luminescencji z trzema głównymi grupami linii, pochodzącymi od: (i) 
prostych (swobodnych) i skośnych ekscytonów (ekscytonów Rashby) i ich replik 
fononowych, (ii) szerokiego pasma defektów, i (iii) nieznanej linii w okolicy 540 nm. 
Badanie pokazuje, że fluktuacje struktury sieci krystalicznej próbki wpływają na jej 
właściwości luminescencyjne, przy czym fluktuacje są odpowiedzialne za wzrost 
rozszczepienia Rashby oraz za wygaszanie luminescencji defektowej wraz ze 
wzrostem temperatury od kriogenicznej do pokojowej. Po raz pierwszy wykonano 
pomiary fotoluminescencji przy niskiej temperaturze i wysokim ciśnieniu, co 
pozwoliło na odseparowanie swobodnych ekscytonów i ekscytonów Rashby w 
wysokim ciśnieniu. Analiza wyników pokazuje, że ekscytony swobodne i ekscytony 
Rashby to konkurencyjne ścieżki deekscytacji. Ponadto, badania ujawniły niebieską 
emisję z objętości CsPbBr3 w wysokim ciśnieniu, co zostało wyjaśnione przez 
szybkie rozszerzanie się przerwy wzbronionej CsPbBr3. 

Praca składa się z dziesięciu sekcji, w tym Wprowadzenia (Preface), 
Streszczeń (Abstracts), Listy publikacji ( 

List of publications), Podziękowań (Acknowledgments), Wstępu 
(Introduction), Opisu Technik Doświadczalnych (Experimental techniques), 
Wyników i dyskusji (Results and discussion), Wniosków ( Conclusions), Dodatków 
(Appendixes), i Odnośników (References). Rozdział V (Introduction) zawiera 
przegląd literatury, podczas gdy rozdział VI (Experimental techniques) przedstawia 
zastosowane techniki eksperymentalne. Rozdział VII (Results and discussion) 
prezentuje i omawia wyniki eksperymentów, a rozdział VIII ( Conclusions) 
podsumowuje wyniki i przedstawia kierunki dalszych badań. 

Autor wyraża przekonanie, że praca ta przyczyni się do naszego zrozumienia 
właściwości luminescencyjnych materiałów perowskitowych i może okazać się 
istotnym źródłem informacji dla badaczy zajmujących się badaniami materiałów 
scyntylacyjnych i fotowoltaicznych. 
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V. Introduction 
This work focuses on the study of two types of perovskites using spectroscopic 

methodologies. Perovskites are a class of materials with a unique crystal structure and 
have gained significant attention in recent years due to their potential applications in 
fields such as solar cells, LEDs, lasers, and scintillation. 

The first type of perovskite studied in this work is a class of oxide perovskites 
(RAlO3, R represents Gd, Tb, Lu, Y, or a mixture) with potential applications as 
scintillators. The efficiency of the scintillator depends on various factors such as the 
symmetry of the luminescent centers and the location of the dopant levels in the band 
gap. To study these properties, the samples doped with Eu3+ and Ce3+ ions, which are 
effective dopants for scintillation applications, are studied. 

The second perovskite of interest in this study is cesium lead bromide 
(CsPbBr3), which has shown great promise as a material for photovoltaic 
applications. Despite the popularity of this material in the scientific community, there 
are still some open questions regarding its photoluminescence properties. In this 
work, we use low–temperature and high–pressure photoluminescence methods to 
investigate the origin of the luminescence in CsPbBr3. 

V.1. Perovskite structure 
The formula for a perovskite can be represented as ABX3. In this formula, A 

and B are cations that are typically metals with different ionic sizes. The X–site can 
be occupied by haloid or, if occupied by oxygen, the perovskite becomes a complex 
oxide. Typically, the cations occupy dodecahedral (A–site) and octahedral (B–site) 
sites, surrounded by either haloid or oxygen ions [1]. 

The term "perovskite structure" is derived from the mineral CaTiO3 and can 
take on different forms such as cubic (Pm3തm), orthorhombic (Amm2), tetragonal 
(P4mm), rhombohedral (R3m), or even monoclinic (C2/m). The sizes of the A and B 
cations must be relatively large and have a specific ratio, which is represented in the 
Goldschmidt factor (as shown in equations (1) and (2)). If these criteria are met, the 
perovskite will have a cubic structure. However, if the ratio of the radii of the A and 
B cations deviates from the required proportion, the lattice will deform, leading to a 
phase with lower symmetry instead of the cubic structure. This is often caused by 
rotations of the [BX6] octahedra. These rotations can also reduce the coordination 
number of the A cation from 12 to 8. An example of a perovskite is barium titanate, 
which is known to display all possible symmetries of the perovskite structure, 
depending on the temperature [2]. 

The stability of perovskite structures can be evaluated using the Goldschmidt 
factor, which is represented by the formula: 

t =
𝑟 + 𝑟

√2(𝑟 + 𝑟)
 (1) 

Here rA, rB, and rX are ionic radii of A, B, and X ions. The Goldschmidt factor, t, 
calculated from equation (1), predicts the symmetry of a perovskite compound. A 
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value of t > 1 results in a hexagonal or tetragonal structure, 0.9 < t < 1 predicts a 
cubic structure, 0.71 < t < 0.9 indicates an orthorhombic/orthohedral structure, and 
t < 0.71 predicts a different structure [3]. The factor was first described by V. M. 
Goldschmidt in 1926 [4] and is used to evaluate perovskite stability, as well as 
ilmenite structure [3]. 

The Goldschmidt factor has been improved in the work [5] with a new 
modification, resulting in a more accurate calculation of 92% compared to the 
unmodified version's accuracy of 74%. This new modification is given by the 
equation: 

τ =
𝑟

𝑟
− 𝑛 ൬𝑛 −

𝑟/𝑟

𝑙𝑛(𝑟/𝑟)
൰ (2) 

Here rA, rB, and rC are ionic radii of A, B, and X ions, nA is the oxidation state of the 
A ion. Equation (2) defines perovskites as having rA > rB and τ < 4.18 [5]. The 
definition has been further refined by Toyoto Sato and others, who expanded its 
application to any ionic compounds [6] and demonstrated its significance in the 
formation of double perovskites [7]. 

Perovskites can be grouped into four categories based on the ionic charge of A 
and B ions: 

 AାBଶାXଷି, or 1:2 perovskites; 
 AଶାBସା𝑋ଷ

ଶି, or 2:4 perovskites (CsPbBr3 – studied in this work); 
 AଷାBଷାXଷ

ଶି, or 3:3 perovskites (Y/Gd/LuAlO3 – studied in this work); 
 AାBହାXଷ

ଶି, or 1:5 perovskites. 
In addition to regular perovskites, there are also layered, double, and even 

triple and quadruple perovskites. Layered perovskites are made up of 2D layers of a 
general formula ABX3. These layers are separated by intermediate layers that differ 
from the main layer structure [1]. 

Double perovskites have an additional ion, C, in their structure. This makes the 
unit cell two times larger than that of regular perovskites. Double perovskites have 
the same architecture as regular perovskites, with 12 coordinate A sites and 6 
coordinate B and C sites. Two cations are ordered on the B and C sites in a 3D 
chessboard structure [1]. 

Summarising: The perovskite structure can be represented as ABX3. The term 
"perovskite structure" is derived from the mineral CaTiO3 and can take on different 
forms such as cubic, orthorhombic, tetragonal, rhombohedral, or monoclinic. The 
stability of the perovskite structure can be evaluated using the Goldschmidt factor, 
which predicts the symmetry of a perovskite compound. The Goldschmidt factor has 
been modified for improved accuracy. Perovskites can be grouped into four 
categories based on the ionic charge of A and B ions, including 1:2 perovskites, 2:4 
perovskites, 3:3 perovskites, and 1:5 perovskites. In addition to regular perovskites, 
there are also layered, double, triple, and quadruple perovskites. Layered perovskites 
are made up of 2D layers separated by intermediate layers. Double perovskites have 
an additional ion in their structure and have a 3D chessboard structure. 
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V.2. Yttrium aluminum oxide perovskites 
Yttrium aluminum oxide can form three distinct structures, which are 

perovskite, garnet, and monoclinic, and they all remain stable under ambient 
conditions. There is another hexagonal crystallographic structure that can be formed 
by the binary system of Y2O3 and Al2O3, but this structure is extremely rare and 
unstable [8]. When doped with a transition metal or rare–earth ions, Yttrium 
aluminum perovskite (YAP) exhibits excellent properties for various optical 
applications. The specific application depends on the type of dopant ion used. YAP 
can be synthesized in the form of nano–powder, micro–powder, thin film, or single 
crystal, and the properties of YAP can also be altered by partially or fully substituting 
the Y ion with rare–earth ions. 

V.2.1. Single crystal films of rare–earth aluminum oxide 
perovskites 

The RAlO3 (RAP, where R represents Gd, Tb, Lu, Y, or a mixture) compounds 
are considered promising materials for applications such as scintillation screens in 
high energy ray micro–imaging [9], dosimetry [10], and others. These materials can 
be obtained in different forms such as crystals, powder, or single crystal films (SCF) 
on specific substrates using various synthesis methods. Among these forms, the 
epitaxial SCF is believed to be the most suitable for micro–imaging applications. 
 

 

Fig. 1. Liquid phase epitaxy scheme (following Fig. 31.6 from [11]) 
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The thickness of the film is a crucial factor as it impacts the device's performance. To 
enhance the resolution of the device, the film needs to be as thin as possible, but as 
the thickness decreases, X–ray absorption also decreases, which reduces the total 
sensitivity of the device. Thus, an optimal thickness must be determined to balance 
high resolution and high sensitivity. To achieve this, a thin film with high absorption 
and effective energy transformation properties must be used. Increasing the X–ray 
absorption can be achieved by incorporating heavier rare–earth ions, which increases 
the effective density of the layer. After absorbing the X–rays, the energy must be 
efficiently converted into luminescence with minimal loss. Therefore, a material with 
a high light yield (LY) is preferred. Defects in SCFs can influence the LY and either 
deteriorate or improve it. The impact of defects on RAP properties is therefore 
studied experimentally [12] and theoretically [13]. 

One of the quickest methods of creating single crystal films (SCFs) is through 
liquid phase epitaxy (LPE), which is depicted in Fig. 1. During the process, a 
substrate is placed in a melt and the deposited material is dissolved in the melt, which 
is kept close to the equilibrium between dissolution and decomposition. The LPE 
method results in fast and uniform deposition and is much faster compared to 
molecular–beam epitaxy. It is crucial to choose the appropriate substrate for the 
synthesis process. To avoid internal tensions, the thermal expansion coefficients of 
the substrate and precipitated crystals should be similar or equal. Both amorphous 
and crystalline materials can be used as a substrate. If crystalline materials are used, 
their lattice parameters should be close or equal to that of the deposited crystal. In 
this study, YAP (yttrium aluminum perovskite) was used as a substrate due to its 
wide availability and suitable thermal coefficient and lattice parameters. 

V.2.2. Aluminum perovskites doped with Eu3+ 

The degree of lattice distortion in a material can be monitored by introducing 
certain dopants. Trivalent europium is a well–known optical sensor of local 
symmetry. The ratio of the intensities of 5D0 → 7F2 and 5D0 → 7F1 transitions of Eu3+ 
is often used to quantify this distortion and is referred to as the K–value [14] 
(although different names for this value are used in different works, this is the most 
common one). When yttrium in YAP is partially substituted by a different rare–earth 
ion, the lattice constant of the new material can be changed due to the appearance of 
so–called "chemical pressure". If the ionic radii of the rare–earth ion used to 
substitute for yttrium are larger, the resulting pressure is positive. The presence of 
this pressure results in a change in the local symmetry of the rare–earth ions. In [9], it 
was demonstrated that the local symmetry in perovskites can be influenced by the 
ionic radii of the rare–earth ions. This presents an opportunity to exert control over 
the local symmetry, and thus the luminescent properties, of the material by 
substituting yttrium with a rare–earth dopant with a specific ionic radius. In solid 
solutions like R1

xR2
1–xAlO3, where R1 and R2 are two different rare–earth ions, the 

lattice constant can also be controlled. However, some statistical disorder appears in 
such materials and needs to be considered, as it can result in the creation of different 
luminescent centers, luminescence broadening, etc. 
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Another method of changing the lattice constant is applying hydrostatic 
pressure using a diamond anvil cell (DAC). In this case, real physical pressure can be 
changed gradually to adjust the lattice parameters as needed. After achieving the 
desired properties of the material, real physical hydrostatic pressure can be replaced 
by its analogous "chemical pressure". Therefore, by performing high–pressure 
measurements, time can be saved in synthesizing multiple samples, like 
R1

xR2
1–xAlO3, with different values of x. 
Rare–earth and transition metals are commonly used as luminescent dopants in 

a wide variety of materials, including hundreds of different compounds [9, 13, 14, 
15]. In this work, Eu3+ is used as a dopant and symmetry sensor. High–pressure 
spectroscopy is utilized to investigate the effects of changes in lattice parameters on 
the local symmetry of the rare–earth in RAlO3. 

 

Fig. 2. Perovskite structure of YAlO3 (following [16]) 

A study of the crystallographic structure of YAP as a function of high pressure 
is presented in [16]. The structure of YAP is depicted in Fig. 2, following [16]. The 
authors of [16] report that both rotation and tilting angles increase as the applied 
pressure increases (see Fig. 2), and afterward, a phase transition occurs at around 
80 GPa. GdAP, TbAP, Gd0.6Lu0.4AP, and LuAP have similar structures at ambient 
pressure. Since Eu3+ is rare–earth, it likely occupies the position of another rare–earth 
ion (R) in RAP. Therefore, it is assumed that Eu3+ possesses D1 point group 
symmetry, which lacks an inversion center. 
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It is well established that Eu3+ luminescent transition 5D0 → 7F1 is allowed by 
the magnetic–dipole mechanism, while transition 5D0 → 7F2 is allowed by the forced 
(or induced) electric–dipole mechanism [14]. The relative intensity of these 
transitions is used to measure local symmetry by Eu3+. Magnetic–dipole transition is 
present in any local symmetry and serves as a benchmark. In contrast, electric–dipole 
transition is forbidden for free ions or ions in a site with symmetry inversion. 
However, if there is some deviation from the centrosymmetric positioning of Eu3+, 
the electric dipole is induced, and 5D0 → 7F2 transition becomes allowed. The 
intensity of the 5D0 → 7F2 transition increases with the formation of a stronger crystal 
electrical field, which occurs when the deviation from the centrosymmetric position 
is larger. Therefore, the ratio of 5D0 → 7F2 to 5D0 → 7F1 transitions, commonly 
referred to as the K–value, can be used to measure the deviation of local symmetry 
from the site with inversion [13]. 

The K–values for the materials studied in this work were previously 
established at ambient pressure in [9], where the authors also investigated the 
dependence of K–values on the Lu content in Gd–Lu mixed aluminum perovskite. 
Their results suggest that K–values are higher for pure LuAP and GdAP, with a 
minimum value expected for one of the mixed perovskites. Specifically, for 
LuxGd1–xAP, the K–value decreases, reaches a minimum, and then starts increasing 
again as x decreases from 1 to 0. Additionally, since Gd has a smaller ionic radius 
than Lu, the lattice parameters of the material decrease as the ionic radius decreases. 
Therefore, conducting high–pressure (HP) measurements provides an opportunity to 
replace the "chemical pressure" resulting from the partial replacement of Gd with Lu 
with actual hydrostatic pressure. It is likely that a point with a minimum K–value will 
be found during these HP measurements. A few perovskite SCFs were selected and 
studied. The results are published in [17], as well as presented and discussed in this 
thesis. Intuitively, the dependence of the K–value on the pressure should correlate 
with the dependence of the K–value on ionic radii. 

V.2.3. Yttrium and lutetium aluminum oxide 
perovskites doped with Ce3+ 

Yttrium and lutetium aluminum oxide perovskites, YAlO3 (YAP) and LuAlO3 
(LuAP), respectively, have been extensively studied as optical materials. Scintillators 
based on these materials are a prominent application of LuAP, especially cerium–
doped LuAP [18], which has a high light yield, high crystal density, and short decay 
time. Materials with high crystal density are the most suitable for scintillator 
applications, due to efficient –ray absorption. Despite having the same crystal 
structure and similar properties, LuAP seems to be more promising than YAP for 
scintillator applications because it is havier, and therefore should absorb –ray more 
effectively. Both materials are also being explored for solid–state laser applications 
and for a better understanding of their fundamental properties [19, 20]. 

LuAP is less studied than YAP due to difficulties in the growth process related 
to non–congruent melting at higher temperatures than YAP. The location of Ce3+ 
states in the band gap of the host is crucial to understanding the mechanisms of 
LuAP:Ce3+ luminescence. Theoretical investigations of Ce3+ levels in the YAP band 
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gap have been performed [19], but these results have not yet been confirmed 
experimentally. 

Various growth methods, such as Czochralski, sol–gel, solid–state reaction, 
liquid phase epitaxy (LPE), and others, can be used to produce both YAP and LuAP. 
Materials grown by LPE contain fewer defects [21, 22], and in the case of LuAP, 
LPE is easier to apply than Czochralski because it requires much lower temperatures 
[23, 24, 25] due to growth from flux. With LPE, single–crystalline films of high 
structural quality can be grown for use in X–ray micro–imaging applications [25, 26]. 

Despite their extensive studies and applications, some basic properties of YAP 
and LuAP remain unknown, such as their accurate band gaps. Doping with Ce3+ in 
these materials is also not well characterized, with Dorenbos’ estimations sometimes 
differing from experimental observations by a few tenth parts of eV [27]. High–
pressure studies of these materials have also not been conducted, despite their 
potential impact on their optical properties. Thus, this work aims to fill these gaps 
and provide general observations about the influence of high pressures on the 
energetic structure of Ce3+ in various materials. 

V.3. Cesium lead perovskites 
All–inorganic metal halide perovskites with the general formula CsPbX3 

(X = Cl, Br, I) were first studied about 60 years ago [28]. However, these materials 
have recently garnered significant interest (see Fig. 3) due to their unique and 
promising properties, making them attractive for a wide range of optoelectronic 
applications including photovoltaics, LEDs, photodetectors, laser media, solar cells, 
and scintillators. One important feature of inorganic perovskites is their higher 
stability [29] compared to their organic–containing (hybrid) analogs. Through 
bandgap engineering, perovskites can cover the entire visible spectrum, making them 
excellent candidates for multi–junction solar cells, LEDs, and laser applications [30]. 
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Fig. 3. Scopus search results of articles, searched by “TITLE–ABS–KEY ( compound )”, where 
compound = “CsPbBr3”, “CsPbX3”, “APbX3”, “CsPbCl3”, “MAPbX3”, and “FAPbX3”, in the 

period from 2013 up to 2022. Statistic was created in April 2023 

Despite the recent surge in perovskite research, some questions remain 
unanswered. The role of different types of defects in perovskites and their impact on 
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material properties are not well studied and understood. The origin of luminescence is 
as well a reason for many debates in scientific society. The luminescence of CsPbBr3 
is dependent not only on the size of the crystal (especially in the case of nano–sized 
particles due to the quantum confinement effect) but also on the quality of the 
samples [31], density of the excitation power [32, 33], and other parameters. This 
complexity adds to the challenge of interpreting and identifying the luminescence 
lines. 

To properly implement perovskite materials into various applications, a 
comprehensive understanding of their properties and mechanisms of formation is 
necessary. Although hybrid perovskites (ACsX3, where A = MA (CH3NH3 – 
methylammonium), FA (HC(NH2)2 – formamidinium), X = Cl, Br, I) are known for 
their superior properties, fully inorganic perovskites have garnered attention for their 
higher stability at ambient conditions. This has led to high–pressure spectroscopic 
studies being conducted on these materials. This work aims to lead to conclusions 
about the origin of the many–line luminescence of CsPbBr3 at low temperatures by 
studying the behavior of the luminescence at high pressure. 

The field of solar cell applications is one of the most rapidly evolving and 
promising areas of research today. According to a diagram created by The National 
Renewable Energy Laboratory (NREL) in the USA (see Fig. 4), multi–junction solar 
cells are the most efficient. In a study published in [34], the authors estimated that a 
triple–junction solar cell device could achieve a PCE of 26.7%. Although the 
investigation was focused on organic–mixed perovskites, it serves as a good example 
of the potential implementation of perovskites in the most effective solar cell 
technologies currently available. The diagram in Fig. 4 also shows the efficiency of 
perovskite solar cell development over the past few years, which is represented by 
orange circles filled with yellow. 

 

Fig. 4. Efficiencies of the solar cells, taken from [35] in April 2023. 

Another promising application for perovskites is in the field of light–emitting 
diodes (LEDs). The implementation of CsPbBr3 in green LEDs has already been 
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demonstrated in several studies [36, 37]. However, one challenge in improving the 
quantum efficiency of LEDs is the strong luminescence quenching that can occur at 
the PEDOT:PSS/CsPbBr3 interface [38]. To address this issue, some researchers have 
introduced an additional layer of PEDOT:PSS, which has been found to enhance the 
light extraction efficiency by improving carrier mobility, energy level alignment, and 
reducing photon loss [38]. 

Even though CsPbBr3 is more stable than organo–mixed perovskites, it is still 
prone to interacting with water and undergoing phase changes as a result. Proper 
storage is necessary to avoid the influence of moisture. Even exposure to humidity in 
the air can cause phase transition or defect passivation, resulting in changes in 
luminescence [39, 40]. In a study by Szemjonov et al. [40], the influence of oxygen 
on the electronic properties of triple–cation perovskites 
(FA0.79MA0.15Cs0.06Pb(Br0.15I0.85)3) was investigated. The authors performed 
theoretical and experimental investigations of I–vacancies and I–vacancies occupied 
by O2 molecules in the material. It was shown that the 
I–vacancy creates an additional level in the band gap close to the conduction band 
minimum, while an energetic level close to the valence band maximum is typical for 
the I–vacancy occupied by oxygen molecules. The authors also found that 
luminescence intensity is higher when oxygen is present in the lattice. The 
appearance of additional levels in the band gap suggests the possibility of band gap 
reduction. 

In collaboration with the group from Lviv National University of I. Franko, 
single crystals of CsPbBr3 were obtained. This scientific group conducted their first 
study of CsPbBr3 and CsPbCl3 Raman spectroscopy in 1981 [41]. In a subsequent 
study by Voloshynovskii et al. [42], the luminescence of CsPbBr3 at 14 K was 
investigated, revealing at least three relatively sharp peaks and one relatively broad 
peak. The sharp peaks were assigned to the free exciton's transitions and the phonon 
replica of the free exciton line, while the broad peaks were attributed to excitons 
localized on defects (details about defect luminescence – will be discussed in chapter 
V.3.6.2, page 32). The last sharp line was identified as the Rashba exciton (details 
about the Rashba effect and Rashba exciton – in chapters V.3.5, page 29, and V.3.6.1, 
page 32). 

V.3.1. Structure of CsPbBr3 

V.3.1.1. As a function of temperature 

The phase transitions of CsPbBr3 with temperature have been well–studied, 
and it is known to undergo a transition from orthorhombic (62, Pnma or another 
notation Pbnm) to tetragonal (99, P4/mbm) and then to cubic (221, Pm3തm) as the 
temperature is increased [43, 44]. This transition is believed to be caused by the 
condensation of the zone–boundary phonons associated with the rotations of the 
[PbCl6] octahedra around the principal axis, leading to a decrease in the space group 
[45]. Similarly, the phase transitions of CsPbBr3 at 88 and 130°C can be explained by 
the same mechanism. The condensation of the zone–boundary modes in CsPbCl3 was 
first mentioned in literature in [46]. 
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Fig. 5. Crystallographic structure of CsPbBr3 at ambient conditions, where it has orthorhombic 
Pnma (Pbnm) structure (c), tetragonal P4/mnb (b), and cubic 𝑃𝑚3ത𝑚 (a) perovskite structures 

(present after phase transitions at 88 and 130°C correspondingly). 

