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Abstract

Metal halide perovskites have rapidly advanced over the past decade, with diverse
compositions, dimensionalities, and morphologies enabling high-performance photovoltaic and
optoelectronic applications. Despite the progress, challenges concerning their stability and the
precise understanding of structure—property relationships persist. High-pressure research, using
techniques such as diamond anvil cells (DACs) combined with single-crystal X-ray diffraction
(SCXRD) and complementary optical methods, provides a powerful means to investigate these
relationships by changing interatomic interactions without chemical modification.

This thesis focuses on core findings from three publications, in particular, on the structural and
optical responses of selected low-dimensional perovskites under variable pressure and temperature
conditions. External stimuli such as pressure and temperature induce octahedral distortions, phase
transitions, and electronic band structure modifications, thereby directly influencing optical
behaviour. Pressure can even activate or enhance photoluminescence in materials that are weakly
emissive under ambient conditions. Four materials were examined: two-dimensional (2D)
perovskite-like CsPb2Brs, zero-dimensional (0D) CssPbBrs, and 2D layered guanidinium lead
iodides, [C(NH2)3]2Pbls and CsC(NH2)3PDbla.

For CsPb2Brs, the layered framework remains stable up to at least 6 GPa. Its ultraviolet absorption
edge at approximately 350 nm continuously red-shifts with increasing pressure, which corresponds
to a narrowing of the band gap. This work also clarifies that previously reported visible-range
photoluminescence and absorption are not intrinsic properties of the pure material but rather
originate from the presence of three-dimensional (3D) CsPbBr3 impurities, underscoring the critical
importance of sample purity. In the study on Cs4PbBrs, a sequence of two first-order pressure-
induced phase transitions at 2.6 and 3.2 GPa was revealed. These phase transitions drive a
jumpwise band-gap reduction. A unique pseudo-Jahn-Teller distortion leads to an anomalous
expansion of PbBrs octahedra in the tetragonal phase, directly responsible for pressure-induced
broad band white-light emission. In guanidinium-based 2D perovskites, both compression and
heating narrow the bandgap, through Pb—I bond contraction and Pb—I-Pb angle straightening. A
highly anisotropic mechanical response is observed, with the direction perpendicular to the
inorganic layers being surprisingly stiffer than the in-plane directions. Furthermore, a rare
phenomenon of negative linear compressibility along one axis is identified in the high-pressure
phase of CsC(NH2)sPbls, attributed to the suppression of iodine atom vibrations.



Streszczenie

Halogenkowe perowskity metaliczne w ostatniej dekadzie ulegly szybkiemu rozwojowi, a
ich zréznicowane sktady, wymiarowo$¢ 1 morfologie umozliwily zastosowania w
wysokowydajnych urzadzeniach fotowoltaicznych i optoelektronicznych. Pomimo tego postepu
nadal istniejg wyzwania zwigzane z ich stabilno$cig oraz doktadnym zrozumieniem zaleznosci
pomiedzy strukturg a wtasciwosciami. Badania wysokoci$nieniowe, wykorzystujace techniki takie
jak komorki diamentowe (DAC) w potaczeniu z dyfrakcja rentgenowskg na pojedynczych
krysztatach (SCXRD) oraz uzupetiajgcymi metodami optycznymi, stanowig potezne narzedzie do
badania tych zalezno$ci poprzez zmian¢ oddzialywan miedzyatomowych bez modyfikacji
chemicznej.

Niniejsza rozprawa koncentruje si¢ na kluczowych wynikach trzech publikacji, w szczegdlnosci
na strukturalnych i optycznych odpowiedziach wybranych niskowymiarowych perowskitow pod
zmiennym ci$nieniem i temperaturg. Czynniki zewngtrzne, takie jak ciSnienie I temperatura,
wywoluja deformacje oktaedréw, przejscia fazowe oraz modyfikacje struktury pasm
elektronowych, a tym samym bezposrednio wptywaja na zachowanie optyczne. Ci$nienie moze
nawet aktywowac lub wzmacnia¢ fotoluminescencj¢ w materiatach, ktére w warunkach otoczenia
wykazuja stabg emisje. Zbadano cztery materialy: dwuwymiarowy (2D) perowskitopodobny
CsPb2Brs, zerowymiarowy (0D) CssPbBrs oraz 2D warstwowe perowskity guanidyniowe
[C(NH2)3]2Pbls i CsC(NH2)3Pbla.