Different forms of CsPbBr3, such as single crystals and quantum dots, may 
exhibit phase transitions at different temperatures. For instance, a study on CsPbBr3 
quantum dots [47] observed temperature ranges for the first and second phase 
transitions between 108–117°C and 50–59°C, respectively. The underlying cause for 
this difference in temperature transitions is not well understood, but it highlights how 
samples of varying forms can have different properties. Another potential explanation 
for this phenomenon is the stabilization of the crystal structure by defects, a 
phenomenon that has been suggested to occur in LuAP (as discussed in chapter 
VII.2.5.1, page 64). 

The first phase transition, from the cubic to tetragonal phase, is a first–order 
transition, while the second transition, from the tetragonal to orthorhombic phase, is a 
second–order transition [48, 49]. The structure parameters changing during these 
transitions also contribute to the differences between the two phase transitions. In the 
cubic phase (see Fig. 5a), [PbBr6] octahedra are positioned symmetrically and have 
maximum symmetry. 

 
 SC [43, 44] QDs [47] 

Cubic phase (221, Pm3തm) >130°C >117°C 
Phase transition (Ist order [48, 49]) ~130°C 108°C – 117°C 
Tetragonal phase (99, P4/mbm) 88°C – 130°C 59°C – 108°C 
Phase transition (IInd order [48, 49]) ~88°C 50°C – 59°C 
Orthorhombic phase (62, Pnma/Pbnm) <88°C <50°C 

Table 1. Phase transitions of CsPbBr3 on temperature with types of transitions for different forms of 
the sample 

During the first phase transition, which occurs due to the condensation of the 
zone–boundary phonons, the [PbBr6] octahedra rotate along one of the principal axes 
(see Fig. 5b) [45]. This rotation results in a change in the rotation angle from 180° to 
a smaller value. The rotation angle is defined identically to the rotation angle in YAP 
(see Fig. 2). During the Ist phase transition, phonons corresponding to the vibrations 
associated with the rotation of the [PbBr6] octahedra are condensed. In the newly 
formed phase, different axes are used as the principal axes, which causes the position 
of the principal axes to differ from that in Fig. 5b. 
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During the second phase transition, the rotation of the [PbBr6] octahedra 
increases, and additional tilting and deformation of the octahedra occur (see Fig. 5c). 
The tilting of the octahedra is related to a change in the tilt angle from 180° to a 
smaller value. The tilt angle is defined identically to the tilt angle in YAP (see Fig. 2). 
This transition is associated with the condensation of other types of phonons. In [46], 
the authors identified the types of the zone–boundary modes as R25 and M3, which 
condense along the directions {111} and {110}, respectively, leading to the first and 
second phase transitions. 

V.3.1.2. Structure of CsPbBr3 as a function of pressure 

Perovskite materials are known to exhibit a variety of phase transitions under 
pressure. In a study [50], XRD measurements were conducted as a function of 
pressure for nano–sized CsPbBr3. The results showed that the material had an 
orthorhombic structure with Pnma symmetry at ambient pressure (see Fig. 5c). As the 
pressure was increased in the range from 1.2 to 1.7 GPa, the sample underwent a 
phase transition to a high–pressure phase, which persisted up to the highest (in work 
[50]) pressure of 15 GPa. 

However, a different behavior was observed for CsPbBr3 single crystals under 
high pressure in a study [51]. The authors measured the high–pressure dependence of 
Raman and XRD spectra and identified an orthogonal phase with space group Pbnm, 
which is a different notation of the Pnma symmetry reported in [50, 43]. This phase, 
named phase I, persisted up to 1.4 GPa, after which an isostructural phase transition 
occurred to phase II, which existed up to 2.1 GPa. Finally, the sample began to 
amorphize near 2.9 GPa, and the main Raman peak trace in the vicinity of 72 cm−1 
became almost untraceable at 10.8 GPa, leading the authors to conclude that the 
sample had become fully amorphous. 

However, in a different study referenced as [52], the authors reported that 
CsPbBr3 does not undergo amorphization under pressure but instead undergoes a 
structural phase transition to different types of orthorhombic Pnma structure, which 
they named Pnma_2. The previous observations of amorphization were explained by 
the agglomeration of the grain boundaries in powder samples, such as nanoparticles 
and nanoplates. These discrepancies highlight the need for further detailed 
investigations of the phase transitions of CsPbBr3 under pressure. 

V.3.2. The band gap of the perovskites 

The properties of materials depend strongly on the band structure of the 
material. It is important to know the density of states as a function of energy, which 
states form the conduction band minimum (CBM) and valence band maximum 
(VBM). Knowing the band structure helps to understand material properties. A 
combined experimental–theoretical study of metal halide perovskites is presented in 
[53]. As many works have shown (e.g. [53, 51]), the CBM and VBM are mainly 
formed by the p and s electrons of Pb and Br. Therefore, the band gap energy is 
mostly dependent on the PbBr sublattice and is almost independent of the Cs 
sublattice. CsPbBr3 has a direct band gap, as reported in many works [44, 50, 43, 54]. 
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Measuring absorption spectra is one of the most broadly used ways to 
experimentally determine the band gap of a material. The edge of the fundamental 
absorption in absorption spectra differs depending on the type of band–to–band 
transition: whether it is direct or indirect, allowed or forbidden. Details can be found 
in many articles, books, and other literature. For example, in [55], specific relations 
are derived (equations taken from the same [55]): 

 For a direct band gap: absorption is proportional to the square root of the 
energy of absorbed light: 

𝛼(ℎ𝜈) = A ∗ ൫ℎ𝜈 − 𝐸൯
ଵ
ଶ (3) 

 For an indirect band gap: absorption is proportional to the square of the 
energy of absorbed light: 

𝛼(ℎ𝜈)~൫ℎ𝜈 − 𝐸൯
ଶ

 (4) 

These relations are very widely used. Additionally, modifications of these 
relations, such as Tauc's plots, are sometimes used [56]. Zanatta proposes a new 
approach to fitting absorption spectra in his work [57]. He fits absorption spectra with 
equations (3) and (4) for direct and indirect band gaps, as well as with the Boltzmann 
function. The fitting has been performed for both crystalline and powder samples of 
Ge, Si, and GaAs absorption spectra. The use of the Boltzmann function is somewhat 
questionable since there is no physical justification for its use. The main reason it is 
used is that the results obtained from the Boltzmann function are identical to those 
obtained using Tauc's plot methods. Furthermore, it is sometimes easier to use the 
Boltzmann function than the Tauc's plot approach because the absorption spectra and 
the Boltzmann function have a similar shape. 

Therefore, Zanatta proposes fitting absorption spectra with the Boltzmann 
function given by the following equation: 

𝛼(𝐸) = 𝛼௫ +
𝛼 − 𝛼௫

1 + 𝑒
ாିாబ

∆ா

 (5) 

Here αmax and αmin are the maximum and minimum values of the absorption 
coefficient in the vicinity of the band gap, respectively. E0 is the energy at which the 
absorption coefficient is halfway between its minimum and maximum values. ΔE is 
related to the slope of the sigmoid curve. This approach is completely empirical. 
Zanatta gives an intuitive interpretation of the parameters from equation (5). For 
example, E0 is the point on the Boltzmann function where dα/dE has the highest 
value, so it can be interpreted as the band gap at 0 K if the density of states in the 
valence and conduction bands were a step function. Due to the smoothness of the 
density of states, temperature influence, and other mechanisms (such as blurring 
related to the Urbach states), absorption is smoothed around E0. The parameter ΔE is 
related to the width of the transition region, where the absorption coefficient changes 
from its minimum to its maximum value (although the maximum value is dependent 
on the experimental parameters of the measuring system, and is not dependent on the 
sample properties). 
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V.3.2.1. Influence of electron–phonon interaction on the 
band gap width 

The band gap of most materials is expected to decrease with the temperature 
increase due to the electron–phonon interaction. The decrease can be analyzed using 
equations such as the Varshni equation [58] or the equation proposed by L. Vina et al. 
[59]. 

The Varshni equation (6) is based on theoretical arguments, which suggest that 
the band gap should decrease proportionally to T2 at temperatures much lower than 
the Debye temperature (TD) and proportionally to T at temperatures much higher than 
TD [58]: 

𝐸(𝑇) = 𝐸 −
𝛼𝑇ଶ

𝑇 + 𝛽
 (6) 

Vina et al. proposed another approach that adds a term to the fundamental 
absorption at zero temperature (see Eq. (7)). This term corresponds to band gap 
shrinking, proportional to Bose–Einstein statistical factors for phonon emission [59]: 

𝐸(𝑇) = 𝐸 −
2𝑎

𝑒
ఔ

ಳ் − 1

 (7) 

Although the approaches and mathematical expressions are different, the 
geometrical shape of both curves is very similar. 

V.3.2.2. Linear expansion of the band gap 

The temperature dependence of the band gap in the lead–like perovskites, 
which are perovskites containing lead or other heavy ions with p–electrons on the 
outer shell (such as Sn), is not typical. In many lead–like perovskite materials, it has 
been shown that the band gap linearly increases with temperature. In some cases, 
such as CsPbBr3, the linear increase in the band gap continues in specific temperature 
regions, while in other cases, such as CsSnI3, it was observed for all studied 
temperature ranges. These results have been reported in experimental, theoretical, and 
mixed works. For example, in [60], authors have shown linear band gap expansion 
for CsSnI3, in [61], band gap expansion is predicted theoretically for different phases 
of MAPbI3, and in [62], band gap expansion is confirmed for MA/FA/CsPbBr3. 

Explanations for this behavior can be found in many works, for example [60, 
61, 62, 63, 64]. As mentioned earlier in chapter V.3.2, page 20, and in studies [53, 
51], the VBM and CBM are mainly formed by s and p electrons of Br and Pb, 
respectively. The band gap energy depends on the overlap of the wave functions of 
Pb and Br electrons, where a higher overlap leads to a decrease in the band gap. This 
is caused by the antibonding interaction between Pb and Br. The overlap is affected 
by the structural parameters such as the interionic distance and the angle between 
bonds. This relationship is schematically shown in Fig. 6, where it is demonstrated 
that the smaller the interionic distance and the closer the Pb–Br–Pb angle is to 180°, 
the higher the overlap of the wave functions is, and the bigger the band gap is, due to 
the antibonding interaction between Br and Pb. 



23 

Additionally, from Fig. 5 and Fig. 6, it is clear that the tilting and rotation 
angles of [PbBr6] octahedra strongly correlate with the Pb–Br–Pb angle (the 
definition of the tilting and rotation angles is identical to the tilt and rotation angles in 
YAP, see Fig. 2). Therefore, two main conclusions can be drawn: 

 The band gap increases as the distance between the lead–like ion and its 
neighbors increase (until the ions are too far apart for the wave functions 
to overlap). 

 The band gap decreases as the rotation and tilting angles of [PbBr6] 
octahedra increase. 

 

Fig. 6. Demonstrates overlap of the wavefunctions of Pb (bluish spheres) and Br (brownish 
spheres) electrons, depending on interionic (Pb–Br) distances and Pb–Br–Pb angles (this figure is 

drawn following Fig. 2 from [63]) 

In other words, these are the two main structural changes that lead to changes 
in the band gap. When a phase transition occurs, the interplay between these two 
factors will cause the band gap to change. Depending on the direction of the 
parameter change and which change is more significant, the band gap will either 
increase or decrease. 

V.3.2.3. Discussion 

The band gap of CsPbBr3 is known to be direct and shows a non–typical 
dependence on temperature. When studying the band gap dependence on 
temperature, regular electron–phonon interaction, and a linear expansion that is 
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typical for perovskites (but non–typical in general) should be taken into account. This 
is done for CsPbBr3 in [65], from which the equation is adopted: 

𝐸(𝑇) = 𝐸 + 𝐵𝑇 −
ଶ



ഌ
ೖಳ ିଵ

 – often used in this form 

𝐸(𝑇) = (𝐸 + 𝑎) + 𝐵𝑇 −
ଶ



ഌ
ೖಳ ିଵ

 – exact equation as in [65] 
(8) 

Here, E0 is the band gap energy at zero temperature (unrenormalized band gap); the 
second term corresponds to the thermal expansion of the band gap with a rate of B; 
and the third term includes electron–phonon interaction. In the last term, a is the 
weight of the electron–phonon interaction, hνph is the phonon energy, and kB is the 
Boltzmann constant. In [65], equation (8) has one additional term, a, which is added 
to E0, and this term takes into account the presence of the phonons at zero 
temperature. 

V.3.3. Structure fluctuation of CsPbBr3 

Studies of the local structure of selected organic–inorganic perovskites have 
shown that the CsPbBr3 lattice can be deconvoluted into three sublattices [66, 67]. 
The sublattice formed by Pb ions is the most stable in CsPbBr3, while Bromine ions 
fluctuate around their equilibrium positions much more than Pb ions. Cs ions can be 
described as free ions, and their motion is confined by the Br12 dodecahedra [66, 67]. 
The schematic representation of the structure fluctuation for CsPbBr3 is shown in 
Fig. 7. For organic–inorganic perovskites with MA (MA = CH3NH3 – 
methylammonium) or FA (FA = HC(NH2)2 – formamidinium), the free rotation of the 
organic molecules was confirmed experimentally back in 1985 by NMR 
measurement on MAPbX3 crystals [68]. However, in the case of Cs ions, its rotation 
is irrelevant due to the Cs ion has a spherically symmetrical shape. Despite this, the 
strong fluctuation of the Cs ions causes significant local structure fluctuation even in 
CsPbBr3. 

In [54], the authors investigate CsPbBr3 using first–principles molecular 
dynamic simulations and show the distribution of a few lattice parameters in the 
temperature range of 50 K to 300 K. As the temperature increases, the Pb–Br–Pb 
angle distribution broadens and becomes asymmetric, which supports the suggestion 
of increased fluctuation. At 300 K, the percentage of the Pb–Br–Pb angle equal to 
180° is already significant. The authors of [54] estimated that the domains with 
tetragonal phase fraction increased from 0.1 to 0.34 as the temperature increased 
from 50 K to 300 K, suggesting the coexistence of different fluctuating phases or 
domain structure with the stable phases in separate domains. These conclusions 
confirm the important role of dynamic structure fluctuation, as reported in many 
works (e.g., [66, 67, 68, 69]). Other experimental effects also support dynamic 
structure fluctuation, including the liquid–crystal duality of CsPbBr3, Urbach states 
below the band gap, a central peak in Raman spectra, and active Raman signal in 
high–temperature cubic phase of CsPbX3 perovskites. These effects are discussed in 
the following subsections. 
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Fig. 7. Schematic visualization of the CsPbBr3 structure fluctuation 

It is important to note that structure fluctuation is often referred to as structural 
disorder. In this work, the term "structure fluctuation" is used to emphasize the 
dynamic nature of the phenomenon. The structural disorder can also be understood as 
a static domain structure or an inhomogeneous distribution of defects. In the case of 
CsPbBr3, structure fluctuation is a dynamic effect related to the fluctuation of the 
position of Pb and Cs ions (see Fig. 7). 

V.3.3.1. Liquid–crystal duality of CsPbBr3 

Above, it was mentioned that the lattice of CsPbBr3 can be deconvoluted into 
three sublattices, with Pb forming the most stable sublattice, Br ions fluctuating 
around their equilibrium positions, and Cs ions acting as free ions, with their motion 
confined by Br12 dodecahedra. However, when considering the properties of 
CsPbBr3, it is more appropriate to speak of two sublattices: PbBr and Cs. In the work 
[69], the authors discuss various properties of CsPbBr3 and suggest that the PbBr 
sublattice is mainly responsible for electrical transport, while the Cs sublattice (or the 
A+ anion sublattice for FA/MAPbBr3) is responsible for heat transport. 

Due to the strongly fluctuating Cs sublattice's role in heat transport, it often 
exhibits liquid–like properties. The liquid–crystal duality of perovskites means, that 
the solid materials exhibit properties that liquids have. For example, [69] reports that 
CsPbBr3 has properties, which are indicative of liquid–like behavior. 

V.3.3.2. Urbach states 

Many semiconducting materials exhibit defect levels below the bottom of the 
conduction band, which can form a continuous exponential distribution of levels 
known as Urbach states [55, 70]. The origin of these states can vary, and one possible 
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cause is the structure fluctuation. In CsPbBr3, Urbach states can arise due to 
fluctuations of the Br ions within the PbBr sublattice, which affects the band gap. 

Urbach tails in absorption spectra are well–known features of perovskites. In 
one study, researchers investigated Urbach tails in MAPbI3 and compared them with 
those of GaN, GaAs, and InP [71]. In other studies, the Urbach tails of CsPbBr3 were 
investigated for different forms of the samples [72, 73]. 

V.3.3.3. Raman activity and a central peak 

The Raman activity of CsPbBr3 and similar perovskites has been studied in 
many works, including [45, 74, 75]. According to [45], for CsPbCl3 (which is 
structurally identical to CsPbBr3), there are three doubly degenerated TOi phonons in 
cubic symmetry. However, if the symmetry is lowered, the degeneracy is lifted, and 
two separate lines should be visible in the Raman spectrum (as is the case for the 
orthorhombic perovskite structure). The positions of the CsPbBr3 phonon lines are 
reported to be 52 and 67, 74 and 81, and 129 and 133 cm−1 for the TO1, TO2, and TO3 
doublets, respectively [75]. Another relatively weak and broad band around 309 cm−1 
is also usually reported [45, 74, 76]. This band corresponds to the second order of the 
LO phonon, located around 155 cm−1 [77, 78]. 

The so–called central peak is another effect observed in Raman spectra, which 
is caused by structural fluctuations. This peak is a relatively broad band positioned 
exactly where the excitation laser is [67, 75]. Yaffe et al. reported and explained this 
peak in their measurement of the low–frequency Raman spectra [67]. It is assigned to 
the local polar fluctuations in CsPbBr3, which are associated with the structural 
fluctuations [66, 92]. The intensity of the central peak increases with temperature, 
and phonons interact with the local crystal field fluctuations [67]. The Raman central 
peak in CsPbBr3 is caused by head–to–head Cs motion coupled with the 
perpendicular outward motion of Br [67]. The presence of the zero frequency line in 
both MAPbBr3 and CsPbBr3 is strong evidence that structure fluctuation is related not 
only to MA rotation but also to its movement, indicating that CsPbBr3 has properties 
similar to those of MAPbBr3. 

However, in work [79], the central peak is associated with the order–disorder 
phase transition in CsPbCl3. It is possible to combine these findings by noting that, at 
low temperatures, the vibrations associated with the central peak are quenched due to 
the low temperature. As the temperature increases, vibrations of the head–to–head Ce 
motion, which originates from quantum non-zero-point movement, start to appear, 
resulting in an increase in the central peak and a putative (although still controversial) 
order–disorder phase transition. With further temperature increase, the continuous 
increase of the "central peak vibrations" eventually leads to the first and second phase 
transitions through the order–disorder mechanism. In other words, the "central peak 
vibrations" become so strong that CsPbBr3 can be considered to fluctuate among 
many noncubic phases in a way that appears to be cubic on average. 

V.3.3.4. Raman active modes of CsPbX3 cubic perovskite 

As mentioned in the previous chapter (V.3.3.3, page 26), the Raman spectra of 
CsPbX3 perovskites in the cubic phase contain doubly degenerate TOi phonons [45]. 
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According to factor group analysis, these TO vibrations should be Raman–inactive in 
the cubic phase of CsPbBr3 [45]. However, both [67] and [75] report Raman activity 
in the high–temperature cubic phase. In [67], the authors suggest that the perovskite 
fluctuates among many non–cubic phases at high temperatures in a way that appears 
to be cubic on average, and the Raman signal comes from non–cubic, fast–fluctuating 
phases. The full width at half maximum of the CsPbBr3 Raman lines increases 
rapidly with temperature, providing experimental evidence of this dynamic 
fluctuation concept. 

V.3.3.5. Discussion 

In chapter V.3.1, page 25, it was mentioned that the phase transitions of 
CsPbBr3 at 88°C and 130°C are related to the condensation of the zone–boundary 
phonons with a decrease in temperature. Additionally, the structure fluctuation of the 
perovskite is mainly due to PbBr6 octahedra rotation, tilting, and deformation, 
resulting from a relatively stable Pb–sublattice and a more fluctuating Br–sublattice 
(as discussed in chapter V.3.3, page 26). Based on these observations, it can be 
suggested that at low temperatures, CsPbBr3 perovskite has an orthorhombic phase 
because most of its phonons related to [PbBr6] octahedra rotation and tilting are 
“condensed”. As the temperature increases, these phonons start to “evaporate”, 
leading to an increase in structural dynamic disorder (structural fluctuation), 
eventually resulting in phase transitions. This suggestion is confirmed by work [47], 
where it was concluded that orthorhombic to tetragonal and tetragonal to cubic phase 
transitions occur through order–disorder mechanisms. The [47] study was conducted 
on quantum dots of CsPbBr3. 

The terminology of “condensation” and “evaporation” of phonons is allusive 
and is used mainly to emphasize the connection between the increase of phonon 
activity with temperature and the “condensation of the zone–boundary phonons” 
mentioned in chapter V.3.1.1, page 18, and previous studies [44, 43]. In essence, 
“condensation” should be understood as the freezing of phonons at low temperatures. 
For example, if we imagine the rotational vibration of [PbBr6] octahedra in CsPbBr3, 
an equilibrium angle of 170° could exist, with the vibration occurring in the angle 
range from 165° to 175°. “Condensation of the zone–boundary phonons” would then 
be the disappearance (freezing) of phonons at low temperatures, with the lattice 
having a new equilibrium angle equal to the boundary condition of the vibration (e.g., 
165°). The temperature increase would result in a higher vibration amplitude. The 
increase of the vibration would cause the lattice to be on average in the phase with an 
increasing angle (the higher the temperature, the closer the angle to 180°). This model 
can explain the temperature–related phase transitions of CsPbBr3, its structural 
fluctuation, Urbach states, Raman activity in cubic CsPbBr3, and the central peak in 
Raman spectra. However, further theoretical studies are required to refine this naive 
assumption and build a theoretical framework, which is beyond the scope of this 
work. Nonetheless, experimental results have been published that provide evidence 
for this assumption. 

In particular, the structure fluctuation of perovskites has been detected not only 
in organo–mixed perovskites [66, 67, 68] but also in fully inorganic perovskites [54, 
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67]. Therefore, liquid–crystal duality is present in fully inorganic perovskites and is 
associated with the A–cation movement, which is associated with the structure 
fluctuation. 

The same structure fluctuation gives rise to the Urbach states below the bottom 
of the conduction band of the perovskites. Furthermore, this structure fluctuation is 
responsible for the central peak in the Raman spectra and the active Raman in the 
cubic phase of the perovskites, where it should be inactive. This provides a good 
explanation for the fast broadening of the Raman lines with temperature. Regular TOi 
phonons interact with the structure fluctuation, and part of the phonon energy is 
dissipated. Therefore, the fast broadening of the Raman lines with temperature can be 
explained by the increase of the structure fluctuation with temperature. 

V.3.4. The twin domains in perovskites 

Semiconductors can contain different types of defects, which can be divided 
into three main groups: (i) point defects (such as vacancies, interstitials, and 
antisites), (ii) linear defects (such as dislocations), and (iii) planar defects (such as 
grain or phase boundaries). Among the defects found in CsPbBr3, point defects have 
been studied the most thoroughly, including VBr, VCs (vacancies), Bri, Csi 
(interstitials), and PbBr (antisite) [80, 81]. Linear and planar defects have been studied 
less, but in one study, the domain structure of CsPbBr3 was observed, which is a type 
of planar defect. Twin domains in CsPbBr3 have been proven to exist in [82] using 
XRD, POM (polarized optical microscopy), and TEM (transition electron 
microscopy). Twin domains are domains with the same crystallographic structure but 
rotated at some angle to the neighboring domains. Similar domains have been studied 
for mixed–ion lead halide [84] and the review of the metal halide perovskites is done 
in [83]. 

 

Fig. 8. Schematic picture, that shows the domain structure of CsPbBr3. Two mirror–reflected 
domains (yellowish and bluish) of the same crystallographic structure are shown with the transition 

layer between them (gray). The picture was drawn following Fig. 1a from [84] 
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Therefore, it appears that in CsPbBr3, both domain structure and structural 
fluctuations coexist simultaneously (regarding the structure fluctuation, see chapter 
V.3.3). In [47], the existence of domains in CsPbBr3 quantum dots was investigated 
using synchrotron X–ray diffraction. The authors concluded that the precision of the 
fit of the data strongly depends on the size of the excited portion of the sample, which 
is explained by the presence of the domain structure of the sample. According to [84], 
a general idea of the domain structure of CsPbBr3 with the transition layer between 
the twin domains is schematically shown in Fig. 8. The domains of CsPbBr3 have the 
same crystallographic structure, and the only difference is in the orientation of the 
principal axes. In [82], the authors showed that the two twin domains that are 
dominant in CsPbBr3 are {121} reflection and 90° rotation around {101}. 

V.3.5. The Rashba effect 

Emmanuel Rashba, a theoretical physicist of Jewish origin, was born in Kyiv, 
Ukraine in 1927 (at that time Ukraine was a part of the Soviet Union). He became 
famous for his works on the effect named after him, which were published in 1959 
[85, 86]. These works were published in Russian and are difficult to find on the 
internet. Therefore, translations of his works have been made available [87] in the 
supplementary information of a related work [88]. 

V.3.5.1. General theory, comparison with the Jahn–Teller 
effect 

The Rashba effect and the Jahn–Teller effect share some similarities, but they 
arise from different origins. The Jahn–Teller effect occurs in molecules or crystals 
when electrons occupy degenerate energy levels with close or overlapping 
wavefunctions [89]. This leads to electron repulsion, which deforms wavefunctions 
and lifts the energetic degeneracy. The result is a loss of symmetry, which is 
energetically favorable, causing the molecule or crystal structure to change to a less 
symmetrical form. In solid semiconductors, this lead to a lowering of the band gap 
and splitting of the bottom of the conduction band in the wave vector space. 

In contrast, the Rashba effect occurs in the crystals which have an inversion 
center, some electrons occupy degenerate states with non–repelling wavefunctions, 
which do not require any changes to lower the energy. To initiate the Rashba effect, 
the inversion center must be removed, which can occur through an external 
distortion, structural defect, or internal imperfection [90]. The removal of the 
inversion center causes the appearance of ions in the asymmetric crystal electric field, 
resulting in degeneracy lifting due to spin–orbit interaction [89, 90]. 

The Rashba effect occurs in ions positioned in sites without inversion 
symmetry, and it arises from the interaction of the ion's electron with the 
uncompensated component of the electrical field through spin–orbit coupling. It is 
more likely to be observed in CsPbBr3, where Pb electron states form the bottom of 
the conduction band, due to the stronger spin–orbit coupling of ions with larger (see 
chapter V.3.2, page 20; [51, 53]). 
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V.3.5.2. Rashba effect in CsPbBr3 

The Rashba effect can occur in the vicinity of defects in CsPbBr3, such as 
Br–vacancies. A schematic representation of this effect is shown in Fig. 9. The inset 
in Fig. 9a depicts a regular lattice with no defects, where the p–orbital of the Br ion 
has doubly degenerated spin. However, when a Br–vacancy appears in the vicinity, 
the degenerate p–orbital splits due to the spin–orbit interaction in a non–symmetrical 
electrical field E created by the vacancy, resulting in the split and lowering of the 
bottom of the conduction band (see Fig. 9b). This split of the p–orbital in space gives 
rise to an additional Rashba line in the luminescence spectra of CsPbBr3. In the ideal 
structure, only free exciton luminescence should be present in the spectrum. 
However, with the appearance of distortions, such as Br–vacancies, the Rashba 
exciton appears. 

  

Fig. 9. (a) shows the p–orbital of Br ion, split due to the Rashba effect; the regular undisturbed 
lattice is shown in the inset, and (b) shows band gap lowering and splitting as a result of the 

Rashba effect 

The intensity of the Rashba line is directly proportional to the concentration of 
the defects. Therefore, the higher the concentration of distortions, the higher the 
concentration of Rashba centers and the higher the intensity of the Rashba line. 
Furthermore, the position of the Rashba line depends on the strength of the electrical 
field created by the distorted lattice. The stronger the electrical field, the larger the 
energetic distance between the free and Rashba exciton (signed as dE in Fig. 9b). 

At low temperatures, the luminescence of CsPbBr3 consists of a few lines, 
typically two or three. In most interpretations of the origin of these lines, the line with 
the highest energy is assigned to the free exciton line, and the first or second line 
from the lower energy side is assigned to the so–called Rashba exciton [42, 92, 91]. 
There are many different defects present in CsPbBr3, and each one could potentially 
be responsible for the Rashba centers. The Rashba effect can occur in the vicinity of 
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point, linear, or planar defects, which provides a variety of possible origins. In 
addition, different types of structure fluctuations can also lead to the formation of 
Rashba centers. 

The Rashba splitting can have either a static or dynamic origin. If the non–
symmetrical environment is static, the effect is called the static Rashba effect. On the 
other hand, if it is dynamic, it is called the dynamic Rashba effect. The static Rashba 
effect can be caused by Br–vacancies or other static defects, while the dynamic 
Rashba effect can be caused by structure fluctuations. 

In [91], luminescence measurements of CsPbBr3 were conducted using 
transmissive and reflective geometries. The authors concluded that for CsPbBr3 the 
Rashba splitting disappears below 50 K. They also observed an increase in the 
distance between the free and Rashba excitons with an increase in temperature, 
leading them to conclude that the Rashba effect has a dynamic nature and disappears 
below 50 K. 

However, some works have reported both free and Rashba excitons in the 
CsPbBr3 luminescence at low temperatures [92, 93]. Given the undeniable 
experimental confirmation of the Rashba effect in CsPbBr3 (see, for example, [92, 
94]), we assume that the mistake in the results of [91] lies in the relatively low 
resolution of the luminescence spectra and/or in the different approaches used to 
establish the free and Rashba band gaps. The authors of [91] determined the position 
of the direct band gap from the position of the free exciton emission because these 
two values coincide in their case, while they determined the position of the band gap 
lowered by the Rashba effect from the edge of the luminescence measured in 
transmissive geometry. 

On the one hand, the full disappearance of the dynamic Rashba effect at low 
temperatures is theoretically acceptable due to the decrease in structure fluctuations, 
which are likely the source of the dynamic Rashba effect. On the other hand, as 
described in [88], a dynamic Rashba effect may be present in CsPbBr3 at 0 K, 
originating from dynamic fluctuations arising from quantum zero–point motion. 
Nonetheless, the nature of the Rashba effect in CsPbBr3 remains unclear and requires 
further investigation. 

V.3.6. Luminescence as a function of temperature 

Around 70–100 K, the luminescence behavior and shape of CsPbBr3 and 
CsPbCl3 change, indicating the possible presence of a phase transition. In a study 
[79], CsPbCl3 was investigated using Raman spectroscopy, and the authors concluded 
that an order–disorder phase transition occurs around 193 K. Based on the similarity 
between CsPbCl3 and CsPbBr3, it can be assumed that the latter also undergoes an 
identical phase transition. Another study by [47] found that the high–temperature 
phase transitions of CsPbBr3 (orthorhombic to tetragonal and tetragonal to cubic) 
occur via the order–disorder mechanism. 

In many works [50, 51, 92, 95], luminescence measurements as a function of 
temperature are shown only down to 80–90 K, where the luminescence still has the 
same shape as at room temperature. At lower temperatures, additional sharp lines 
usually appear. In [42], the origin of these lines is attributed to free excitons, their 
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phonon replicas, and Rashba excitons, with a wavelength change in the low–energy 
direction. However, there are many other works with different assignments of the 
luminescence lines. For example, in [96], the luminescence peaks of CsPbBr3 have 
been assigned to the free, localized excitons and the donor–acceptor pairs (DAP). The 
debate over the origin of CsPbBr3 luminescence is still ongoing, with various studies 
proposing different explanations. This topic is discussed in more detail below. 

V.3.6.1. Rashba exciton on temperature 

Two lines in the CsPbBr3 spectrum are usually considered, and the nature of 
these two peaks in CsPbBr3 luminescence is controversial, with attempts to explain it 
having been done in many different ways, using a variety of different effects. In [92], 
authors mention almost ten possible explanations for the double–peak nature of 
luminescence. Afterward, the authors investigate the temperature dependence of the 
luminescence peak's positions and lifetimes. In the conclusions of their work, the 
authors say that the Rashba splitting effect is the best (if not only one possible) 
explanation for the double peak luminescence nature. Results of their investigation 
have revealed imperfections in all approaches but The Rashba effect. Many other 
studies support the Rashba effect presence in CsPbBr3 [97, 98]. However, the exact 
nature of the CsPbBr3 luminescence peaks is still controversial, and even if accepting 
the Rashba effect, it is not clear if it is a dynamic or static Rashba effect. The 
simultaneous coexistence of both peaks is explained by the coexistence of two 
luminescent centers: (i) regular orthorhombic lattice with inversion symmetry, and 
(ii) point, linear, or even planar defects, where inversion symmetry is broken. 

The origin of the distortion, due to which the Rashba effect occurs, is a big 
question too. In work [91], the authors concluded that the origin of the Rashba effect 
has a dynamic origin for CsPbBr3. With the temperature increase, structure 
fluctuation increases, as well as the distance between free and Rashba exciton 
increases, which is an indirect confirmation of the dynamic origin of the Rashba 
effect. 

To further elucidate this matter and deepen our understanding of the 
fundamental nature of CsPbBr3 luminescence, it would be beneficial to conduct low–
temperature and high–pressure luminescence measurements. Such investigations 
hold the potential to enhance our understanding of the origin and behavior of the 
CsPbBr3 luminescence. 

V.3.6.2. Defect luminescence on temperature 

At low temperatures, CsPbBr3 exhibits multiple lines and a band in its 
luminescent spectrum. In [42], the authors concluded that a broad band above 542 nm 
(with a maximum position around 560 nm) has a defect origin, but the specific type 
of defects responsible for this band was not identified. Another research group 
investigated FAPbI3 and attributed a similar broad luminescence band below the free 
exciton to an exponential distribution of states below the band gap, resulting from 
structure fluctuations [99]. Given the similarities between the broad bands observed 
in FAPbI3 and CsPbBr3, it is worth investigating the possibility of defect formation in 
CsPbBr3 due to structure fluctuations. 
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In a separate study, [99], authors demonstrated that defect band luminescence 
is typically asymmetrical, and its decay time increases as the emission wavelength 
increases within the band itself. These are key properties that can help identify the 
defect luminescence band with an exponential distribution of states. Other indicators 
of this band include temperature and excitation power density, which are dependent 
on the defect band. 

Furthermore, the authors of [99] suggested that the most prominent candidate 
for the structure fluctuation in FAPbI3 is the rotation of FA molecules. However, 
since the Cs ion in CsPbBr3 is spherically symmetrical, its rotation is irrelevant. 
Nonetheless, structure fluctuations in CsPbBr3 can arise from other sources, such as 
Cs head–to–head motion (as discussed in chapter V.3.3, page 24). Therefore, it is 
important to investigate the sources of structural fluctuations in CsPbBr3 to better 
understand the nature of defect luminescence in this material. 

V.3.7. Luminescence as a function of high–pressure 

Several measurements of luminescence as a function of pressure have been 
conducted [50, 51, 95]. All of them suggest that the luminescence of CsPbBr3 
disappears in the pressure range of approximately 2 GPa. Most of the results indicate 
a shift of the luminescence towards lower energies with increasing pressure up to 
around 1 GPa, and towards higher energies with further pressure increases [50, 51]. 
This behavior of the luminescence peak correlates with the dependence of the 
CsPbBr3 band gap on pressure. In [64], the authors performed a first–principles study 
of the atomic and electronic structure of halide perovskites. They showed that the 
band gap reduces below 1 GPa and further expands with increasing pressure. These 
changes occur due to the same mechanisms described in chapter V.3.2.2, page 22 for 
the band gap expansion with increasing temperature. With increasing pressure, the 
Pb–Br distance and Pb–Br–Pb angle decrease. At pressures below 1 GPa, the 
reduction of Pb–Br distance dominates over the Pb–Br–Pb angle decrease, resulting 
in band gap closure. After 1 GPa, it becomes increasingly difficult to compress the 
lattice further, resulting in slower reductions of the Pb–Br distances. This indicates an 
isostructural phase transition where the material's phase remains the same, but 
structural parameters change differently. As a result, after 1 GPa, the reduction of 
Pb–Br–Pb angles dominates over Pb–Br distance reduction, resulting in the band gap 
increasing. 

Another interesting finding is presented in [51]. In this work, the authors 
showed that as amorphization begins in the pressure range from 2.0 GPa to 2.5 GPa, 
the band gap rapidly shifts from ~520 nm to ~440 nm. Up to the highest pressure 
reached in [51] – 11 GPa, the band gap continues to shift towards higher energies. 
Similar results were obtained in investigations of CsPbBr3 nanocrystals [100]. 
Considering the blue shift of the band gap, it can be assumed that under high 
pressures and UV excitation, CsPbBr3 may exhibit blue luminescence. As shown in 
some works (e.g., [101]), nano–sized samples of CsPbBr3 do exhibit luminescence in 
the blue region due to the quantum confinement effect. If the blue luminescence of 
CsPbBr3 is observed under high pressure, its origin would be an interesting question. 
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Moreover, the behavior of the double peak studied in [92] has not yet been 
studied as a function of pressure. This means that the luminescence of the Rashba and 
free excitons as a function of pressure has not been sufficiently studied. Comparing 
the behavior of free and Rashba excitons as a function of pressure may help to clarify 
the origin of the Rashba exciton. 

V.3.8. Luminescence as a function of the density of the 
excitation power 

As mentioned previously, the luminescence of CsPbBr3 depends on the power 
density of the excitation light, making it challenging to interpret the spectra. 
However, this dependence can also be a useful tool to distinguish between different 
lines in the spectra and facilitate their study. 

To effectively study the various changes in the CsPbBr3 spectra, it is important 
to resolve the luminescence lines. This can be achieved through low–temperature 
measurements due to the smaller half–width of the lines and temperature quenching 
of some lines. For example, in a study by [33], two peaks in the luminescence of 
CsPbBr3 were observed at temperatures below 80 K. By conducting an excitation 
power study of the lines, the authors concluded that the sharper peak with higher 
energy (around 540 nm) originates from free excitons, while the broader peak with 
lower energy (around 550 nm) originates from excitons localized on some defects 
(from defect band). As the temperature increased, the defect band quenched rapidly 
and disappeared completely around 80 K, which is consistent with other works (e.g., 
[42]). Although the reason for the different positions of the free exciton (540 nm in 
[33] and 534 nm in [42]) is not clear. The general temperature and excitation power 
dependence of the luminescence correlates with the study [99], where defect 
luminescence is studied in great detail for FAPbI3. In [99], the authors attribute the 
origin of the defects to the band with the exponential distribution of the defect levels 
under the bottom of the conduction band. 

In another study [32], the CsPbBr3 sample was excited with a higher density of 
the excitation power, than in above mentioned works. The authors reported the 
appearance of two additional lines in the luminescence with lower energy than the 
one that was present initially. At low excitation power, a line around 527 nm was 
present at 100 K, which was assigned to the recombination of free carriers. This 
assignment is controversial, and this line can be as well assigned to the free exciton 
emission, taking into account the shifting of the free exciton line reported in [42]. 
Nevertheless, authors of [32] showed, that with the excitation power increase 
additional lines around 540 and 550 nm appeared. They were assigned to free exciton 
and bi–exciton emissions, respectively, but their origin is controversial. 

In summary, the luminescence of CsPbBr3 should exhibit three main lines: free 
exciton, exciton localized in the Rashba minimum created by some structure 
imperfections (static, like point defects such as Br–vacancies or planar defects like 
domain walls, or dynamic, like structural fluctuations), and exciton localized on 
defects that form an exponential distribution of states below the conduction band 
minimum. Some of these lines, or all of them, may also have phonon replicas, the 
intensity of which would depend on the strength of the particular phonon interaction 
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with the corresponding quasi–particle (free exciton, Rashba exciton, or localized 
exciton). The bottom of the conduction band with the luminescent transition is shown 
schematically in Fig. 10. However, the exact type of defects that create the Rashba 
minimum or form an exponential distribution of levels is still not clear. Additional 
luminescence lines of yet another origin, bi–excitons, are expected to appear if the 
excitation power density is high enough. 

 

Fig. 10. Schematic picture, showing different types of the bottom of the CsPbBr3 conduction band, 
from which luminescence may occur. Free exciton, Rashba exciton, and defect luminescence are 

schematically shown with arrows. Figure partially follows figure 4 from [92] 

V.4. The goals of the work 
The main goals of this work can be outlined as follows: 
- Conduct a study of the luminescent site of the Eu3+ ion in RAlO3, which 

includes analyzing the dependence of the K–value (the ratio of the 
intensities of 5D0 → 7F2 and 5D0 → 7F1 transitions of Eu3+) on pressure. 
Profound knowledge of the Eu3+ site symmetry will provide information on 
which RAlO3:Eu3+ are more promising and how to synthesize better ones. 

 
- Investigate the influence of high pressure on the Ce3+ luminescence in 

perovskites. This will help to determine the position of the Ce3+ levels in the 
band gap structure of the host and provide a better understanding of the 
luminescence properties of these scintillators. It will also offer numerical 
experimental confirmation and modification to the theoretical Dorenbos 
model. 
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- Conduct additional research on the origin of the CsPbBr3 luminescence, 

which despite being studied in detail, still has many unanswered questions. 
Conducting low–temperature high–pressure measurements of the CsPbBr3 
will provide a better understanding of the luminescence processes in the 
material and clarify the origin of the Rashba effect. Additionally, studying 
the high–pressure amorphization of the perovskite, the influence of 
mechanical treatment, and the influence of the power density of the 
excitation light on luminescence will help to understand the origin of the 
CsPbBr3 luminescence. 
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VI. Experimental techniques 

VI.1. Growth of the samples 

VI.1.1. Rare–earth aluminum oxide perovskite 

VI.1.1.1. Doped with Eu3+ 

Perovskite SCF RAlO3 (R = Gd, Tb, Lu, Gd0.6Lu0.4 or Y) doped with Eu3+ were 
synthesized using the LPE method and studied in this work. The samples were grown 
from the melt solution based on the PbO–B2O3 flux. All samples were grown on a 
YAP substrate with a specific orientation for each rare–earth ion to minimize lattice 
constant discrepancies. For YAP and TbAP SCF samples, substrates with (100) 
orientations were used, and for Gd0.6Lu0.4AlO3 (Gd0.6Lu0.4AP), LuAlO3 (LuAP) and 
GdAlO3 (GdAP), (001) orientations were used. The substrate thickness was about 
500 μm in all cases, and the thickness of the SCFs varied in the range of 4 to 12 μm. 
Due to the relatively large thickness of the SCFs, it was assumed that there were no 
internal tensions in the grown layers, and therefore their luminescent properties 
should be independent of thickness. Reagents of 4N purity were used for layer 
preparation, and the growth procedure and initial characterization of obtained 
samples were described in [9] by Gorbenko et al., from whom the samples were 
obtained. 

VI.1.1.2. Doped with Ce3+ 

Bulk crystals of YAP and LuAP studied for Ce3+ doping were grown by 
Czochralski and micro–pulling–down (PD) methods. The Ce concentration was 
equal to 0.2%, 0.5% in YAP, and 0.15% in LuAP single crystals. 

Ce3+ doped LuAP single crystalline films were grown by LPE on (001) 
oriented YAP substrates using a melt solution containing Lu2O3 (5N), CeO2 (5N), and 
Al2O3 (4N) and a PbO–B2O3 (5N) flux. The growth temperature was in the 
1020–1035°C range. The CeO2 content in the melt was 20 mol%, however, 
microanalysis of the films has shown that the Ce concentration was only equal to 
0.055 and 0.05 mol% at 1020°C and 1035°C growth temperatures, respectively. 
Thus, the estimated segregation coefficient of Ce ions in LuAP SCFs lies in the 
0.0025–0.005 range. The concentration of Pb (from the flux) and Pt (from the 
crucible) impurities in the layers were estimated to be in the 50–60 ppm range, 
respectively, i.e., below the 10 ppm level reported in [102]. The optically and 
structurally perfect SCF sample, with about 22 μm thickness, was chosen for high–
pressure investigations of the Ce3+ luminescence. 

VI.1.2. Cesium lead bromide 

Synthesized from the melt, CsPbBr3 single crystals were grown using the 
vertical Bridgman–Stockbarger method. CsBr and PbBr2 reagents of 99.99% purity 
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were used as raw materials. Before the growth, the reagents were preliminarily 
cleaned using the zone melting method. A preliminary study of the obtained CsPbBr3 
was done by Dendebera et al. [42], from whom samples were obtained. 

In another synthesis method, CsPbBr3 crystals were synthesized from a 
solution. This was achieved by dissolving 0.02 mole of CsBr and 0.04 mole of PbBr2 
in 5 ml of dimethylformamide. To dissolve the reagents properly, the mixture was 
treated with ultrasound for 10 minutes. The solution was then left motionless for 
30 minutes to allow some big undissolved parts to settle, after which the undissolved 
parts were filtered out. The solution was slightly heated to speed up the evaporation 
of the dimethylformamide. With the increase of the solution concentration, small 
crystals of CsPbBr3 started to form. The dimensions of the crystals were about 1 mm, 
and the synthesized material had the appearance of bright brown sugar. 

VI.2. Sample preparation for high–pressure 
 measurements 

For high–pressure measurements, the samples were polished to a thickness of 
about 25–28 µm. For bulk samples, both sides were polished, while for SCF on 
substrates, only one side was polished. During polishing, a mixture of diamond or 
aluminum oxide powder with water was used, with different size particles depending 
on the sample. For hygroscopic samples such as CsPbBr3, which were prepared for 
DAC loading, they were either chopped or polished using a completely dry diamond 
powder. 

VI.3. Measurements of luminescent properties 

VI.3.1. Equipment, used at the IF PAN 

Luminescence and optical studies were performed at the Division of Physics 
and Technology of Wide–Band–Gap Semiconductor Nanostructures, IF PAN. In our 
group's lab (ON4.1), we have access to various types of equipment for spectroscopic 
characterization, including: 

1. Carry 5000 UV–Vis–NIR spectrophotometer 
2. Horiba/Jobin–Yvon Fluorolog–3 spectrofluorometer with: 

a. various types of detectors: 
i. Hamamatsu R928P photomultiplier for UV–visible range 

ii. Hamamatsu R2658P photomultiplier for UV–vis–NIR range 
b. Optical cryostat Janis ST–100 

3. Set–up for Raman spectroscopy Mono Vista CRS+ with three lasers: 
785 nm, 532 nm, and 325 nm 

4. Three set–ups for high–pressure fluorescence measurements at UV–Vis–
NIR spectral regions 

5. Four low–temperature diamond anvil cells (DAC) CryoDAC LT 
provided by easyLab Technologies Ltd. Diamonds, which we use have 
0.45 mm, 0.75 mm, and 0.9 mm culets. 
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In the Raman set–up, lasers with wavelengths of 325 nm, 532 nm, and 785 nm 
can be focused on the sample through long working distance objectives with 50x 
(numerical aperture NA = 0.9) and 10x (NA = 0.23) magnification for experiments at 
ambient pressure. Objectives with 5x (NA = 0.13) and 5x (NA = 0.08) were used 
during high–pressure measurements. 

For low–temperature measurements, one of four cryostats was used. Three of 
them were provided by Oxford Instruments, with temperature controllers, and one 
was from Janis Research Company (it is always used with the Jobin–Yvon 
Fluorolog). The most often used cryostats, provided by Oxford instruments, were the 
continuous flow cryostats CF102, CF200, and CF1204. The temperature was 
controlled using a temperature controller ITC–4, provided as well by Oxford 
Instruments. In addition to the cryostats, the Linkam Science FTIR600SP/3 device 
could be used for high–temperature spectroscopic measurements. The temperature 
range covered by this device extends from liquid nitrogen temperature up to 600°C. It 
can be used both with Raman and Fluorolog spectrometers, allowing for the 
measurement of high–temperature Raman spectra and high–temperature 
luminescence. 

 

Fig. 11. A schematic picture of the typical set–up for high–pressure luminescence measurements. 

High–pressure measurements are performed using set–ups built in 
backscattering geometry. A schematic of such a set–up is shown in Fig. 11. Different 
lasers can be used for excitation during high–pressure measurements, such as the 
Inova 400 Ar–ion laser (which generates wavelengths from 275.4 nm up to 
514.5 nm), 325 nm from He–Cd laser, and several semiconductor lasers (405 nm, 
440 nm, 532 nm, etc.). DPSS microchip pulse laser with 355 nm, 267 nm, and pulsed 
EKSPLA Nd:YAG laser with NT342 series optical parametric oscillator (OPO) can 
be used for kinetics measurements. The emission wavelength of the laser with OPO 
can be adjusted in the range from 210 nm up to approximately 2 μm. 

If low–temperature (LT) measurements are required, the sample can be loaded 
into a cryostat after being mounted on a cold finger. Both room temperature (RT) and 
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LT high–pressure (HP) measurements can be done as well. If luminescence spectra 
are measured, a CCD camera is usually used to collect the signal, while a 
photomultiplier is used for decay kinetics measurements. 

Information about the equipment available in the laboratory can be found at 
this address: http://info.ifpan.edu.pl/Dodatki/WordPress/on41pl/?page_id=9. 
Collaborating laboratories in the Institute of Physics, PAS, can provide access to 
additional characterization techniques, such as EPR, chemical analysis, and electron 
microscopy. 

VI.3.2. Description of the equipment from other 
institutions 

The optical absorbance spectra of YAP and LuAP were measured using a 
JASCO V 660 spectrophotometer with a double monochromator capable of 
measuring energies between 1.5 and 6.5 eV, as well as a laboratory setup that 
included a vacuum monochromator (VMR–2) and a hydrogen discharge light source 
capable of measuring energies between 5.5 and 11 eV. This equipment enabled us to 
measure absorption spectra in UV and vacuum UV (VUV) ranges. In the latter case, 
we achieved a constant number of exciting photons by varying the slit width of the 
monochromator and using the constant signal from sodium salicylate for 
normalization. These measurements were performed by I. Kudryavtseva at the 
Institute of Physics, University of Tartu in Estonia. 

VI.4. Diamond anvil cell and high–pressure 
 measurements 

VI.4.1. Hydrostatic pressure and DAC’s history 

Diamond anvil cells (DAC) provide quasi–hydrostatic conditions for high–
pressure (HP) measurements, making them a powerful tool for studying phase 
changes and structural properties, and for predicting future synthesis. If a sample 
undergoes a phase transition under HP that results in desirable properties, different 
conditions or thin film deposition technologies can be used to synthesize samples 
with the HP–phase at ambient conditions. 

From 1910–1950, high–pressure measurements were carried out in Bridgman 
cells, with the most commonly used devices being Bridgman anvils and piston–
cylinder devices. These technologies allowed scientists to reach pressures of up to 
10 GPa. Later, Drickamer and his colleagues developed diamond anvils, which 
enabled high–pressure resistance, XRD, and spectroscopy measurements, pushing the 
pressure limits up to a few tens of GPa. 

DACs have been in use for more than 60 years, and have developed into a 
widely used high–pressure hydrostatic pressure device. The first spectroscopic 
measurements in DACs were performed in the IR (infrared) region in 1959 [103]. 
Due to its relative simplicity and small size, the DAC is convenient for manual usage. 
This device can reach hydrostatic pressures of up to 100 GPa, with a maximum 
absolute pressure of 400 GPa explained by the maximum strain that diamonds can 
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withstand. To increase these pressure limits, toroidal diamond anvils were used in 
[104], and a few other similar high–pressure technologies have allowed for reaching 
pressures in the tera–pascal range. 

VI.4.2. Modern DAC technology 

The diamond anvil cell (DAC) is a powerful tool for measuring high–pressure 
conditions up to 100–200 GPa, with the possibility of reaching pressures up to 
770 GPa. The DAC consists of two opposing diamonds that are compressed against 
each other with their polished tips, which are named culets. The sample is placed 
between the diamonds, and to obtain hydrostatic pressure, it is immersed in a pressure 
transmitting medium (PTM), which can be a liquid, gas, or sometimes a soft solid 
material. The sample, PTM, and pressure sensor are enclosed between the diamonds 
by a metal gasket. The pressure sensor can be made of any material with a well–
known pressure dependence of one of its properties, such as ruby, whose 
fluorescence lines R1 and R2 are well–studied [105]. 

 

 

Fig. 12. A schematic representation of the diamond anvil cell (DAC) with a loaded sample and ruby 
spheres as the pressure sensor. 

Nowadays, a sub–millimeter–sized sample can be characterized in great detail 
at pressures up to 100 GPa. Diamond is transparent over a wide spectral range, from 
infrared to visible and ultraviolet light, making it possible to use light as the 
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excitation in DAC sample measurements [106]. XRD measurements of the sample 
placed between the diamonds are also possible. 

To perform high–pressure measurements under hydrostatic conditions, the 
sample is immersed in a PTM, which must be carefully chosen as not all liquids 
transmit pressure hydrostatically, and some may solidify under high pressure, causing 
hydrostaticity loss. Inert gases, such as helium or argon, are commonly used as 
PTMs. To load DAC with these gases, it is immersed into the gas, and the system is 
cooled down to or below the condensation temperature while maintaining gas 
pressure. After the gas is liquefied, some pressure is applied to prevent PTM from 
escaping the cell during its heating up to room temperature. In some rare cases, solid 
substances, such as NaCl, can be used as PTMs. Solid PTMs are usually used during 
electrical measurements, where the sample is pressed with the solid PTM to the 
contacts. 

The PTM is enclosed in a hole made in the gasket and placed between the 
diamonds during measurements. Gaskets are typically made of hard materials like 
CuBe, W, or stainless steel. During the measurement, the gasket is usually plastically 
deformed, so the sample should be thinner than the gasket to prevent issues with 
measurement readings or even the destruction of the diamond anvils. When the 
gasket becomes too thin, the diamond alignment becomes more crucial, and even 
small deviations from the perfect alignment can impact the measurement's accuracy. 
If the gasket is compressed to a thickness smaller than the sample, diamonds start 
pressing directly on the sample, and pressure is non–hydrostatic, making those 
measurements incorrect and incomparable with previous hydrostatic readings. 

VI.4.3. Some technical observations about the DAC 

Fig. 13 shows the dependence of pressure in the cell on the pressures on the 
driver during different measurements over a period of five years. The measurements 
were performed using several diamond anvil cells that were built identically but were 
slightly different devices. These were the CryoDAC LT low–temperature diamond 
anvil cells provided by easyLab Technologies Ltd., which had diamonds with culets 
diameters of 0.45 mm, 0.75 mm, and 0.9 mm. To differentiate between the cells, they 
were labeled I, II, III, and IV, which will be used in this chapter. Since there may be 
differences between the cells due to defects or imperfections, they were assigned 
numbers. As shown in Fig. 13, the pressure in the cell remains almost constant 
initially and then increases linearly for both pressure transmitting media (PTM), 
ethanol/methanol mixture, and argon gas. However, in the case of argon gas PTM, 
the values are more scattered than when using the methanol/ethanol mixture, which 
can be explained by the lower stability of the DAC system when argon is used. The 
red oval in Fig. 13b shows the outliers that belong to a single measurement, and they 
may have been caused by non–hydrostatic pressure in the cell, such as direct 
pressurizing of the Ruby by diamonds. 

Fig. 14 compares the measurements performed with the methanol/ethanol 
mixture and argon as PTMs. Fig. 14a shows the data for DACs with diamonds of 
0.45 mm culets, and Fig. 14b shows the data for DACs with diamonds of 0.75 mm 
culets. As seen in both figures, the average pressure in the cell for a particular 
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pressure in the driver does not depend on the PTM. However, almost twice the 
pressure was reached for all measurements with liquid PTMs compared to those with 
Ar. In most cases of the measurements with Ar, it was impossible to further increase 
the pressure due to the deformation of the hole in the gasket. Additionally, spherical 
deformation of the diamond culet was observed at high pressures when liquid PTMs 
were used (see Fig. 15), which was never observed in the measurements with Ar as 
the PTM. These observations suggest that Ar is much more compressible than liquid 
PTMs. 
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Fig. 13. Dependences of pressure in the cell on the pressure on the drive for different cells. In (a) – 
measurements were done with a methanol/ethanol mixture (with the 5/1 volume ratio) as PTM, and 

in (b) – measurements were done with argon gas. 
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Fig. 14. Dependences of pressure in the cell on the pressure on the drive for different cells. In (a) – 
measurements were done on diamonds with 0.45 mm, and in (b) – measurements were done on 

diamonds with 0.75 mm culets. 

In Fig. 15, the size of the surface reflecting light suggests that the flat culet of 
the diamond undergoes deformation into a spherical–like shape under pressure. At 
4 GPa, almost half of the culet reflects light because it is almost completely flat. As 
pressure increases, the curvature of the diamond's culet increases, resulting in a 
smaller portion of the rounded surface reflecting light into the camera. At higher 
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pressures, if the light source illuminating the culet is moved, a different portion of the 
culet will reflect the light. This is demonstrated in the video provided in [107]. 

 

Fig. 15. Photos of the DAC at different pressures, demonstrating the diamond deformation under 
pressure. The reflection of the light from the gasket, pressed by the culet of the diamond, has the 

shape of the reflection from the curved (close to spherical) surface. 

The ability to reach high pressure is often crucial in high–pressure (HP) 
measurements, as it offers a wider range of experimental possibilities. Sometimes, a 
recycling method is used to reach a higher pressure. The method involves releasing 
the pressure and then reapplying it, which is believed to enable higher pressure in the 
cell to be achieved at the same pressure values on the driver. 

Fig. 16 shows a few measurements where recycling was used. Fig. 16a shows 
examples of recycling where Ar was used as a PTM, but some additional factors were 
present in all these cases. First of all, all these measurements were performed at 
liquid helium temperatures. In two cases shown in Fig. 16a, the pressure was 
released, and the DAC was heated from ~8 K up to 60–80 K and then cooled down, 
and the pressure increased again. These cases are labeled as “heated.” Another case is 
labeled as “click & jump”. In these cases, the characteristic noises could be heard 
during pressure increase at low temperatures, which can be described as a metal 
clicking sound. Usually, this click is accompanied by a jump in the pressure in the 
cell without any pressure change on the driver. The louder the clicking noise, the 
higher the pressure jumps. Sometimes the pressure jumps too high, in which case the 
pressure can be reduced if a measurement at a lower pressure is desired. 
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Fig. 16. Few measurements, in which recycling was used. 

A few examples of recycling attempts with a methanol–ethanol mixture that 
were not successful are shown in Fig. 16b. Two more examples of recycling attempts, 
with different PTMs, are shown in Fig. 16c. In these cases, recycling did not result in 
higher pressure, or was accompanied by another factor. The measurement was 
stopped for the night and the cell was heated to room temperature. The pressure was 
then released before heating the cell and reapplied afterward. 
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VII. Results and discussion 

VII.1. Study of Eu3+ in RAlO3 (R = Gd, Tb, Lu, 
 Gd0.6Lu0.4, or Y) 

VII.1.1. Luminescence at ambient conditions 

Before conducting HP measurements, ambient pressure luminescence spectra 
of the examined materials were measured. The results are presented in Fig. 17. All 
samples except GdAP exhibited clear and highly intense luminescence of Eu3+. In 
terms of relative intensities and quantity of lines, TbAP and GdAP exhibited very 
similar luminescence. This observation suggests that Eu3+ predominantly occupies the 
same sites in these SCFs. Based on the prevailing 5D0 → 7F2 transitions for these 
samples, it is hypothesized that Eu3+ is located in a site with no inversion symmetry 
or that this site is dominant. The difference in Eu3+ luminescence in YAP indicates a 
different site positioning of the Eu3+ ion in YAP than in TbAP and GdAP. In the case 
of YAP, 5D0 → 7F1 transitions dominate, which suggests a mainly centrosymmetric 
positioning of the Eu3+ ion. These results are in good agreement with [9]. 
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Fig. 17. Luminescent spectra of Eu3+ ion in YAP, TbAP, GdAP (a), and LuAP SCFs at ambient 
pressure (b) 

The luminescence of LuAP is presented in Fig. 17b, which shows that the 
broadband luminescence is almost overwhelming the Eu3+ luminescence. This result 
differs from what was reported in [9], where the broadband luminescence was 
assigned to certain defects and additional uncontrolled dopants in the YAP substrate. 
However, considering the thickness of the LuAP SCF (4–12 µm) and the thickness to 
which the sample was polished (approximately 25–28 µm), YAP luminescence 
should not be as prominent as it is. Therefore, the broadband luminescence is 
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assigned to defects in the LuAP SCF itself. The samples were grown in PbO–B2O3 
flux, so part of the broadband luminescence may originate from Pb2+ impurities (see, 
e.g., [108]). Another part of the luminescence is related to the other defects in 
residuals of the YAP substrate. Nevertheless, this interpretation and broadband 
luminescence are in good agreement with [12], where the emission of one– and two–
electron–charged isolated and aggregated oxygen vacancies are studied in detail. The 
presence of these defects in SCF is less expected due to the relatively low 
temperature of SCF crystallization (about 930–950°C). 
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Fig. 18. Excitation spectra of Eu3+ luminescence (PLE) in SCFs of RAP:Eu (R = Gd, Tb, Y, Lu) 
perovskites 

The normalized spectra of photoluminescence excitation (PLE), measured at 
ambient pressure, are presented in Fig. 18, which show sharp lines typical of trivalent 
europium in all spectra. However, in the case of LuAP, these sharp lines are the 
weakest. PLE spectra of YAP and GdAP exhibit broad bands at approximately 240 
and 256 nm, respectively, which were assigned to charge transfer transitions from O2 
to Eu3+ [14]. The broad band in GdAP is much broader than in YAP, possibly due to 
overlapping with the excitation band assigned to Pb2+ ions present in GdAP, resulting 
from its crystallization from PbO–B2O3 flux. The PLE spectrum of LuAP contains 
broad bands at 265 nm and 325 nm, which were assigned to Pb2+ single and Pb2+ 
dimers, respectively, following [9]. Notably, TbAP exhibits Tb3+ excitation lines 
along with Eu3+ excitation sharp lines (see Fig. 18). All excitation sharp lines and 
broad bands in the spectra were assigned according to [9]. 
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VII.1.2. High–pressure measurements 

VII.1.2.1. Eu3+ sharp lines 

High–pressure measurements were conducted on GdAP, TbAP, Gd0.6Lu0.4AP, 
and LuAP SCFs at room temperature, and the results are presented in Fig. 19. 
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Fig. 19. Room temperature high–pressure Eu3+ luminescence spectra of GdAP:Eu (a), TbAP:Eu 
(b), Gd0.6Lu0.4AP:Eu (c), and LuAP:Eu (d) SCFs under excitation at 270 nm, 253 nm, 275 nm, and 

275 nm, respectively. 

The luminescent spectra of Eu3+ in all perovskites are very similar, which is 
expected considering the shielding from the external crystal electric field of the Eu3+ 
4f electrons by the 5s and 5p shells. For all samples in Fig. 19, luminescence 
originating from the 5D0 to 7F2 transition is dominant. As pressure increases, there are 
no evident changes in Eu3+ luminescence in LuAP SCF. This luminescence still has a 
relatively broad band, which was subtracted as the background for the results 
presented in Fig. 19d. On the contrary, an additional sharp line appears at high 
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pressures in 5D0 to 7F1 luminescence transition of GdAP and Gd0.6Lu0.4AP SCFs. 
In the case of Eu3+ luminescence in TbAP, no additional lines appear, but neighboring 
lines start merging at high pressures. 

A few luminescence lines of Eu3+ were chosen, and their positions were 
defined. Pressure dependences of these positions are plotted in Fig. 20. Positions of 
all lines are changing linearly towards lower energies with the increase in pressure. 
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Fig. 20. Dependences of Eu3+ lines energy positions on pressure. Lines of Eu3+ luminescence, 
which correspond to 5D0 → 7F0, 5D0 → 7F1, and 5D0 → 7F2 for GdAP (a), TbAP (b), Gd0.6Lu0.4AP 

(c), and LuAP (d). 

To calculate K–values next steps have been undertaken. First, the background 
has been subtracted from each spectrum of every sample. As a second step, the area 
under the luminescence curves for each line set of particular transitions (for 
5D0 → 7F1 and 5D0 → 7F2 transitions separately) have been integrated. And finally, 
the K–value has been calculated, as the relation of integrated intensities. According to 
[14], the bigger is distortion from the centrosymmetric site, the higher the K–value 
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should become. K–values, obtained in this work, and for comparison K–values 
from [9], are given in. As can be seen from the table, K–values are in good agreement 
with [9]. Slight differences between values, obtained in this work and in [9], are most 
probably due to the usage of the different excitation wavelengths. 
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Fig. 21. High–pressure luminescence spectra of Eu3+ in YAP (a) and positions of lines, which 
originate from 5D0 to 7F1 transition (b). Numbers from 1 to 8 denote lines, which at ambient 

pressure have the following wavelengths: 1 – around 596 nm, 2 – around 594.7 nm, 3 – 593.3 nm, 
4 – 592.6 nm, 5 – 591.6 nm, 6 – 591 nm, 7 – 590.3 nm, 8 – 589.8 nm. 

Table 2. Ionic radii of ions, on which perovskite SCF are based, and ambient pressure K–values of 
the Eu3+ luminescence from this work, and from [9]. For Gd0.6Lu0.4 “Ionic radius” means a 

weighted value of Gd and Lu ionic radii with corresponding concentration coefficients. 

To calculate K–values, the background was first subtracted from each spectrum 
of every sample. As a second step, the area under the luminescence curves for each 
line set of particular transitions (for 5D0 → 7F1 and 5D0 → 7F2 transitions separately) 
was integrated. Finally, the K–value was calculated as the relation of integrated 
intensities. According to [14], the higher the distortion from the centrosymmetric site, 
the higher the K–value should become. K–values obtained in this work and from [9] 
for comparison are given in Table 2. As shown in the table, K–values are in good 
agreement with [9]. Slight differences between the values obtained in this work and 
in [9] are most likely due to the use of different excitation wavelengths. 

Ion (R) 
Ionic radius (by 
Shannon) (Å) 

K–value from [9] K–value, this work 

Eu3+ 1.066 – – 
Gd3+ 1.053 1.7–1.88 1,77–1,84 
Tb3+ 1.04 1.79–1.83 1,79–1,82 

Gd0.6Lu0.4
3+ 1.0226 1.74–1.84 1,81–1,87 

Y3+ 1.019 0.347–0.405 0,69–0,71 
Lu3+ 0.977 1.51–2.0 1,74–1,81 
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Fig. 21a shows that there are numerous lines in YAP:Eu3+ luminescence. 
Therefore, it was measured at 10 K to resolve those lines better. All other samples 
were measured at room temperature (Fig. 21). In all samples, Eu3+ luminescent lines 
originating from 5D0 to 7F1 transition are shifting towards lower energy as pressure 
increases (Fig. 20). In the case of YAP, the situation is different (see Fig. 21). Some 
lines are shifting towards higher energies, and some are shifting towards lower 
energies. Moreover, the lines shifting towards lower energies are shifting at different 
rates than the other lines. This is not typical for Eu3+. For many different materials, 
Eu3+ lines should shift towards lower energies with the increase in pressure (e.g., 
lithium borate glasses [109], silicates and vanadates [110], oxides [111]). 

VII.1.2.2. Broadband luminescence 

The broadband luminescence peak, with a maximum of around 600 nm, is 
observed under 325 nm excitation in the LuAP sample (see Fig. 17b), and its origin is 
attributed to the Pb2+ flux dopant centers [112]. Fig. 22 shows the luminescence 
spectra of undoped LuAP SCF, grown from PbO–based flux, and a similar broadband 
luminescence is evident. The origin of this broad band luminescence is studied in 
detail in [108, 112], where it is described as the luminescence of an exciton localized 
at single and paired Pb2+ centers. 
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Fig. 22. CL spectra (in log scale) of LuAP:Eu SCF in comparison with the spectra of nominally 
undoped LuAP SCF, grown from PbO–based flux, and YAP substrate. The spectra were normalized 

to the same intensity at the maximum. 
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Fig. 23. Broad luminescence band of LuAP:Eu SCF under high–pressure (a). Comparison of 
pressure dependence of K–value with pressure dependence of the intensity of broadband of visible 
luminescence (b). The dependence of peak maximum of broad luminescence band on pressure (c). 

When excited at 275 nm, LuAP:Eu3+ exhibits another broad band around 
490 nm with high intensity (see Fig. 23). This broad band probably has two strongly 
overlapped components. As pressure increases, the intensity of this luminescence 
increases, reaches its maximum at around 23 GPa, and then decreases (see Fig. 23b). 
The position of this peak shifts towards higher energies with pressure, but the shifting 
rate changes before and after 15 GPa (see Fig. 23c). The shifting rate before 15 GPa 
is 71 ± 2 cm−1/GPa, and after 15 GPa, it reduces to 31.6 ± 0.8 cm−1/GPa.The most 
probable explanation for the change in the shifting rate is the different pressure 
behavior of the two components of this band. A similar broadband luminescence at 
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ambient pressure peaked at 497 nm was previously reported for YAP crystals [12]. In 
the cathode–luminescence (CL) spectra of the YAP substrate, similar broadband 
luminescence (peaked at 507 nm with a bump around 600 nm) is also present (see 
Fig. 22). The nature of the defects related to this YAP luminescence in the visible 
range is still unknown. There are two probable candidates for the role of these 
defects: (i) doubly charged oxygen vacancies (F–centers); (ii) dimers of oxygen 
vacancies with trapped electrons (2F2+ centers). 

The dependence of the intensity of the broadband luminescence on pressure 
strongly correlates with the K–value dependence on pressure (see Fig. 23b), 
suggesting that the defects are located in the closest vicinity to the Eu3+ centers. The 
influence of contamination by Pb2+ ions (due to the use of PbO–based flux) is studied 
in detail in [12, 113]. 

VII.1.2.3. K–value on pressure 

The dependencies of K–values on pressure for all samples are shown in 
Fig. 24. K–values of GdAP, TbAP, Gd0.6Lu0.4AP, and YAP decrease linearly with 
pressure (Fig. 24a). The K–values of all samples have similar numerical values, but 
YAP has a smaller K–value, which agrees with [9]. At the lowest pressures, the K–
values of the samples are around 1.8, while the smaller YAP K–value is about 0.7. 
All K–values’ dependencies were normalized to 1.8 at the lowest pressure, and the 
obtained data are plotted in Fig. 24b. Normalized K–values decrease linearly at 
approximately the same rate for all samples, as described in [16], where the authors 
study the dependence of the rotational and tilting angles (see Fig. 2) on pressure. As 
pressure increases, both angles approach 180°, and Eu3+ sites change to sites with 
inversion symmetry, confirmed by the K–value decreasing. 
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Fig. 24. K–value dependence on pressure for all samples – a. Normalized K–value for all samples –
 b. 

However, the K–values start jumping almost randomly at higher pressures, 
which may be attributed to a loss of hydrostatic conditions. While this can be 
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explained by various factors, such as thinning of the gasket or a loss of hydrostatic 
properties in the transmitting media (PTM) [114]. 

The LuAP sample has a different pressure dependence for the K–value (see 
Fig. 24a), likely due to the interaction between Eu3+ centers and defects in LuAP 
SCF. A broadband luminescence that most likely originates from these defects was 
observed under 325 nm excitation (see Fig. 17b), in PLE spectra (see Fig. 12), and in 
CL spectra (see Fig. 22) at ambient conditions. Under 275 nm excitation at high 
pressure, another high–intensity broadband peak was discovered with a maximum of 
around 500 nm. As shown in Fig. 23, the position of this broadband luminescence 
shifts towards higher energies as pressure increases. Fig. 23b shows that the K–value 
of LuAP is strongly correlated with the integrated intensity of broadband 
luminescence, providing additional evidence of the interaction between Eu3+ 
luminescence centers and LuAP defects. 

VII.2.  Study of Ce3+ in LuAP and GdAP 

VII.2.1. Structure check by SEM and X–Ray 

The single crystallinity and high quality of LuAP:Ce SCF are confirmed by 
SEM and X–ray diffraction. The crystalline phase of the prepared LuAP:Ce/YAP 
epitaxial structures is characterized in the 2θ range from 20° to 100° with a step of 
0.02° using a modified DRON 4 spectrometer (Cu Kα1 X–ray source). The SEM 
image in Fig. 25a reveals very few pits, hills, square holes, scratches, or brighter 
spots on the SCF surface. In Fig. 25b, the XRD scan shows the (004) reflexes of the 
LuAP film and YAP substrate, which allows for the determination of the misfit 
between the lattice constants of the YAP substrate and the LuAP SCF. The misfit, 
m = [(ascf – asub)/ascf] × 100%, is equal to 1.255%. 
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Fig. 25. (a) SEM image of the LuAP:Ce SCF surface under 700 magnification. (b) XRD pattern of 
the (004) reflexes of the LuAP:Ce film and the YAP substrate 

Due to the large difference between the lattice constants of LuAP:Ce SCF and 
the YAP substrate, huge mechanical stress is exerted on the film–substrate interface, 
which can affect the optical properties of the LuAP:Ce film [115, 116]. 

(a) 
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The relaxation of the stress between the film and substrate may cause the SCF 
structure to crack. The propagation of such stress within the volume of SCF can cause 
gradual changes in the cation–anion distances, resulting in notable changes in the 
optical spectra of both the LuAP host and dopants. Similar observations have been 
made in LuAG:Ce SCFs, grown by the LPE method on top of YAG substrates, where 
the misfit between the respective garnet lattices was about 0.7% [117]. 

VII.2.2. Absorption spectra 

The room temperature absorption spectra of Ce–doped YAP and LuAP single 
crystals are presented in Fig. 26a and Fig. 26b, respectively. The square of the 
absorption coefficients of undoped YAP and thin Ce–doped LuAP single crystals in 
the 5–8 eV spectral range are shown in the insets, along with linear fits to the data 
near the fundamental absorption edges. The fits provide precise values of the energy 
gaps of YAP (7.63 eV) and LuAP (7.86 eV) at room temperature, assuming direct 
band gaps. The fits assuming indirect band gaps yield slightly smaller band gaps (by 
about 0.2–0.3 eV). It is worth noting that the determined bandgap energy of the LuAP 
bulk crystal (7.86 eV) is lower than the previously reported value of 8.44 eV [118] 
for single crystalline films, as well as the estimated energy of 8.2 eV for bulk LuAP 
[12]. 

4 5 6
0

1

2

3

4

5

6

5.
73

 e
V

5
.2

2 
e

V

A
bs

or
ba

n
ce

Energy (eV)

YAlO3:Ce (0.2%)

   T = 300 K

(a)

4.
05

 e
V

4.
27

 e
V

4.
5

2 
eV

6,0 6,5 7,0 7,5 8,0
0

100000

200000

300000

400000

h (eV)


2
 (

cm
-2

)

7,63 eV

YAlO3

2 4 6 8
0

100

200

300

400

500

600

5 6 7 8
0

1x106

2x106

3x106


2 (

cm
-2

)

Energy (eV)

LuAP:Ce

7.86 eV

A
b

so
rp

tio
n 

co
ef

fc
ie

nt
 (

cm
-1

)

Energy (eV)

LuAlO3:Ce

(b)
4.

03 4.
27

4.51
5.3

6.2

 

Fig. 26. Room temperature absorption spectra of YAP:Ce (a) and LuAP:Ce (b) single crystals. The 
positions of Ce3+ 5d levels in LuAP:Ce and YAP:Ce crystals are marked with arrows. In the insets, 
linear fits the square of the absorption coefficients near the fundamental absorption edges of YAP 

(a) and LuAP (b) are shown. 

VII.2.3. Temperature dependence of the luminescence 

VII.2.3.1. Luminescence spectra 

The luminescence spectra of Ce3+ in bulk YAP and LuAP single crystals were 
measured as a function of temperature under 300 nm excitation. As shown in Fig. 27, 
the Ce3+ luminescence spectra in both samples are very similar. At low temperatures, 
the spectra consist of two broad bands corresponding to transitions from the lowest 
d–level to the spin–orbit split 2F5/2 ground and 2F7/2 excited states of the 4f 
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configuration (Fig. 27a). The relatively small crystal field splitting of the two 4f 
levels is not observed in the 5d→4f luminescence due to strong electron–phonon 
coupling of the 5d levels and low transition probability to the high–energy 
component of the 2F7/2 excited state [119]. 
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Fig. 27. (a) Luminescence spectra of Ce3+ in LuAP (red line) and YAP (black line) single crystals at 
6 K. Temperature–dependent luminescence spectra of Ce3+ in LuAP (b) and YAP (c) single crystals. 
All spectra were detected under 300 nm excitation. The spectra in (b) and (c) are shifted in intensity 

scale. 

As the temperature increases, the second– and third–lowest d–levels, which lie 
at 237 and 216 nm in YAP:Ce and 234 and 200 nm in LuAP:Ce (see Fig. 26), 
become thermally populated. Radiative transitions from this level lead to a slight blue 
shift of the emission spectra and an apparent smearing out of the double peak 
structure. Similar results were observed in [120]. The spectra collected at selected 
temperatures above 273 K in LuAP and YAP single crystals are shown in Fig. 27b 
and Fig. 27c, respectively. 

VII.2.3.2. Dependence of the luminescence intensity 

As shown in Fig. 27b, the luminescence intensity in the LuAP:Ce crystal 
remains constant with temperature up to 873 K, while in YAP, quenching of Ce 
luminescence occurs above 650 K (Fig. 27c). The integrated Ce luminescence 
intensities normalized to room temperature are presented in Fig. 28 for YAP (full 
symbols) and LuAP (open symbols). 

To fit the dependence of the luminescence intensity on temperature, the 
following assumptions have been made. Firstly, the intensity of the luminescence 
originating from the transition from a single level to all possible ground states is 
assumed to be proportional to the population of that excited state. Therefore, the 
quenching increases as the probability of the thermal population of the conductive 
band increases, which causes a decrease in the population of the luminescent state. 
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Here gi is the degeneracy of the i–level, Ei is the energy of the i–level with respect to 
an arbitrary zero, Eg is the position of the bottom of the conduction band with respect 
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to the same arbitrary zero, and ΔE is the energy distance between the i–level and the 
conduction band. If the arbitrary zero is chosen as the top of the valence band, then Eg 
becomes the band gap. 
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Fig. 28. Temperature dependence of the normalized, integrated intensity of Ce3+ luminescence in 
LuAP (open symbols) and YAP (full symbols). The solid line is a fit with Eq. (12). 

If we consider only the lowest level, the dependence of the intensity on 
temperature can be described by the equation: 

𝐼(𝑇) =
𝐼

1 +
𝑔ா

𝑔ଵ
𝑒ି

∆ா
்

=
𝐼

1 + 𝑎ଵ𝑒ି
∆ா
்

 (10) 

Alternatively, we can take into account the influence of the two lower excited 
levels of Ce3+. The luminescence from both levels will affect the total intensity of the 
luminescence, so the sum of both individual transitions should be considered: 
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(11) 

Similarly, if we consider three levels, the following equation can be used: 
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Here, I0 is the initial low–temperature luminescence intensity, ΔE is the energy 
distance between the lowest 5d level and the bottom of the conduction band (treated 
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as a fitting parameter), E21 is the energy distance between the lowest 5d and second 
lowest 5d level, and E31 is the energy distance between the lowest 5d and third lowest 
5d level. The parameters α1 and α2 are ratios of the radiative recombination 
probabilities from the second and third d–level to that of the lowest d–level, while α3 
is the ratio between the ionization rate and the radiative transition probability. 

The energy distances E21 = 0.22 eV and E31 = 0.470 eV are determined from 
the absorption spectra in Fig. 26a. The lowest excited level of Ce3+ is located at 
ΔE = 1.27 eV below the bottom of the conduction band, as determined from the fit of 
Eq. (12) to the experimental data (presented as a solid line in Fig. 28), with fitting 
parameters α1 = 7, α2 = 4400, α3 = 4 ×108, and ΔE = 1.27 eV. The uncertainty of ΔE 
is less than 50 meV. We considered the three lowest levels because they are all 
located in the band gap, and therefore, they should be included. The fourth level from 
the bottom excited state is also located in the band gap, near the bottom of the 
conduction band. Nevertheless, we did not consider it in Eq. (12) to avoid adding 
more approximation parameters, which could make the fitting procedure less reliable. 
Besides, this level is close to the conduction band and is broad in absorption spectra. 

The obtained data from fitting allowed for the estimation of the position of the 
ground 4f state of Ce3+ in YAP crystal, which is a critical parameter in the Dorenbos 
model [121]. Recent theoretical DFT calculations supported the value of 3.5 eV as 
the position of the first 4f level of Ce3+ above the top of the valence state [19]. Our 
results indicate that the ground 4f level is located at 2.31 eV above the top of the 
valence band of YAP, based on the distance between the lowest 5d level and the 
bottom of the conduction band (equal to 1.27 eV), the band gap energy (equal to 
7.63 eV), and the energy of the absorption peak to the first 5d level (4.05 eV). This 
gives rise to a difference of approximately 1.19 eV between the experimentally 
estimated position and the one obtained from Dorenbos theory and theoretical DFT 
calculations [19]. The remaining difference of 0.9 eV may be due to the temperature 
decrease of the band–gap energy, which is expected to occur between room 
temperature and 873 K. Although the temperature dependence of the band–gap 
energy of YAP has not been experimentally established, the expected changes in the 
band–gap energy are in the range of at least a few hundred meV [122]. Therefore, the 
theoretical predictions of the Dorenbos model and DFT calculations are consistent 
with our experimental findings, within the expected accuracy limits (about 
0.3–0.5 eV) [123]. However, the theoretical energy value of 3.5 eV may be 
overestimated since Ce3+ luminescence quenching would then occur at cryogenic 
temperatures. 

It is worth noting that the temperature quenching of Ce3+ luminescence is not 
observed in LuAP up to 873 K. This may be partly related to the larger bandgap of 
LuAP compared to YAP, although the relatively small difference between them (only 
0.23 eV) indicates that the position of the ground state of Ce3+ in LuAP must be 
closer to the top of the valence band than in YAP. 
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VII.2.4. Raman spectra of the single crystalline film 

Fig. 29a shows the Raman spectra of a LuAP:Ce single–crystalline film (SCF) 
with a thickness of approximately 21.5 μm, grown on a YAP substrate. 
The measurements were performed on a cross–section of the LuAP/YAP 
layer/substrate, and the distance of the position of the laser spot from the top of the 
LuAP SCF layer, denoted by d, is provided in Fig. 29a. Fig. 29b shows the SEM 
image of the cross–section, where the LuAP SCF layer, the LuAP/YAP interface, and 
the YAP substrate are indicated by the numbers 1, 2, and 3, respectively. 

 

 

 
Fig. 29. (a) Raman spectra of the LuAP:Ce single crystalline layer with a thickness of about 22 m 

grown on YAP substrates scanned along the YAP/LuAP cross–section. The distance of the laser 
focus from the top of the SCF layer for each spectrum is given in the legend. (b)–SEM picture of the 

YAP/LuAP cross–section. 

The Raman spectra of the YAP substrate exhibit a similar pattern to the data 
reported in [115]. A total of 20 Raman peaks are observed for the YAP substrate, out 
of the 25 predicted by group theory. Within the LuAP layer, 28 modes are observed, 
although only 11 of them are unique to LuAP. Changes in the Raman spectra are 
observed when the laser spot moves across the border between the YAP substrate and 
the LuAP layer grown on it, occurring at a distance of approximately 22 μm from the 
top of the LuAP layer. The structure of the Raman lines registered for LuAP SCF is 
similar to that observed for YAP. Further theoretical studies are needed to assign the 
observed spectrum to vibrational modes expected for LuAP. 

Table 3 provides a list of the observed Raman lines, along with their 
assignments. The Raman lines are assigned based on previous theoretical calculations 
of their positions [124], from which data has been taken for comparison. 
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Table 3. Results of Raman experiments on the 22 mm thick LuAP:Ce single crystalline layer grown on YAP substrate. The assignment of the modes predicted 
directional Raman activity and theoretical energies from DFT calculations are taken from [124]. 

Experimental (cm−1) 
Line number, 
assigned in 

Fig. 30 

DFT (cm−1) 
[124] 

Pressure coefficient 
(cm−1/GPa) 

Tentative assignment 
[124] 

Line dominates 
in YAP or LuAP 

YAP 
(on edge) 

YAP 
(confocal) 

LuAP 
(on edge) 

LuAP 
(confocal) 

[124]   below 
10 GPa 

above 
10 GPa   

  117.6 117       LuAP 
  138.3 138.7  0.1  1.42   LuAP 
  146.3 146.8  0.2  1.11   LuAP 

149 149.8 149.2 150 149 
 

156.5   
Y → b–axis; 

τ (Oh) 
YAP 

156.7  156.8  156 
 

158.3   
Y → a–axis; 

τ (Oh) 
YAP 

    194 
 

190.6   
Y → c–axis; 

τ (Oh) 
absent 

196.4 196.7 196.3 196.6 196 
1 

193.1 1.62 1.13 
Y → a–axis; 

τ (Oh) 
YAP 

215.8    216 
 

218.6   
Y → b–axis; 

τ (Oh) 
YAP 

235     
 

230.3   
Y → c–axis; 

τ (Oh) 
YAP 

265  265.7 266.8 264 2 258.9 1.17 1.13 τ (Oh)[ab–axes] YAP 
275.5 276.5 275.9 276.5 276  272.1   τ (Oh)[bc–axes] YAP 
284.6    284 2.1 286.8 –0.04  ρ(Oh) YAP 

  296.2 296.5  3  1.77 1.75  LuAP 
  323.9 325.8       LuAP 
  330 330       LuAP 

343 343.6 343 343 344 4.3 343.5 1.31 1.15 ρ(Oh) YAP 



 
 

 
 
  364.9 365.2       LuAP 
  372 371.5       LuAP 

382.3 381     392.1   ρ(Oh) YAP 
403.1  401.5 402 402 4.1 405.8 3.29 2.95 ρ(Oh) YAP/LuAP 
412.1 411.9 404.8 404.5 412  407.8   δ(Al–O–Al) YAP 
429.7 428.7 430 433 417  412.9   δ(Al–O–Al) YAP 

  455.4 451  4.2 459.1 –0.07 –0.43 νas(Oh) (equa.) YAP/LuAP 
466 468.4   469  464.3   ν(Oh) (ax./equa.) YAP 
471  466 462 466  464.4   νas(Oh) (equa.) YAP/LuAP 

  486.6        LuAP 

538 538.3 539 538 540 
6.4 

538.3 2.66  δ(Al–O–Al) 
YAP (on 

edge) 
  539 538 537  539.1   δ(Oh) (equa.) YAP/LuAP 

552 551.9 550 550 553 6.3 551.2 2.85  νas(Oh) (equa.) YAP/LuAP 
  569 569  6.2  2.75   LuAP 

598 596 598  587 6.1 588.3 1.55  νs(Oh) (equa.) YAP 
  621.6 620  5  2.03 1.8  LuAP 
  668.3        LuAP 

687      679.5   νs(Oh) (ax.) YAP 
  708    701.4   νs(Oh) (equa.) YAP/LuAP 

735 736     733.1   νs(Oh) YAP 
  771        LuAP 
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VII.2.5. Results of high–pressure spectroscopic 
measurements 

VII.2.5.1. Luminescence under HP 

Luminescence measurements were carried out on LuAlO3:Ce3+ bulk crystals 
and LuAlO3:Ce3+ single crystalline films (SCFs) (see Fig. 30a and Fig. 30b, 
respectively) under excitation with a 275 nm laser line, and the results were recorded 
as a function of pressure. The luminescence spectra of both samples were found to be 
very similar, showing an asymmetric band composed of at least two Gaussians. As 
pressure was increased, both luminescence peaks (Gaussians) shifted towards longer 
wavelengths and their intensity decreased. The decrease in intensity was attributed to 
the movement of the 5d levels under pressure, while the excitation wavelength 
remained constant. 
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Fig. 30. Room temperature luminescence spectra of Ce3+ in LuAlO3 single crystal (SC) (a) and 
single crystalline film (SCF) (b) under high pressure. The luminescence was excited with the 

275 nm laser line and a 325 nm edge filter was used to cut off the laser excitation. 

All spectra were fitted with two Gaussians, and the peak positions were plotted 
as a function of pressure for the SCF and SC samples (Fig. 31a and Fig. 31b, 
respectively). As the 4f electrons are shielded from the crystal field, no significant 
changes in the level positions were expected. However, the 5d electrons are much 
more affected by the crystal field, and therefore the pressure–induced changes in 
luminescence peak energies mainly reflected the changes in the 5d level position, 
from which the emission originated. The energy distance between the two emission 
lines remained almost constant. 

Both luminescence lines exhibited a red shift as pressure increased, with a 
distinct bending point observed above 15 GPa for the SCF sample (see Fig. 31a and 
Fig. 31b). The redshift of the peak energies in the bulk crystal could be approximated 
by two linear dependences with shift rates of 16 and 19 cm−1/GPa below 20 GPa and 
47 and 54 cm−1/GPa above 20 GPa. The relative intensities of the higher to lower 
energy luminescence peaks decreased linearly with pressure up to about 15 GPa in 
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the film and 20 GPa in the single crystal, after which the dependencies changed 
noticeably (see Fig. 31c and Fig. 31d). This trend was well–correlated with that of the 
peak positions. The presence of two Gaussians supported the observation that the 
emission arose not only from the lowest–lying 5d band but also from the higher 
components of the excited 5d states, which were thermally populated even at room 
temperature. 
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Fig. 31. Energies (a, b) and relative intensities(c, d) of Ce3+ luminescence peaks associated with the 
5d→2F5/2 and 5d→2F7/2 transitions vs. pressure in SFC and SC samples, respectively. The linear 

fits of the slopes are given in (b). 

The change in shift rates observed in both samples at different pressures 
(around 15 GPa in the SCF and around 20 GPa in the SC) suggested possible 
structural changes taking place. One possible explanation is a phase transition 
occurring in this pressure range. In the case of the SCF sample, the pressure 
dependences of the peak energies were not quite parallel, indicating some influence 
of pressure on the 4f electronic states. This could lead to changes in the splitting of 
the 4f states, as well as changes in the distance between the lowest–lying 5d levels, 
which could affect the population of the 5d states. As a result, the luminescence 
would be initiated from more than one level, especially at higher temperatures. 
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However, attempts to deconvolute the luminescence into more than two bands would 
increase the number of fitting parameters, making such a procedure less reliable. 

The different pressures at which the change of shift rates is observed, around 
15 GPa in SCF and around 20 GPa in SC samples, suggest that the bulk crystal is 
more pressure–resistant than the thin film. This difference in behavior could be 
related to the larger number of defects in the thin film, which appear to play a role in 
stabilizing the crystal structure. The lower defect concentration in the film than in the 
bulk crystal could be attributed to the much lower growth temperature. In fact, LuAP 
SCFs are known to be prone to stress relaxation due to differences in lattice 
parameters between the substrate and the overgrown layer, which can even lead to 
breaking. 

VII.2.5.2. Raman spectra under pressure 

The pressure–dependent Raman spectra of the LuAP single crystalline film are 
shown in Fig. 32a, with the particular lines grouped according to their similar 
pressure dependences and marked on the graph with numbers from 0.1 up to 6.4. At 
low pressures, the lines below 150 cm−1 overlap with the Raman signal from Ar, 
which was used as the pressure transmitting medium, but the low energy vibrations of 
LuAP are still distinguishable. As pressure increases, most of the lines observed on 
the cross–section of the YAP/LuAP structure remain visible, but some lines, such as 
those from groups 1 and 6, disappear above 10 GPa. Almost all lines exhibit shifts 
towards higher energies, and the rate of the shift changes at a pressure of about 
10 GPa, coinciding with the behavior of luminescence. The pressure dependences of 
the Raman line energies are shown in Fig. 32b, and the shift rates are listed in Table 3 
for pressures below 10 GPa and above 10 GPa. As shown in Table 3 and Fig. 32, the 
pressure coefficients of Raman lines decrease after 10 GPa. 
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Fig. 32. Pressure–dependent Raman spectra of LuAP SCF. (b) Positions of Raman peaks as a 
function of pressure. 

An exception to the typical behavior of increasing energy of Raman modes 
with applied pressure is exhibited by line 4.2, the energy of which decreases with 
increasing pressure. This behavior is shown in Fig. 33a, and the shift rates for this 
line also change at a pressure of about 10 GPa, from –0.07 cm−1/GPa below 10 GPa 
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to –0.47 cm−1/GPa above 15 GPa. This type of behavior is similar to that of the so–
called soft mode observed, for example, in ferroelectric materials, where a further 
increase of the pressure leads to a ferroelectric/paraelectric structural phase transition 
[125]. This suggests that a phase transition may be responsible for the observed shift 
changes in pressure coefficients of the luminescence bands and Raman lines. 
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Fig. 33. Raman peak with diminishing energy for LuAP SCF (a) and its energy as a function of 
pressure (b) 

However, another interpretation of this effect is also possible. Specifically, the 
energy of certain vibrations in the perovskite lattice may depend not only on the 
lattice parameters, which increase the energy with pressure, but also on the angle of 
deviations of the octahedra forming the lattice, which may cause changes in the force 
constants between the vibrating species [126]. Due to such distortions, the force 
parameters may decrease, causing the energies of certain lattice vibrations to decrease 
with increasing pressure. The vibrations around 400 cm−1 are associated with Al–O 
stretching and deformation modes in the parent YAlO3 compound [127]. These 
effects do not exclude the possibility of an abrupt change in the already mentioned 
angle of distortion occurring at a certain pressure. 

VII.2.6. Theoretical calculation of the band–gap energy as 
a function of pressure 

All theoretical calculations presented in this chapter were conducted by 
Professor M. G. Brik. 

The results of the theoretical calculations performed for LuAP using two 
approximations, GGA and LDA, are presented in Fig. 34. The relative changes in unit 
cell volume under pressure are shown in Fig. 34a. Using the calculated data, the bulk 
modulus and its pressure derivative were determined from the fit to the Murnaghan 
equation of state [128]. Both approximations give similar values of these parameters 
(shown in the graph) and are in good agreement with the data already published for 
YAP [129]. 

The calculated pressure dependence of the LuAP bandgap energy is shown in 
Fig. 34b for both approximations. As is typical for these calculations, the value of the 
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bandgap energy is underestimated, although the pressure changes of this parameter 
are usually in better agreement with experimental data [130, 131]. However, as can 
be seen, the GGA and LDA approximations give quite different pressure 
dependences of the LuAP bandgap energy. This is most likely related to the relatively 
close energies of the direct and indirect bandgaps, similar to the energy structure of 
YAP [19]. Unfortunately, it is impossible to directly measure this dependence due to 
diamond absorption, which prevents performing such an experiment. The results of 
GGA predict that the LuAP bandgap strongly increases with applied pressure, but at 
higher pressures, a very strong bowing is observed when the indirect bandgap 
prevails over the direct one. This effect is observed at pressures higher than 
15–0 GPa. From LDA calculations, a very weak influence of pressure on the bandgap 
energy is expected. The pressure dependences of the bandgap energy derived from 
both theoretical methods can be approximated by quadratic functions, shown in 
Fig. 34b with appropriate parameters. 
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Fig. 34. Calculated pressure dependences of the relative unit cell volume (a) and bandgap energy 
(b) of LuAP using GGA and LGA approximations. Fitted values of bulk moduli and their pressure 
derivatives are given in (a) for both approximations. The bandgap pressure dependences can be 

fitted with quadratic functions presented in the graph. 

VII.2.7. Discussion 

VII.2.7.1. Calculations based on the Dorenbos model 

The red shift of Ce3+ luminescence observed in high–pressure experiments is 
attributed to the compression and distortion of the crystal lattice. The physical 
mechanisms leading to the redshift are three–fold: (i) a downshift of the barycenter 
(centroid) of 5d levels, εc, compared to the free ion, (ii) an increase in the crystal field 
splitting of the 5d states, εcfs, and (iii) distortion of the oxygen polyhedron 
surrounding Ce3+ from cubic symmetry. The first two mechanisms can be evaluated 
as follows: The downshift of the centroid can be described by the following formula, 
adapted from previous works [132, 133, 134]: 

𝜀 = 𝐴  ቈ
𝑎௦



(𝑅 − 0.6∆𝑅)


ே

ୀଵ

 (13) 
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Here Ri is the distance (in picometers) between Ce3+ and anion i in the undistorted 
lattice. Pressure application changes these distances. The summation is over all N 
(N = 8) anions that coordinate Ce3+. 0.6 ΔR is a correction for lattice relaxation 
around Ce3+, ΔR is the difference between the radii of Ce3+ and Lu3+, 𝛼௦

  (in units of 
0–30 m–3) is the spectroscopic polarizability of anion i, and A is a constant 
(1.79 × 1013). The polarizability 𝛼௦

  can be evaluated using the formula: 

𝛼௦
 = 0.33 + 4.8/𝜒௩

ଶ  (14) 

Here 𝜒௩ is the weighted average of the electronegativities of the cations in the oxide 
compounds. 

The contribution of the splitting of the 5d state by the crystal field can be 
evaluated from the empirical formula: 

𝜀௦ =  𝛽௬𝑅௩
ିଶ (15) 

Here Rav is the average distance between the activator and the neighboring anions, 
and βpoly values are 1, 0.89, 0.79, 0.42 for octahedral, cubic, dodecahedral, and 
tricapped trigonal prismatic coordination, respectively. The value 
βoctahedral = 1.35 × 109 pm2 /cm [135]. 

Crystal field splitting of the 5d levels is also dependent on the distortion from 
the cubic geometry of the octahedron, which is more difficult to evaluate. 

 
Ri (pm) 1 2 3 4 5 6 7 8 Rav 

YAP 223,7 230,61 228,43 228,43 248,07 248,07 256,91 256,91 240,14 

LuAP 219,47 224,35 223,54 223,54 243,75 243,75 254,07 254,07 235,82 

Table 4. The distances between Y–O, and Lu–O ions 

The results of calculations based on the Dorenbos theory [133] and ambient 
pressure data, using distances between the cation and surrounding oxygens taken 
from [136] for YAP and from [126] for LuAP, respectively, are presented in Table 5. 
The distances Ri are taken from [136, 137] and are listed in Table 4. To calculate 
formulas (13) to (15), the remaining necessary data are the electronegativities: Y –
 1.22; Al – 1.61; Lu – 1.27. It is assumed that Y, Lu, and Ce ions are located in 
dodecahedral (however strongly distorted) crystallographic positions, and thus the 
values of βdod = 0.79 × βoct. The experimental positions of the barycenters of 5d states 
of Ce3+ ions, estimated from the integral of absorption measurements of all 5d 
transitions for each compound (see Fig. 26), are also given in Table 5. The barycenter 
energies obtained as the mean energy of the absorption peaks are also presented. The 
experimental values are compared to theoretical ones, obtained by subtracting the 
calculated centroid shift, εc, from the 5d barycenter for the free Ce3+ ion, which is 
6.35 eV (51 230 cm−1) [134]. The crystal–field splitting, εcfs, is defined as the energy 
difference between the lowest and highest 5d level. A fraction of εcfs contributes to 
the total downshift. Our estimations show that this fraction is equal to about 0.65 at 
ambient pressure and was kept constant in the calculation of pressure dependences. 
Fig. 35 presents a schematic picture of the energy structure of Ce3+ ions in YAP and 
LuAP under ambient and high pressure. 
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Parameter 
YAP:Ce LuAP:Ce 

theory (eV) experiment (eV) theory (eV) experiment (eV) 

Bandgap energy  7.63  7.86 

εc 2,58  3.06  

εcfs 2,30 1.68 2.38 2.17 

Theoretical barycenter 
energy 𝐸

ହୢ − 𝜀 
3.77  3.29  

Experimental barycenter 
energy (vs. 4f state energy) 

 (4.76)*  (4.86)* 

Theoretical (εc+0.65×εcfs) 
and experimental (εc–

0.65×εcfs) down–shift** 

εc+0.65×εcfs 

4.08 

εc – 0.65×εcfs 

(3.67)* 

εc+0.65×εcfs 

4.61 

εc – 0.65×εcfs 

(3.56)* 

The energy of the lowest 
5d level 𝐸

ହୢ  – down shift 
2.28 4.05 1.74 4.03 

The energy of the lowest 
5d level referenced to the 

band–gap 
3.55 4.05 3.24 4.03 

* Calculated as an average of level peaks energies. 
** The difference in sign of εcfs comes from different reference levels 

  

Table 5. Calculated from equations (13)–(15), and experimental values of the downshift of the 
centroid barycenter, εc, the splitting of the 5d state by the crystal field, εcfs, and related data at 

ambient pressure (see description below). 

The calculated theoretical energies of the lowest–lying 5d Ce3+ states in YAP 
and LuAP referenced to the free–ion energies do not agree with the values obtained 
from absorption measurements, as shown in Table 5. The theoretical values are about 
half as large as those observed experimentally. However, a better agreement is 
achieved for the total splitting energy of the 5d states, εcfs. 

The 5d barycenter energy of Ce3+ in LuAP was estimated to be 5.22 eV if 
calculated from the integrated absorption to the 5d states. This value is much larger 
than the average of the observed peak energies of the five 5d states of Ce3+, which is 
equal to 4.86 eV. The value obtained from the integration of the absorption 
coefficient is affected by the relatively large background present in the LuAP crystal 
close to the conduction band. The 5d barycenter in LuAP estimated from the 
integrating procedure is located between the two highest–lying 5d levels. In contrast, 
in YAP, the 5d barycenter energies of Ce3+ are calculated both as an average of the 
peak energies and from the integration of the absorption coefficients, and they agree 
with each other (see Table 5). The better agreement in YAP is a consequence of the 
much lower background absorption than in LuAP. Therefore, the experimental Ce3+ 
5d barycenter energy in LuAP is better taken as equal to 4.86 eV, from the average 
position of 5d levels peak energies. 
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Fig. 35. Schematic energy structure of Ce3+ ions in YAP and LuAP under high pressure. 

The theoretical energies of the 5d level positions much better correlate with the 
experiment if they are calculated from the bandgap energies instead of the free Ce3+ 
ion 5d state energy. The results of such calculations are shown in the last row of 
Table 5. Nevertheless, the difference of about 0.8 eV is still present in the case of 
LuAP:Ce3+. The energy of the bandgap is very close to the energy of the Ce3+ to Ce4+ 
charge transfer process [138]. 

VII.2.7.2. Dependence of the 5d–4f energies on pressure 

It is now possible to calculate the pressure dependence of the energies of the 
5d–4f luminescence bands in LuAP:Ce, assuming that all distances between Ce3+ ions 
and the surrounding ligands change according to the modified Murnaghan equation of 
state [129] (this assumes that the distances under pressure change as V1/3): 

𝑅

𝑅
= ቆ

𝑝𝐵
ᇱ

𝐵
+ 1ቇ

ଵ

ଷబ
ᇲ

 (16) 

Here R0 and R are Ce3+ – oxygen distances at ambient and applied pressures, 
respectively, and B0 and 𝐵

ᇱ  are values of the bulk modulus and its pressure derivative 
(see, for example, [139]). By fixing the theoretical positions of the 5d–4f band 
maxima to the experimental positions at ambient pressure, the theoretical pressure 
dependences of the luminescence bands were calculated. These are shown in Fig. 36 
as broken lines. The apparent discrepancy between experimental and theoretical data 
can be corrected by taking the position of the conduction band bottom as a reference 
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level instead of the free–ion 5d level energy. The best fit to the experimental data is 
obtained if a linear shift of the conduction band minimum with pressure, equal to 
310 cm−1/GPa, is assumed (see solid blue lines in Fig. 36). 

Taking the pressure dependence of the bandgap calculated with the use of LDA 
(red lines in Fig. 36) leads to results very similar to those obtained using a fixed 
reference level, which is not in agreement with the experimental data. The 
dependence calculated with the use of theoretical GGA predictions (green solid lines) 
gives good agreement for pressures up to about 15 GPa, but at higher pressures, the 
theoretical lines deviate from the experimental data. 
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Fig. 36. Pressure dependences of 5d→4f transitions calculated from Dorenbos theory. Broken lines 
show dependences calculated according to Eqs. 1–4, solid lines present dependences calculated 

taking into account changes of the energy of conduction band minimum. Blue lines: linear pressure 
dependence of the band gap energy(a); red lines: band–gap calculated with LDA (b); green lines: 

band gap calculated using GGA (c). 

There is no experimental data on the pressure dependence of the bandgap 
energy of LuAP due to its high energy, which coincides with the bandgap of 
diamonds. However, both the linear dependence of the bandgap energy and that 
calculated with GGA are in reasonable agreement with what is typically observed in 
similar compounds, such as YGG [120]. Therefore, using the bandgap energy as the 
reference level is postulated instead of the free Ce ion 5d energy usage. This small 
correction allows the correlation of experimental data with the Dorenbos model and 
is in line with his idea of the Vacuum Referred Binding Energy (VRBE) or Host 
Referred Binding Energy (HRBE) concept, which was relatively recently presented 
[140, 141]. 

The obtained results with linear dependence of the bandgap energy or that 
calculated with GGA exhibit good agreement between theory and experimental data, 
at least up to 15 GPa. They also highlight the importance of considering the pressure 
dependence of the band structure. It is not possible to neglect the pressure 
dependence of the energy of the conduction band minimum versus the position of the 
4f levels, which are treated as pressure–independent in this consideration. This is in 
agreement with the commonly accepted idea that 4f states, being screened by outer 
electrons, are very weakly dependent on the environment. In contrast, d levels, 
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especially 5d, strongly interact with surrounding anions, and therefore their energy 
structure has a strong dependence on pressure. 

Using the conduction band energy as the reference level for the calculation of 
the downshift energy εc can be justified by the close location of the intervalence 
charge transfer state (IVCT), which is formed by ionization of the Ce3+ ion followed 
by trapping of the ionized electron. This state can be understood as a (Ce4+ + e) 
exciton, and its energy level should lie close to the bottom of the conduction band 
depending on the electron binding energy [138]. 

Although there is a general agreement between theoretical considerations and 
experimental data, closer comparisons reveal important deviations that are detected 
by our measurements. Firstly, the bending of theoretical curves in Fig. 36 (for linear 
band–gap dependence) is opposite to the experimentally observed curve (compare 
with Fig. 31a and Fig. 31b). This discrepancy could be due to experimental details 
that were not taken into account in the theoretical considerations. For instance, the 
pressure dependence of the cation–anion distances may not be the same for all anions 
as assumed in Eq. (15). The local compressibility of the polyhedron around Ce3+ may 
also be different from the average described by Murnaghan's equation, and the 
distortion from cubic symmetry may result in stronger splitting than described by 
Eq. (14). Finally, a certain type of phase transition may occur at pressures between 
15 and 20 GPa, which is suggested by changes in the pressure coefficients of the 
Raman spectral lines that also occur at similar pressures. 

Moreover, the deviation of the theoretical pressure dependence of the 5d→4f 
transitions for the band–gap calculated with GGA above 15 GPa from the 
experimental data may be associated with this phase transition. We do not expect this 
phase transition to lead to a different crystallographic structure or different space 
group symmetry. However, it is possible that the angles at which the octahedra 
containing Al ions are placed in the lattice may undergo an abrupt change under 
pressures in the range of 15 to 20 GPa. This change will not affect the symmetry of 
the crystal lattice but may impact the rigidity of the crystal structure, allowing for 
significant changes in the pressure coefficients of the phonon modes and 
luminescence peaks. 

A certain type of phase transition is the most likely explanation for the 
observed change in pressure coefficients of the Ce3+ 5d→4f transitions at 
approximately 15 GPa in the free–standing layer and slightly higher pressure in the 
crystal grown using the micro–pulling down technique. A similar effect was 
previously observed in [142], which was associated with a certain reconfiguration of 
octahedrons containing Al ions but without a change in the general structure, such as 
the compound's space group. A similar effect was also discussed above in chapter 
VII.1, page 46, in the RAP:Eu3+ layers (you can also see [17], where results from 
chapter VII.1 are published). The different pressures at which this transition occurs in 
the free–standing LuAP layer grown by liquid phase epitaxy and in the crystals 
grown by micro–pulling down may be due to different types of defects present in 
both materials, particularly in the LuAP crystals grown at high temperatures 
(2000°C) compared to their SCF counterparts (~1000°C). Specifically, the 
concentration of LuAl antisite defect and oxygen vacancies, as well as their 
aggregates, is substantially higher in SC than in SCF [143]. Moreover, the 
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concentration of uncontrollable rare earth impurities seems to be higher in SC than in 
SCF. A relatively large number of unidentified rare earth impurities were detected by 
luminescence measurements of SC. 

The possibility of a phase transition is further supported by high–pressure 
Raman measurements shown in Fig. 32. In this experiment, the change in pressure 
coefficients of various lines is also observed in a similar pressure range (above 
10 GPa). The observation of a soft mode in the Raman spectra, which is a 
characteristic feature of possible phase transitions, provides additional evidence that 
such a transition may be occurring in the studied material. 

VII.3. Study of CsPbBr3 

VII.3.1. Absorption of CsPbBr3 as a function of 
temperature 

VII.3.1.1. Experimental result and initial processing 

Absorption spectra of CsPbBr3 were measured at various temperatures. Before 
the measurement, the sample was polished using fine aluminum oxide powder with a 
declared average grain size of 12.5 µm, followed by washing with acetone to remove 
any leftover polishing residue. The obtained results are presented in Fig. 37. 

As described in [57], the Boltzmann function can be used to fit absorption data 
(see fitting in Fig. 37a, d). Equation (5) provides the fitting function, and the detailed 
explanation of why to use it is in chapter V.3.2, page 20. Based on the findings in 
[57], both direct and indirect band gaps can be calculated from the Boltzmann 
function fit using the relevant equations. 

𝛼(𝐸) = 𝛼௫ +
𝛼 − 𝛼௫

1 + 𝑒
ாିாబ

∆ா

 (5) 

𝐸ௗ = 𝐸 − 𝑛ௗ


× ∆𝐸 

𝐸ௗ = 𝐸 − 𝑛ௗ


× ∆𝐸 
(17) 

Here, Edir (Eind) is the direct (indirect) band gap; E0 and ΔE are fitting parameters 
from equation (5); and 𝑛ௗ


≅ 0.3 and 𝑛ௗ


≅ 4.3 are coefficients, taken from 

[57]. These values were obtained empirically by comparing the direct and indirect 
band gaps obtained from linear fittings with those obtained from Boltzmann fittings. 
In this study, the direct and indirect band gaps of CsPbBr3 were determined using the 
Boltzmann fitting approach described by equation (17) (see Fig. 36a and d). 
Additionally, linear fittings of the square and square root of the absorption spectra 
were performed (see Fig. 37b, c, e, and f). The results obtained from these two 
methods were compared, and it was found that the obtained values were almost 
identical, as shown in the inset of Fig. 38. Although the Boltzmann function lacks a 
physical basis for absorption spectra fitting, the consistency between the results 
obtained in this study and the findings in [57] confirm that it produces 
mathematically equivalent to the Taucs’ plots outcomes. 
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Fig. 37. Absorption spectra of CsPbBr3 as a function of temperature. In a, b, and c temperature 
region from 4.5 to 70 K is shown, while in d, e, and f – from 85 K up to room temperature region is 
presented. In a and d absorption coefficient is fitted with the Boltzmann function, while in b and e, 
and c and f square and the square root of the absorption coefficient is fitted with a straight line. 

The absolute value of the band gap of CsPbBr3 has been reported with slight 
variations in different works, which can be attributed to the use of different methods 
for estimating the band gap energy and differences in sample quality, including 
crystal quality and defect concentrations. For instance, corresponding works have 
reported values of 2.25 eV [44, 80], 2.252 eV [43], 2.3 eV [73,144], 2.32 eV [51], 
2.35 eV [72], and 2.36 eV [62] (all presented values are for ambient conditions). In 
this work, the band gap is underestimated, most probably due to additional subband 
absorption from defects and dynamic structure fluctuations (see details in chapter 
V.3.3, page 24). Nevertheless, the results presented in this work are consistent with 
typical values for CsPbBr3, and reasonable values are obtained for the fitting of the 
band gap temperature dependence (Fig. 38). 

The band gap of CsPbBr3 is known to be direct at ambient conditions (see 
[50, 51, 43, 44, 54]), hence data obtained from linear fitting of the square of the 
absorption is analyzed further (Fig. 38). The band gap of CsPbBr3 increases with 
temperature up to around 80 K, after which it decreases, contrary to the expected 
behavior of a band gap decrease with temperature due to electron–phonon interaction. 
The linear expansion of the band gap with temperature, discussed in chapter V.3.2.2, 
page 22, also needs to be considered for CsPbBr3. Both effects (the linear expansion 
and the electron–phonon interaction) are taken into account in the equation from [65]: 

𝐸(𝑇) = 𝐸 + 𝐵𝑇 −
2𝑎

𝑒
ఔ

ಳ் − 1

 (8) 

Here E0 is the band gap energy at zero temperature, the second term corresponds to 
the thermal expansion of the band gap with rate B, and the third term includes 
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electron–phonon interaction. The weight of the electron–phonon interaction a, the 
phonon energy hνph, and the Boltzmann constant kB are considered in the third term. 
The fitting of band gap energy on temperature is shown in Fig. 38, with and without 
taking into account the zero–temperature vibrations, resulting in E0 values of 2.36 eV 
and 2.29 eV, respectively. The obtained parameters are close to those reported in [65] 
for CsPbBr3 quantum dots. Additionally, the obtained value of the phonon 
wavenumber, νph = 151 cm−1, is very close to the reported longitudinal optical (LO) 
phonon of CsPbBr3 [77, 78]. 
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Fig. 38. Dependence of CsPbBr3 band gap on temperature, taken from the linear fit of the square of 
absorption spectra. Fit in (a) is done by equation (8). Direct and indirect band gaps taken from 

linear fits are compared in the inset in (a) with the calculated from Boltzmann fitting 

VII.3.1.2. Urbach states 

The Urbach energy, also known as the so–called Urbach tail, was determined 
by fitting the absorption spectra using the exponential function given by the equation: 

𝛼(𝐸) = 𝛼𝑒
ா

ாೆ (18) 

Here α0 and EU are material constants, with EU representing the Urbach energy, which 
characterizes the slope of the absorption edge. 

The obtained Urbach energies are plotted as a function of temperature in 
Fig. 39. The dependence of the Urbach energy on temperature was fitted using the 
modified expression previously reported by Cody et.al. [145] and applied to CsPbBr3 
in [72]: 

𝐸 =
ħ𝜈

𝜎
ቌ

1 + 𝑋

2
+

1

𝑒
ħఔ

ಳ் − 1

ቍ (19) 

Here, ħνph is the average phonon energy, X is a measure of the structure fluctuation, 
σ0 is the steepness parameter, and kB is the Boltzmann constant. The results of the 
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fitting are presented in the tables in Fig. 39, with two temperature regions used for 
fitting. The first fitting includes the entire available temperature range and is shown 
in red color in Fig. 39, with an obtained phonon wavenumber of 193 cm−1. However, 
the discrepancy between this value and the value obtained from fitting the band gap 
dependence on temperature (see Fig. 38) suggests that either the band gap fit or the 
Urbach fit is incorrect. Therefore, a second fitting is done, starting from 50 K and 
shown in green color in Fig. 39. The obtained phonon wavenumber is 155 cm−1, 
which is in good agreement with the value obtained in Fig. 38. 
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Fig. 39. Urbach energy as a function of temperature with fits, done by the equation (19). In the 
inset, Urbach energy is compared with the doubled ΔE parameter from the Boltzmann fit of the 

absorption spectra in the inset 

It is important to emphasize that the estimation of the Urbach energy is not 
straightforward, as it requires very precise absorption measurements. The 
experimental data should have a change in the absorption coefficient between the 
minimum and maximum values of at least two orders of magnitude. In this work, our 
absorption spectra only changed in one order of magnitude, so a high error in Urbach 
energy estimation is unavoidable. This could be the reason for the unnatural drop of 
the Urbach energy with the temperature increase from 4.5 up to 50 K, and it may 
explain the incorrect values obtained when the fitting is done in the entire 
temperature range (red curve in Fig. 39). 

Despite the limitations in the precision of the absorption measurement, these 
results are presented here because they are in good agreement with other works. For 
example, the absolute value of the Urbach energy at room temperature (24 meV) is in 
good agreement with [73]. The shape of the Urbach energy dependence on 
temperature is also similar to the data obtained in other works (see, for example, 
[71, 72]). 

In the inset of Fig. 39, the Urbach energy is plotted together with the doubled 
parameter from the Boltzmann fit of the absorption spectra (2*ΔE, where ΔE is the 
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parameter from equation (5)). As shown in the inset, the absolute value of 2*ΔE and 
its temperature dependence are very close to the Urbach energy. This confirms the 
assumptions about the meaning of the ΔE parameter made in chapter V.3.2, page 20. 

VII.3.2. Raman spectra of CsPbBr3 

VII.3.2.1. Temperature dependence 

Raman spectra were measured at ambient pressure as a function of 
temperature, and the results are shown in Fig. 40. No phase transitions were observed 
below room temperature, which is consistent with previous literature. However, a fast 
shift of the line and fast broadening of the lines were observed. The Raman lines of 
CsPbBr3 below 150 cm−1 originate from the transverse optical (TO) phonons of 
[PbBr6] octahedra [45, 74, 75]. Chapters V.3.3.3 (page 26) and V.3.3.4 (page 26) 
present a review of the literature regarding Raman spectra of perovskites. Table 6 
shows that the positions of the Raman lines obtained in this work are in good 
agreement with other studies. The mean values of the phonon lines are 52 and 70, 75 
and 81, and 129 and 132 cm−1 for the TO1, TO2, and TO3 doublets, respectively. The 
relatively broad and weak band around 309 cm−1 is related to the second–order 
phonon mode [45, 74, 146] of the LO phonon, which is located around 155 cm−1 
[77, 78]. 

In Fig. 40b, the line positions are plotted as a function of temperature. A 
previously unreported line positioned around 72.5 cm−1 at 8 K was observed, and it 
was traced up to around 200 K, where it merged with the TO2–1 line. This line is 
referred to as the low–temperature phonon (LTP) since it can only be seen at low 
temperatures. The position of all lines shifts to lower energy as the temperature 
increases, except for the LO×2 line which remains constant. 

Fig. 40c shows the full width at half maximum (FWHM) of the Raman lines as 
a function of temperature. All FWHM values increase with the temperature increase, 
except for the TO1–2 line, which stops broadening and shifting towards lower 
energies (see Fig. 40) at temperatures above 150 K due to the movement of this line 
to the lower spectral limit of the set–up. The rate of FWHM increase with 
temperature is different for different lines. The explanation of this phenomenon will 
be discussed further. 

The central peak, the origin of which is discussed in chapter V.3.3.3, page 26, 
is visible in the form of a background of the spectra. Fast broadening of the Raman 
lines, including the central peak, can be observed in the temperature dependence of 
the Raman spectra of CsPbBr3 below room temperature (see Fig. 40c). Some 
explanations for this behavior, based on the literature review, can be found in 
chapters V.3.3.3 (page 26) and V.3.3.5 (page 27). This fast broadening of the lines is 
related to the structure fluctuation, which increases with the temperature. This 
behavior can even be considered as an order–disorder phase transition, which occurs 
around 60–80 K for CsPbBr3. A similar case has been reported for CsPbCl3 in [79]. 
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Fig. 40. CsPbBr3 Raman dependence on temperature (a), peak positions as a function of 
temperature (b), and full–width half maximum (FWHM) of few lines 

As shown in Fig. 40b and c, some Raman lines shift and become broader with 
temperature faster than others. If we assume that both the position and FWHM of 
Raman lines are affected by the structure fluctuation, it follows that the degree of 
influence of the structure fluctuation on different lines from the Raman spectra is 
different. For instance, both the FWHM and the position of the TO3 line change with 
the temperature much less than those of the TO2–2 line. Hence, we can conclude that 
the TO2–2 phonon is more strongly affected by the structure fluctuation than 
the TO3 phonon. 

VII.3.2.2. High–pressure dependence 

Fig. 41 displays the high–pressure Raman measurements of the best–quality 
CsPbBr3 crystal. At low temperatures (Fig. 41a, b), the Raman lines are more clearly 
resolved and reveal a phase transition around 1.2 GPa. At room temperature 
(Fig. 41d), the phase transition is visible at the same pressure. The authors in [51] 
concluded that with increasing pressure, [PbBr6] octahedra rotate and Pb–Br 
distances decrease. However, above 1.2 GPa, Pb–Br distances are much harder to 
compress, giving rise to the isostructural phase transition of CsPbBr3. In Fig. 41c, it is 
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noticeable that TOi (i = 1, 2, 3) lines shift slower above 1.2 GPa than at lower 
pressures, indicating a change in the compressibility of Pb–Br distances caused by the 
phase transition. Table 6 presents the pressure coefficients of CsPbBr3 Raman lines at 
low temperatures for pressures below and above 1.2 GPa. 
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Fig. 41. Raman spectra of CsPbBr3 with low defect number as a function of pressure at low ((a) 
and (b)) and room temperature (d). position of the Raman lines on pressure measured at low 

temperature (c) 

The central peak present in all spectra in Fig. 41 is the increase of the 
background with the wavenumber decrease. The results presented in Fig. 41d confirm 
the findings reported by Long Zhang et al. in [51], where the central peak is more 
prominent at high pressures and room temperature. The intensity of the central peak 
increases with temperature (see Fig. 40a) and is attributed to higher structural 
fluctuations at room temperature than at low temperature (see the previous chapter). 
The intensity of the central peak also increases with pressure, which can be attributed 
to either the amorphization process or the transition to some high–pressure phase of 
CsPbBr3. The previous studies report contradicting results regarding the high–
pressure state of CsPbBr3, with two main assumptions: amorphization and undefined 
high–pressure phase (see details in chapter V.3.1.2, page 20). 

The set–up used in this study has a lower limit due to the usage of the filter that 
cuts light up to 60 cm−1 from the laser line. Therefore, lines below this value cannot 
be measured. The position of TO1–1, equal to 52 cm−1, was estimated from the fit of 
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the high–pressure dependence (see Fig. 41c). The Raman line located around 
28–29 cm−1 is taken from [67, 74], where low energy Raman spectra are studied. The 
origin of this line is not clear, and it is named a low energy phonon (LEP) 
in this work. 

 LEP 
TO1 LTP 

TO2 TO3 LOx2 
1 2 1 2 1 2 

83 K (cm−1) from [75] –– 52 67 –– 74 81 129 133 –– 
80 K (cm−1) from 

[67, 74] 
28-29 47 67 –– 75 79 129 –– –– 

8 K (cm−1) –– 53 70 72.5 75 82 130 132 309 

below 1.2 GPa (
షభ

ீ
) –– 11.1 10.0 9.8 10.7 11.2 7.0 7.2 10.6 

above 1.2 GPa (
షభ

ீ
) –– 9.3 8.7 –– 7.6 7.4 0.6 2.6 4.4 

luminescence line (nm) 534.9 535.5 –– –– 536.2 536.5 –– 537.9 543 
Table 6. Position of CsPbBr3 Raman lines at low temperature and ambient pressure. Pressure 

coefficients of CsPbBr3 Raman lines at low temperature. LEP is the shortening from low energy 
phonon, and LTP – low–temperature phonon 

Table 6 also provides the wavelength of the luminescence line, which is further 
discussed in the following chapters. Phonon replicas from separate phonons are 
present in the luminescence spectra of CsPbBr3. When the measured spectrum is 
completed by adding lines below 60 cm−1, the combined spectrum agrees with the 
theoretically calculated phonon density of states presented in [147], except for a small 
underestimation of the phonon energies in the 12–25 meV (90–200 cm−1) energy 
region. 

VII.3.2.3. Summary and conclusions to chapter VII.3.2 

CsPbBr3 Raman spectra are atypical due to the presence of the central peak, 
which is discussed in detail in chapter V.3.3.3, page 26. This central peak appears as 
a background in the shape of broadband around 0 cm−1 and its intensity increases 
with temperature. It originates from structural fluctuations [67]. 

The temperature dependence of the CsPbBr3 Raman spectra is atypical due to 
the influence of structural fluctuations on the regular phonon lines. This results in a 
fast shift and FWHF increase of the Raman lines. This effect is related to the 
interaction of regular phonons with structural fluctuations, which increase with 
temperature and lead to an order–disorder phase transition [79]. We assume that the 
Raman peaks are observed from different fluctuating lattices, resulting in broader 
peaks. This assumption is based on a similar one proposed in [67], where the authors 
consider CsPbBr3 to fluctuate among many non–cubic phases, appearing on average 
as the cubic phase. 

On the other hand, the pressure dependence of the Raman spectra is typical for 
CsPbBr3, and this work's novelty lies in the low–temperature measurements of the 
CsPbBr3 Raman spectra, which demonstrate that the same pressure–induced phase 
transitions occur at low temperatures and room temperature. At pressures above 
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2 GPa, CsPbBr3 shows either amorphization or a phase transition to an undefined 
phase (see the previous chapter and chapter V.3.1.2, page 20). 

VII.3.3. Luminescence of CsPbBr3 

VII.3.3.1. Low–temperature luminescence 

The luminescence spectra of CsPbBr3, measured at liquid helium temperature 
under 405 nm laser excitation, are shown in Fig. 42. Sharp lines at 534 nm and 
542 nm correspond to the free and Rashba excitons, respectively. However, due to 
the overlap of the Rashba exciton with other lines, the exact position of the Rashba 
line is difficult to establish. Therefore, the position of the Rashba line at 542 nm is 
accepted as the mean value of many experimental results from this and other works. 
The line at 536 nm is the phonon replica of the free exciton. Broad lines around and 
above 540 nm are assigned to the defect luminescence. The Rashba exciton and 
defect lines overlap around 542 nm, making it difficult to separate them. The lines' 
origin is assigned following [42]. 

The Raman spectra are discussed in detail in Chapter VII.3.2, page 76. Due to 
the Raman set–up spectral limits, lines below 60 cm−1 were not measured. Therefore, 
to have all lines in the Raman spectrum, lines at 52 and 29 cm−1 are taken from other 
works [67, 92, 74] and marked in the spectrum in the form of delta functions (see 
Fig. 42). The longitudinal vibration (LO) with energy 155 cm−1 [77, 78] should also 
be taken into account. The obtained Raman spectrum is shown in Fig. 42a together 
with the luminescence spectra of CsPbBr3 #471 (this number corresponds to the 
sample of the highest quality) measured in different points of the same sample. The 
Raman spectrum is shown again in Fig. 42c together with the CsPbBr3 spectrum 
measured on the set–up with a higher resolution and under excitation of 355 nm 
instead of 405 nm. Judging from the position of the Raman lines, the phonon replicas 
of the free exciton can exist at 534.9, 535.5, 536.2, 536.5, 537.9, and 543 nm, which 
correspond to LEP, TO1, TO2, TO2, TO3, and the second order of LO, respectively. 

Different parts of the same sample exhibit slight variations in luminescence, 
particularly in the region above 540 nm, which is not related to the phonon replicas 
(see Fig. 42a). This suggests that the sample is non–homogeneous and may have an 
uneven distribution of defects, as well as inclusions of other phases. In Fig. 42b, 
spectra of various samples are shown, revealing different relative intensities of the 
free exciton at 534 nm and the lines above 540 nm. This indicates that not only is one 
sample non–homogeneous, but samples synthesized through different methods may 
also have different defect concentrations and/or phase content. To determine whether 
the observed luminescence differences are caused by the presence of different phases, 
XRD measurements of the powdered samples were conducted, and all the results 
showed a pure CsPbBr3 orthorhombic phase, indicating that the different defect 
concentrations are likely to be the real cause of the luminescence differences. 
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Fig. 42. Luminescence of SC CsPbBr3 samples at liquid helium temperature. (a) – comparison of 
the luminescence of different parts of the sample; (b) – comparison of the samples synthesized from 
solution, from the melt, and old sample from melt; (c) – comparison of the CsPbBr3 luminescence 
spectrum with the Raman of the same sample. (d) – luminescence of a single piece of the sample, 

and the powdered sample. 

The highest quality sample #471 was initially measured at low temperature as a 
large single crystal and then ground in a mortar before being measured again in 
powdered form. As shown in Fig. 42d, the luminescence spectrum underwent a 
significant change after mechanical treatment, with the ground sample exhibiting 
barely detectable excitonic luminescence. CsPbBr3 is a soft material [148], and 
mechanical treatment can result in the formation of defects in the lattice. It is also 
possible that different parts of the sample may contain varying amounts of defects, 
with those subjected to more mechanical treatment having a higher concentration. 
Another possible explanation for the significant change in luminescence after 
mechanical treatment is a change in the crystal phase of the sample. However, XRD 
measurements of the #471 single crystal showed the same phase as the powdered 
samples. Thus, we concluded that mechanical treatment did not alter the phase 
of CsPbBr3. 
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VII.3.3.2. Dependence of the luminescence on temperature 

The temperature dependence of the luminescence of CsPbBr3 reveals 
interesting features. Fig. 43a shows the dependence of the luminescence as a function 
of temperature, while Fig. 43b shows the temperature dependence of the position of 
the free exciton, Rashba exciton, and defect band, as well as the integral intensity and 
direct band gap energy dependence on temperature. 
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Fig. 43. CsPbBr3 luminescence dependence on temperature for the sample from the melt. (a) – 
luminescence spectra, (b) – dependence of the luminescence integral intensity, peaks positions, and 

band gap energy. 

One observation from Fig. 43b is that the band gap energy, calculated from the 
absorption spectra for the direct band gap, is located between the free and Rashba 
excitons. According to the definition of an exciton, the exciton energy cannot be 
smaller than the band gap energy. The results obtained here can be explained by the 
strong sub–band absorption caused by defects and structural fluctuations, which lead 
to an underestimation of the band gap energy. A simple visual demonstration of this 
explanation is shown in Fig. 43c. Due to the strong influence of sub–band absorption, 
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the band gap calculated from the absorption spectra is underestimated, creating a 
false impression that the free exciton has higher energy than the band gap. 

Fig. 43b illustrates a clear difference in the temperature dependence of free and 
Rashba excitons. This finding is consistent with previous studies [91, 93]. However, 
the assignment of the line at 542 nm has been debated in different studies, with some 
assigning it to the Rashba effect and others to defect–bound excitons. Nevertheless, 
recent studies have mostly agreed on the assignment of this line to the Rashba effect. 
Therefore, in this work, we assign the line at 542 nm to the Rashba exciton. 

The intensity dependence on temperature reveals two regions. The first region, 
at the low temperature, shows a more rapid quenching of the integral intensity. This 
region ends around 80 K, and the defect luminescence is completely quenched within 
it. Afterward, excitonic luminescence continues to decrease more slowly. These 
temperature regions resemble similar ones, reported in [93]. 
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Fig. 44. Temperature dependence of the luminescence of ground sample. In (b) position of 
luminescence lines assigned to defects and integrated intensities of different samples are compared 

The ground sample's luminescence dependence is shown in Fig. 44. The free 
exciton luminescence is barely detectable and only a broad band with a maximum of 
around 575 nm is present in the luminescence of the ground sample. In Fig. 44b, the 
integral intensities of entire spectra of different samples are compared. The samples 
are listed in decreasing order of defect concentrations: ground, chopped piece, and a 
single piece of sample #471. As shown in Fig. 44b, the defect luminescence is 
quenched at the same rate, regardless of the defect concentration within the range of 
our sample. At 80 K, the defect luminescence is negligibly small, and only excitonic 
luminescence is present at higher temperatures, which is consistent with the model of 
defects forming an exponential distribution of the levels below the bottom of the 
conduction band [99]. 

In the inset of Fig. 44b, the maximum position of the defect luminescence line 
is compared for samples with varying defect concentrations. It can be observed that 
the line position maximum decreases with decreasing defect concentration. At the 
temperature around 40–50 K, the defect luminescence changes the shifting direction, 
while the exciton luminescence changes the shifting direction around 80 K (as shown 
in Fig. 43b). This difference can be used to distinguish between excitonic and defect 
luminescence in CsPbBr3. Similar behavior of defect luminescence is reported in [99] 
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for FAPbI3 (FA – HC(NH2)2 – formamidinium), where the authors assigned this 
luminescence to the defect states that form the band of levels with exponential 
distribution below the band gap (see details in chapter V.3.6.2, page 32). In reference 
[99], the authors propose that the origin of the band–tail states in FAPbI3 may lie in 
the rotational freedom of the polar organic cation, which has been identified as a 
source of structural disorder in APbX3. In the case of CsPbBr3, the Cs ion is 
spherically symmetrical, and the structural disorder is related to the motion of Cs ions 
(see chapter IV.3.3, page 22). Therefore, the origin of the broad band luminescence 
of CsPbBr3, shown in Fig. 43, may lie in the band–tail states, formed as a result of the 
structural disorder of CsPbBr3. 

VII.3.4. CsPbBr3 luminescence under high–pressure 

VII.3.4.1. Low–temperature high–pressure luminescence: 
spectra 

Fig. 45 illustrates the luminescent spectra of CsPbBr3 as a function of pressure, 
shown in two partially overlapping pressure ranges: (a) from 0.06 to 1.53 GPa and (b) 
from 0.98 to 4.22 GPa. To improve readability, the spectra are presented in two 
separate graphs, allowing for a clearer visualization of the transition between the first 
and second pressure regions. 
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Fig. 45. Dependence of the CsPbBr3 luminescence on pressure at Т = 12 K. For better readability, 
the luminescence spectra are presented in two separate, partially overlapped pressure regions: (a) 

– 0.06 – 1.53 GPa and (b) – 0.98 – 4.42 GPa. 

The luminescence peaks in Fig. 45 can be divided into two groups, 
corresponding to direct (free) and indirect (Rashba) excitons. The intensity of the free 
exciton (534.0 nm) and its phonon replica decreases as pressure increases, while the 
intensity of the Rashba exciton (542 nm) increases. At a pressure of 1 GPa, the free 
exciton and its phonon replica are almost entirely quenched, forming a structureless 
shoulder to the Rashba line. Conversely, the intensity of the Rashba exciton begins to 
decrease significantly above 1.3 GPa and disappears completely at 4.2 GPa. 
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VII.3.4.2. Position of the low–temperature high–pressure 
luminescence 

Fig. 46 shows the energy position of the luminescence maxima of free and 
Rashba excitons as a function of pressure. A shift towards lower energies (in the 
long–wavelength direction) is observed in the pressure range of 0–1.3 GPa, followed 
by a reverse shift towards higher energies after 1.3 GPa. The shifts in the two 
mentioned above regions can be fitted by the equation from [149]: 

𝐸 = 𝐸௧ + p (20) 
where Еорt is the ambient optical gap and χ is the pressure coefficient, indicating the 
change of the band gap (in meV) with a change of 1 GPa in hydrostatic pressure. The 
fitting by equation (20) is shown in Fig. 46, yielding values of χ = –41 meV/GPa and 
χ = –28 meV/GPa for the free and Rashba excitons, respectively, in the pressure 
range of 0–1.3 GPa, and χ = 59 meV/GPa and χ = 89 meV/GPa for the free and 
Rashba excitons, respectively, for pressures above 1.3 GPa. These values are 
consistent with previous studies of CsPbBr3 at room temperature [50, 51, 100, 
150, 151]. 

0,0 0,5 1,0 1,5 2,0 2,5 3,0

2,24

2,28

2,32

2,36

2,40

 = 83
𝑚𝑒𝑉

𝐺𝑃𝑎
 

 free exciton
 Rashba exciton

P
e
ak

 p
o
si

tio
n 

(e
V

)

Pressure (GPa)

 = −37
𝑚𝑒𝑉

𝐺𝑃𝑎
 

 = 54
𝑚𝑒𝑉

𝐺𝑃𝑎
 

 = −27
𝑚𝑒𝑉

𝐺𝑃𝑎
 

 

Fig. 46. Dependence of the position of CsPbBr3 luminescence maxima on pressure at Т = 12 K. 

In a study [64], the bottom of the conduction band is found to be determined by 
the non–bonding localized state of the 6p orbital, and therefore, the effect of pressure 
is not significant for its energy position. The width of the band gap is mainly 
determined by the energy states of the valence band, which has an antibonding 
character resulting from the interaction of the 6s Pb and 4p Br atomic orbitals with 
the predominant contribution of the 4p Br orbitals [152]. The decrease in the overlap 
of the wave functions in the valence band leads to a strengthening of the bond and a 
shift of the top of the valence band toward lower energies, resulting in an increase in 
the band gap [150]. This occurs until the distance between bromine and lead reaches 
critical values, beyond which this approach is no longer appropriate. 

As discussed in chapter V.3.1.2, page 20, two main changes occur in the 
structural parameters of CsPbBr3 with pressure increase, which are Pb–Br distance 
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reduction and Pb–Br–Pb angle reduction. Moreover, below ~1.3 GPa Pb–Br distances 
are more easily compressed than above this critical pressure, which results in the 
isostructural phase transition around 1.3 GPa and different behavior of the band gap 
below and above the phase–transition pressure. In work [150], authors show 
theoretical calculations for high pressures, concluding that the changes in the Pb–Br–
Pb angles are decisive for the change of the band gap above 1.3 GPa. Calculations 
show that with pressure increase from 1.3 to 4.2 GPa, the angle changes from 
153 to 133 [64], which is sufficient to increase the Pb–Br distance. This increase in 
the CsPbBr3 band gap is caused by the octahedron rotations and is consistent with the 
behavior of the position of the luminescence maxima as a function of pressure, which 
is clearly seen in Fig. 46. 

VII.3.4.3. The intensity of the low–temperature high–
pressure luminescence 

The integrated intensity of the CsPbBr3 luminescence was determined by 
calculating the area under the luminescence curves. The dependence of the integrated 
intensity on pressure is shown in Fig. 47a, where the black squares and black 
eye–guiding line represent the total luminescence intensity. The intensity of the 
Rashba emission was estimated by measuring the peak maxima from Fig. 45 for all 
spectra and is shown in Fig. 47a as red circles and a red eye–guiding line. The 
intensity of the free exciton was obtained by subtracting the Rashba intensity from 
the total luminescence intensity and is also shown in Fig. 47a as blue triangles and a 
blue eye–guiding line. It should be noted that the estimation of the free exciton's 
intensity includes the intensity of the phonon replicas of the free exciton, which leads 
to a slightly higher value for the free exciton's intensity. 

The data presented in Fig. 47a demonstrate that the luminescence of free 
exciton and its phonon replicas decreases in intensity with increasing pressure up to 
1 GPa, while the luminescence of Rashba exciton becomes more intense in this 
pressure range. However, at higher pressures, the Rashba exciton is also quenched. 
These observations suggest that free excitons and Rashba excitons compete as de–
excitation channels for excited electron–hole pairs generated during the excitation 
process (see Fig. 47b). 

From Fig. 46, it can be observed that the energetic distance between free and 
Rashba excitons is not constant with pressure. It decreases and then increases 
respectively below and above 1.3 GPa. This suggests that the Rashba splitting 
decreases and then increases below and above 1.3 GPa. In [153], the authors report 
that the Rashba splitting decreases with increasing pressure for MAPbI3, which 
supports our assumption. 

At ambient pressure, the energy difference between the free excitons and 
Rashba excitons is about 35 meV (about 350 cm−1), which is in agreement with [93], 
and decreases with applied pressure to about 25 meV (202 cm−1) at the pressure of 
about 1 GPa (see Fig. 46). The decrease of the free exciton’s intensity and increase of 
the Rashba exciton’s intensity with pressure increase can be explained by the increase 
of the probability of nonradiative deexcitation from the free exciton to the Rashba 
exciton (schematically shown in Fig. 47b). This process can be explained by the 
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so–called "energy–gap law" [154]. According to that law, the multiphonon emission 
rate Anr between two states separated by the energy ΔE is proportional to the 
exponent of the energy ΔE: 

𝐴 =  𝐴(0)𝑒ିఈ∆ா  (21) 
Here 𝐴(0) and α are characteristic parameters for the material. The energy gap ΔE 
may be expressed as: 

∆𝐸 =  𝑛 ∙ ħ𝛺 (22) 
Here ℏΩ is the effective phonon energy and n is the number of phonons needed to 
cover the energy distance ΔE. Considering the above values of energy distances 
between the free exciton’s and Rashba exciton’s states at ambient pressure and about 
1 GPa, and the LO phonon energy of CsPbBr3 (19 meV = 155 cm−1 [42, 77]), we get 
the ratio of nonradiative transition rate between these levels at ambient pressure and 
1 GPa equal approximately to at least 𝑒ିଵఉ 𝑒ିଶఉ⁄ = 𝑒ଵ ≈ 2,72 times, where 
β = α ℏΩ. This means that the probability of nonradiative deexcitation between the 
free exciton and Rashba exciton increases approximately 2.7 times between ambient 
and 1 GPa pressures. This mechanism is analogous to the one the authors of [93] used 
to explain a similar effect they observed in the temperature–dependent luminescence 
of CsPbBr3. 
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Fig. 47. (a) Pressure dependence of the integral intensity of CsPbBr3 luminescence, and pressure 
dependence of the in–peak intensity of the Rashba excitons emission. (b) Schematic representation 

of the position of free and Rashba excitons on pressure. 

This is why excitation energy is efficiently transferred to the Rashba excitons, 
leading to the quenching of free exciton emission with increasing pressure. The 
effective phonon energy of CsPbBr3 may be lower than 155 cm−1 due to the presence 
of low–energy TO phonons with an energy of approximately 75 cm−1 (as reported in 
chapter VII.3.2, page 76 and in works [74, 75]). These phonons could also participate 
in the transitions between free and Rashba excitons, which would increase the 
nonradiative transition probability. 
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As discussed earlier, the intensity of Rashba excitons increases below 1.3 GPa 
due to the increase in the probability of nonradiative deexcitation from free excitons 
to Rashba excitons. Therefore, the slight increase in free exciton intensity in the 
pressure range 1.0–1.5 GPa can be explained by the decrease in the probability of 
nonradiative deexcitation caused by the increase in the Rashba splitting above 
1.3 GPa. 

The Rashba excitons have the lowest intensity relative to free excitons at 
1 GPa, while the smallest Rashba splitting occurs at 1.3 GPa, which are slightly 
different pressures. We believe that this discrepancy is due to the low accuracy of the 
fittings done in Fig. 46. As shown in the figure, the position dependencies of 
luminescence peaks on pressure are not linear but rather follow parabolic–like curves. 
Fittings with straight lines were done because they have a physical basis, whereas 
fitting with parabolas does not. A parabolic–like dependence of the CsPbBr3 
luminescence position on pressure is reported in many other works [49, 63, 146, 148]. 

VII.3.4.4. Blue luminescence at pressures above 2 GPa 

The luminescence of CsPbBr3 with the lowest concentration of defects (sample 
#471) was measured at low temperatures as a function of pressure. The results of 
measurements of one piece of the sample are presented in Fig. 45, which are repeated 
in Fig. 48a. Results from another measurement of a different piece of the same 
sample are shown in Fig. 48b. As can be seen from Fig. 48, the general behavior of 
the luminescence under pressure is very similar for both cases. The difference comes 
from the relative intensity of the lines at the lowest pressure. 
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Fig. 48. Low–temperature luminescence of CsPbBr3 as a function of high pressure. (a) and (b) are 
two measurements of different pieces of the same sample (from the melt, number 471). Oil was used 

as a pressure–transmitting medium 

Fig. 49 shows the luminescence spectra from Fig. 48b in a broader spectral 
range with a logarithmic scale on the Y–axis. This allows us to demonstrate the weak 
blue luminescence that starts appearing around 500 nm as a single band at pressure 
1.27 GPa (see Fig. 49a). As the pressure increases up to 2 GPa, this luminescence 
increases in intensity, and additional lines at approximately 475, 450, 425, and 
400 nm appear (see Fig. 49b and c). At the pressure range from 2 GPa to 3.35 GPa, 



89 

the intensity of the blue luminescence remains approximately the same and only 
redistributes between different lines. At the same pressure range, the intensity of the 
green luminescence continues to decrease. Fig. 49d shows the spectrum at 3.63 GPa, 
where the regular green luminescence of CsPbBr3 is already very weak, and the blue 
luminescence intensity is also decreasing at high pressures. Around 4 GPa, all 
luminescence disappears. 

In [51], the authors measured the absorption spectra of CsPbBr3 as a function 
of pressure. The results show that the band gap of CsPbBr3 decreases slightly as 
pressure increases up to 1 GPa. Afterward, the band gap increases up to 2 GPa. 
Around 2 GPa, the band gap of CsPbBr3 jumps into the blue region of the spectra [51, 
100]. Therefore, the blue luminescence shown in Fig. 49 may originate from newly 
formed excitons and/or defects, which appear in the abruptly expanded band gap. 
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Fig. 49. Low–temperature blue luminescence of CsPbBr3 under high pressure. Spectra are shown 
in logarithmic scale, to show details of the weak luminescence, and how it appears. Argon was used 

as a pressure–transmitting medium 

In Fig. 50, the high–pressure blue luminescence of CsPbBr3 at room 
temperature is shown. The intensity of the blue luminescence is much higher at room 
temperature compared to low temperature (as seen in Fig. 50) and can be attributed to 
the stronger temperature quenching of the green luminescence. The spectra of the 
blue luminescence measured at room temperature are similar to the spectra of 
CsPbBr3 nanoparticles reported in previous works (such as [155, 156, 157]). 
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Amorphization processes under high pressure have been reported in some works (see 
details in chapter V.3.1.2, page 20). The high–pressure blue luminescence of CsPbBr3 
is similar to the luminescence of nano–sized CsPbBr3, and the formation of nano–
sized grains under high pressure could be proposed, considering amorphization. 
However, this assumption has several major drawbacks: (i) amorphization is almost 
impossible to reverse, (ii) there is no experimental confirmation of such a process yet, 
and (iii) some works report no amorphization at high pressure, but a phase transition 
(see details in chapter V.3.1.2, page 20). Therefore, the best explanation for the origin 
of the blue luminescence is the fast broadening of the band gap at high pressures. The 
effect of band–gap broadening as a function of pressure requires theoretical support, 
which is beyond the scope of this research, and may be an interesting topic for 
theorists. 
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Fig. 50. High–pressure measurements of CsPbBr3 blue luminescence at room temperature. All 
measurements were taken in both directions: while the pressure was increased, and while it was 

released. For the points, when the pressure was released, marked as “rel” in the signature. Argon 
was used as a pressure–transmitting medium 

As shown in Fig. 50, the blue luminescence does not depend on the defect 
concentration in the sample. The blue luminescence appeared in both highly defected 
(numbered d001) and low defect #471 samples, suggesting that the blue 
luminescence is a fundamental property of the crystal rather than a result of defects 
present in the lattice. 
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VII.3.5. Dependence of the luminescence on the power 
density of the excitation light 

VII.3.5.1. At low temperature 

The spectra shown in Fig. 42a were excited with the same laser and power 
density of the laser light, allowing for a correct comparison. However, the spectra in 
Fig. 43a and Fig. 43c were measured with different power densities of the excitation 
light, and thus cannot be compared as there is a strong dependence of luminescence 
on the power density of the excitation light. To study this dependence, a few samples 
were measured at 8 K as a function of the power density of the excitation light. The 
results are presented in Fig. 51, where the spectra are normalized to the intensity of 
the free exciton line (around 534 nm). 
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Fig. 51. Dependence of CsPbBr3 luminescence on the power density of the excitation light. 
Measured under excitation of 355 nm pulsed laser. A set of density filters was used to reduce full 

laser power to some value 

As shown in Fig. 51, the relative intensities of the phonon replicas increase 
with increasing power density. However, there are additional lines at around 536.8, 
538.6, and 540 nm, the origin of which is unknown. The relative intensity of these 
lines increases with the power density of the excitation increase. 
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In the work [144], the reversible phase transition of CsPbBr3 caused by light 
exposure was investigated using XRD and Raman techniques. This phase transition is 
from the orthorhombic (Pnma) to the tetragonal (P42mc) structure, which returns to 
normal once the light is switched off. Assuming that the same phase transition occurs 
at low temperatures, the dominance of free exciton (534 nm) luminescence for the 
low power density of the excitation light indicates the orthorhombic structure. 
Meanwhile, the 540 nm luminescence prevails for the high density of the excitation 
power, indicating the free exciton of the tetragonal phase. The coexistence of both 
phases explains the presence of both excitonic lines simultaneously. 

A possible alternative explanation for the emission around 540 nm is that it 
may be assigned to the bi–exciton. In a previous study [32], the authors claimed to 
have found bi–excitons in CsPbBr3. While there are many studies on the topic of bi–
excitonic luminescence in CsPbBr3, most of them are based on decay kinetic 
measurements, which provide the authors with a sufficient basis for assigning the 
lines to bi–excitons. Therefore, without further study, it is difficult to definitively 
assign the 540 nm line to a bi–excitonic origin based solely on the results presented in 
this work. 

It is important to consider the heating of the sample as a potential source of the 
observed changes due to light exposure. However, a previous study [144] excluded 
the possibility of sample heating by monitoring the temperature change during the 
light exposure and showing a negligible temperature change. As discussed earlier 
(see Fig. 43), an increase in temperature up to 80 K results in luminescence lines 
shifting towards higher energies. However, in the case of power–density–dependent 
spectra, as the power density of the light source increases, the lines do not shift or 
shift in the opposite direction. Therefore, the heating of the sample is considered to 
be negligible. 

In the spectra of the CsPbBr3 sample from the melt with the label d001 (see 
Fig. 51c), a broad band around 550 nm is observed and is attributed to defects. It is 
noticeable that the relative intensity of this band decreases as the excitation power 
density increases, which is the expected behavior for defect luminescence. As the 
power density of the excitation increases, a saturation of the defect luminescence is 
expected to occur at some point. The sequential increase in excitation power should 
only cause an increase in the excitonic luminescence, which is consistent with 
additional measurements of the sample from the melt with the lowest defect content 
after mechanical treatment (see Fig. 52a). The sample was ground and then measured 
as a function of power density at liquid helium temperature. Similar observations for 
CsPbBr3 were made by other authors in [33], and the broadband emission around 
550 nm (Fig. 51) and 575 nm (Fig. 52) showed power and temperature dependence 
identical to the dependences in [33]. This supports the assumption that the defect 
band originates from the defect band with an exponential distribution below the band 
gap. 

To compare the different samples, their spectra were excited with the same 
power density, and their luminescence spectra were plotted on one plot. Fig. 52b 
shows the luminescence spectra of different CsPbBr3 samples excited with a laser 
power of 60 µW, while Fig. 52c shows the spectra excited with a power of 0.245 µW. 
The highest intensity of the defect luminescence is observed for the ground sample in 
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both cases, but even for this sample, the excitonic luminescence dominates when 
excited with a laser power of 60 µW. The luminescence around 540 nm is dominant 
for all samples when excited with 60 µW of laser power. 

The maximum of the defect luminescence also depends on the power density of 
the excitation light. As shown in Fig. 52a, as the excitation power increases, the 
defect luminescence shifts towards higher energies. This is in agreement with the 
saturation model mentioned earlier. 
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Fig. 52. Luminescence as a function of the power density of the excitation light of ground sample 
(a); comparison of different samples luminescence at constant excitation density power: (b) – 

60 µW and (c) – 0,245 µW of the laser power 

Another possible explanation for the observed spectra changes in Fig. 51 is that 
the lines at 534, 534.9, 535.5, 536.2, 536.9, 538.6, and 540 nm may originate from 
different excitonic pairs of the monophase CsPbBr3. The change in the relative 
intensity of these lines could be caused by the redistribution of electrons on the 
excitonic level under the influence of the high density of the excitation power. 
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VII.3.5.2. Luminescence as a function of temperature and 
power density 

To gain a better understanding of the spectra shown in Fig. 51 and Fig. 52, the 
temperature dependence of CsPbBr3 luminescence was measured at a constant 
density of excitation power. Results for single crystal and ground samples are 
presented in Fig. 53 and Fig. 54, respectively. 

Fig. 53 shows that luminescence around 540 nm is present for all densities of 
excitation power. The exact origin of this line was not determined in the previous 
chapter. Assuming it is a bi–exciton line, it should not be present at the lowest 
excitation power (Fig. 53d) and should decrease more rapidly with temperature 
increase than it does in Fig. 53a, b, and c. Therefore, it is not a bi–exciton. Assuming 
it is the Rashba line, its intensity relative to free exciton intensity should decrease 
with increasing excitation power. Therefore, it is not a Rhashba exciton, and the 
origin of it still remains unclear. 
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Fig. 53. Temperature–dependent spectra of CsPbBr3 single crystal at different excitation power: (a) 
– 60 µW; (b) – 20 µW; (c) – 1.075 µW; (d) – lamp 

Fig. 54 presents temperature–dependent spectra of the ground sample at 
different excitation power densities. As shown, the defect band of the ground sample 
prevails at low temperatures. As temperature and/or excitation power increase, the 
intensity of the defect band decreases, and the 540 nm line intensity increases. 
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It appears that the 540 nm line and defect band are related, and the population can 
redistribute between them. Therefore, it can be assumed that they originate from two 
closely positioned centers or even the same center. In this case, the 540 nm line 
should be some kind of very fast transition from the top of the defect levels, 
assuming, that the defects are forming some distributions of states. However, as 
shown in Fig. 51d, the 540 nm line can exist without the defect band. Further study is 
required to better understand the origin of these lines. 

As shown in Fig. 51, Fig. 53, and Fig. 54, the free exciton line around 534 nm 
is dominant for single crystal samples with low defect concentration. If the 
concentration of defects increases in the sample, the defect band and 540 nm line 
appear. However, the 540 nm line can also be dominant in the sample due to another 
reason. For example, it is dominant in the sample synthesized from the solution (see 
Fig. 51d). 
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Fig. 54. Temperature–dependent spectra of ground CsPbBr3 at different excitation power: (a) – 
60 µW; (b) – 20 µW; (c) – 0.03 µW; (d) – lamp 

Another possible origin of the 540 nm line is the presence of a secondary 
phase, such as tetragonal. This is likely to be the most plausible explanation. In this 
case, samples synthesized from the melt usually have an orthorhombic structure and 
exhibit free exciton emission with their phonon replicas and Rashba exciton. The 
sample synthesized from the solution might have a high amount of the secondary 
phase, which gives rise to a 540 nm line (probably free exciton too but without 
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phonon replicas). At high excitation power, the 540 nm line is dominant due to 
reversible phase transition, reported before under light exposure [144]. As shown in 
Fig. 54, with increasing temperature, free exciton luminescence starts to prevail over 
the 540 nm line. This could be explained by the higher stability of the secondary 
phase at low temperatures, with an increase in temperature causing the increase of the 
volume of the regular orthorhombic phase. 

VII.4. Comparison of calculated from experimental 
results parameters 

The intensity of the central peak from Raman spectra was calculated to 
represent the number of structural fluctuations. The dependence of the central peak 
intensity on temperature is plotted alongside the Urbach energy (see details in chapter 
VII.3.1, page 18) in Fig. 55. As seen in the figure, there is a correlation between the 
intensity of the central peak and the Urbach energy, suggesting that the additional 
absorption below the band gap (Urbach absorption) is related to structural 
fluctuations. In other words, the structural fluctuations locally create lowered band 
gaps that form an exponential distribution of levels below the undistorted band gap. 
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Fig. 55. Comparison of the intensity of the central peak with the Urbach energy (estimated in 
chapter VII.3.1.2, page 74) 

It is important to emphasize that the distribution of the Urbach states and the 
distribution of the defect levels (see Fig. 10) are completely different sets of states. 
The Urbach states are formed by the rapidly fluctuating band gap, while the defect 
states are stable and formed by some defects, such as Br–vacancies. The decay time 
of the defect luminescence is known to be in the range of microseconds [42], which is 
impossible from fast fluctuating states. Despite the different origins of these states, 
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their energy dependence on temperature is correlated. This correlation is evident in 
Fig. 56b, where the intensity of the central peak starts to increase faster around 80 K, 
while at lower temperatures, the defect luminescence is quenched. This behavior can 
be explained by the depopulation of the defect states through structure fluctuations. 
At low temperatures, the structure fluctuation is mainly formed by the quantum zero–
point motion and does not significantly contribute to the depopulation of the defect 
levels. As the temperature rises, the structure fluctuation increases, and this starts 
depopulating the defect band. 
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Fig. 56. Shows the correlation between the intensity of the central peak and: (a) the energetic 
distance between free and Rashba exciton; (b) the position of the defect band 

As seen in Fig. 56a, the energetic distance between the free and Rashba exciton 
is proportional to the intensity of the central peak. This suggests that the electric field 
responsible for the Rashba effect is proportional to the structural fluctuation, and 
therefore, the lowering of the Rashba minimum is also proportional to the structural 
fluctuation. 
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VIII.  Conclusions 

VIII.1.    Rare–earth aluminum oxide perovskites 

VIII.1.1. Doped with Eu3+ 

In this work, SCFs of RAP (R = Gd, Tb, Y, Lu) doped with Eu3+ and grown by 
the LPE method were studied. The luminescence properties were investigated using 
high–pressure spectroscopy, with a particular focus on the sharp Eu3+ lines in the 
luminescent spectra. It was observed that the structure of these lines is identical for 
RAP (R = Gd, Tb, Lu) perovskites. However, YAP had a much richer line structure, 
possibly due to the existence of a larger variety of Eu3+ sites with different local 
symmetry. 

In line with the typical behavior of Eu3+, the luminescent lines of the samples 
shifted towards lower energies as the pressure increased. However, in the case of 
YAP, some lines showed a different trend, shifting towards higher energy with 
increasing pressure. The K–value, which is the ratio of the intensities of 5D0 → 7F2 
and 5D0 → 7F1 transitions of the Eu3+ ion, for YAP was less different from the general 
trend than LuAP's K–value. The K–value decreased with increasing pressure in all 
samples. The K–value for YAP was approximately 0.7 at the lowest pressure, which 
is consistent with [9], while the K–value of the other samples was close to 1.8 at the 
lowest pressure. 

In the case of LuAP, the behavior of the K–value on pressure was found to be 
different due to the interaction of Eu3+ centers with defects. These defects revealed 
themselves in the form of broadband under 325 nm and 275 nm excitation, with their 
origin assigned to Pb2+ dimers in LuAP:Eu SCF, as well as to the centers created by 
the charged dimers of the oxygen vacancies. With increasing pressure, the defect 
luminescence shifted towards higher energies, with its intensity initially increasing, 
reaching its maximum slightly below 20 GPa, and decreasing afterward. The pressure 
dependence of the K–value of LuAP strongly correlated with the defect luminescence 
intensity on pressure, supporting the assumption of the interaction between Eu3+ and 
defect centers. 

LuAP SCF was found to have the highest amount of defects compared to the 
other samples, which may be related to the smallest ionic radii of Lu ion compared to 
the other rare earth elements, leading to the biggest lattice parameters mismatch of 
YAP and LuAP. Additionally, the LuAP SCF was grown on a YAP substrate, 
creating favorable conditions for defect formation in the SCF. 

Thus, it was concluded that the K–value parameter depends on (i) the lattice 
parameters of the examined perovskites, (ii) the symmetry of the local structure, (iii) 
the concentration of defects, and (iv) the strength of the interaction between defects 
and Eu3+ centers. Consequently, the K–value is not only dependent on the chemical 
compound but also on the presence of defects, which in turn depend on the growth 
conditions and the concentration of non–intentional dopants. 
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VIII.1.2. Doped with Ce3+ 

The absorption measurements in the near–UV region of YAP and LuAP 
crystals led to the determination of the bandgap values of YAlO3 and LuAlO3 single 
crystals at room temperature. The direct bandgap values were found to be 7.63 eV 
and 7.86 eV, respectively. At high temperatures above 650 K, thermal quenching of 
YAP:Ce luminescence was observed, which provided valuable information about the 
position of the lowest excited 5d level of Ce3+ relative to the bottom of the 
conduction band. The position of the 4f level was estimated to be consistent with the 
predictions of Dorenbos theory and DFT calculations. 

In LuAP crystals, Ce3+ luminescence quenching was not observed up to about 
873 K, likely due to the larger bandgap of LuAP compared to YAP and the lower 
energy of the ground Ce3+ 4f states in LuAP. 

While the downshift of the 5d energy levels of Ce3+ relative to the free Ce3+ ion 
calculated according to the Dorenbos theory did not agree with experimental data, it 
was reconciled when calculated relative to the bandgap energy of YAP and LuAP. 
This approach also allowed for the correlation of the observed changes of the 5d state 
energies under pressure in LuAP with the pressure–induced changes in the average 
cation–anion distances. 

An alternative hypothesis, proposed in [158], suggests a pressure–induced shift 
of the energies of both 4f and 5d manifolds. This would result in minimal or no 
pressure dependence of the 4f↔5d transition energies. However, this hypothesis 
contradicts the Dorenbos model and the common understanding that 5d states are 
more sensitive to the surrounding ligands than 4f states. 

The observed change of the pressure coefficients of the 5d→4f Ce3+ 
luminescence bands is believed to be associated with pressure–induced structural 
transitions occurring in the liquid–phase epitaxy grown layers at a pressure of about 
15 GPa, and at higher pressures in crystals grown by the micro–pulling down grown 
method. This difference was related to the larger number of unintentional impurities 
and structural defects present in the micro–pulled–down crystals than in the single 
crystalline film. 

Moreover, the abrupt changes in the pressure coefficients of Raman modes 
above 10 GPa in LuAP confirmed the hypothesis of a phase transition. The high–
pressure Raman experiment also identified a soft mode with an energy of 455.4 cm−1 
at ambient pressure, the energy of which decreased with the pressure increase. 

VIII.2.    Cesium lead bromide perovskite 
In this study, the luminescence properties of cesium lead bromide perovskite 

were investigated using single crystal samples synthesized by two different methods. 
The focus was on high–pressure luminescence at low temperatures. The resulting 
luminescence spectra showed a rich structure, which was analyzed to identify three 
main groups of lines: (i) direct (free) and indirect (Rashba) excitons and their phonon 
replicas, (ii) a broad defect band, and (iii) a line at around 540 nm at low 
temperatures that appeared in all samples at high excitation power densities and was 
dominant for the sample synthesized from solution. 
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The origin of the 540 nm line is unclear, as it contradicts different 
observations. It is observed that the intensity of the 540 nm line increases with the 
power density of the excitation light, which contradicts the origin of the line from 
defects (Br–vacancies), formed during mechanical treatment. Furthermore, the bi–
excitonic origin of the 540 nm line contradicts the temperature dependence of the 
line. 

The correlation between the 540 nm line and the broad defect band suggests a 
possible relationship between their origins. One hypothesis is that the 540 nm line 
arises from Br–vacancies, and the broad band luminescence originates from the 
defect band with an exponential distribution below the band gap. The presence of Br–
vacancies may enhance the structural disorder, leading to the coexistence of the 
540 nm line and defect band. However, these assumptions necessitate a fine 
theoretical model and experimental verification to gain a better understanding of the 
luminescence properties of CsPbBr3. 

It was shown that the structure fluctuation of the sample influences the 
luminescent properties. First of all, there is a central peak in the Raman spectra of 
CsPbBr3, from which the quantitative estimation of the structure fluctuation was 
made. Afterward, it was shown that many luminescent properties correlate with the 
structure fluctuation behavior on temperature. It was observed that: 

 the dependence of the Urbach energy on temperature correlates strongly 
with the structure fluctuation; 

 the defect luminescence is quenched in the same temperature region, 
where the intensity of the structure fluctuation increases; 

 the Rashba split is proportional to the structure fluctuation. 
In this study, low–temperature high–pressure luminescence was measured for 

the first time, allowing for the resolution of free and Rashba excitons under high 
pressure. The results showed that as pressure increased from ambient to about 1 GPa, 
the intensity of the Rashba exciton increased, while the intensity of the free exciton 
decreased. However, with further pressure increase, a reverse trend was observed 
until both free and Rashba excitons started to quench. The changes in the relative 
intensity of the free and Rashba excitons were explained by changes in the 
probability of nonradiative deexcitation from the free excitons to the Rashba excitons 
states. As the pressure increased up to 1.3 GPa, the Rashba splitting decreased, 
resulting in an increase in Rashba exciton intensity due to the increased probability of 
nonradiative deexcitation. As the pressure increased above 1.3 GPa, the Rashba 
splitting decreased, leading to an increase in free exciton intensity. The discrepancy 
in the pressure values where the Rashba splitting was the smallest (1.3 GPa) and 
where the Rashba exciton intensity was the lowest (1 GPa) was caused by the low 
precision of the non–linear dependency fitting with straight lines. 

Another novelty in the results was the blue emission of the bulk CsPbBr3 under 
high pressure. This blue emission was explained by the rapid expansion of the 
CsPbBr3 band gap at high pressures, reported before. 
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VIII.3.    Commonly seen phase transition 
In LuAP, a change in the behavior of certain parameters was observed at 

pressures around 10–15 GPa, including shifts in the position of the luminescence 
lines of Eu3+ and Ce3+ and Raman line shifts. This suggests the occurrence of a phase 
transition in this pressure range. Similar behavior has been observed in CsPbBr3, 
where an isostructural phase transition occurs at a much lower pressure of around 
1 GPa, related to a change in the compressibility of the Pb–Br distance. The pressure 
coefficients of the Raman lines in both LuAP and CsPbBr3 exhibit a small change at 
their respective phase transition pressures, with smaller coefficients at higher 
pressures. This similarity in the Raman spectra supports the assumption that an 
isostructural phase transition occurs in LuAP. Further investigation, including high–
pressure XRD measurements and theoretical calculations, is necessary to confirm this 
assumption. 
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