W przypadku CsPb2Brs wykazano, ze warstwowy szkielet pozostaje stabilny co najmniej do 6 GPa.
Jego krawedz absorpcji w ultrafiolecie, zlokalizowana przy okoto 350 nm, ulega ciagtemu
przesunig¢ciu w stron¢ dluzszych fal wraz ze wzrostem cisnienia, co odpowiada zwezaniu przerwy
energetycznej. Praca ta wykazata rowniez, ze wezes$niej raportowana fotoluminescencja i absorpcja
w zakresie widzialnym nie sg wlasciwo$ciami intrinsicznymi czystego materiatu, lecz pochodza z
obecnosci domieszek trojwymiarowego CsPbBrs, co podkresla kluczowe znaczenie czystosci
probki. W badaniu nad CssPbBre ujawniono sekwencj¢ dwoch pierwszorzedowych przejsc
fazowych indukowanych cisnieniem przy 2.6 i 3.2 GPa. Przejsciom tym towarzyszy skokowe
zmniejszenie przerwy energetycznej. Unikalne znieksztatcenie typu pseudo-Jahna—Tellera
prowadzi do anormalnej ekspansji oktaedréow PbBrs w fazie tetragonalnej, co bezposrednio
odpowiada za cisnieniowo indukowang szerokopasmowg emisj¢ biatego $wiatta. W perowskitach
guanidyniowych 2D zaréwno kompresja, jak i ogrzewanie powoduja zawezenie przerwy
energetycznej, wynikajgce ze skracania wigzan Pb-I oraz prostowania katow Pb—I-Pb.
Zaobserwowano wysoce anizotropowa odpowiedZ mechaniczng, przy czym kierunek prostopadty
do warstw nieorganicznych jest zaskakujaco sztywniejszy niz kierunki w ptaszczyznie. Ponadto w
fazie wysokoci$nieniowej CSC(NH2)3Pbls zidentyfikowano rzadkie zjawisko ujemnej kompresji
liniowej wzdluz jednej osi, przypisane ttumieniu drgan atomow jodu.
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I. Introduction

1. Metal-halide perovskite materials

1.1 General properties

Metal-halide perovskites refer to a broad class of materials with the general formula ABX3,
where A represents a larger monovalent inorganic or organic cation (e.g., Cs*, C(NH2)s (G),
CHsNHs* (MA), HC(NH.)." (FA)), B is a smaller divalent metal cation (e.g., Pb?*, Sn?*, Mn?"),
and X is a halide anion (Br-, I, CI"). While oxide perovskites have been studied for decades for
their ferroelectric and relaxor properties, halide perovskites have only recently gained popularity
due to their excellent electronic and optical properties, along with their easy and low-cost
fabrication [1-7]. Kojima and co-workers first demonstrated in 2009 that MAPDI3 could serve as
an efficient light absorber in a solar cell (yielding ~3.8% power conversion efficiency) [8]. Since
then, interest in perovskites has grown exponentially due to their potential applications in
optoelectronics, photovoltaics, and quantum materials field [9-20].

Figure 1. Crystal structure of classical perovskite with ABXz formula.

In the classical perovskite structure (see example in Figure 1), the main characteristic is the corner-
sharing network of BXe octahedra. The B-site cations are surrounded by six X-site anions



positioned at the corners of an octahedron. Each anion is shared by two neighboring octahedra,
connecting them to form a continuous three-dimensional framework. This connectivity is essential
as it directly influences critical material properties such as light absorption efficiency, charge
carrier transport dynamics within the crystal lattice, and the responsiveness to external
environmental conditions. The A-site cations occupy the voids formed between the interconnected
BXs octahedra. The geometric relationship between the A, B, and X ions dictates the overall
symmetry and tolerance of the structure. The most common crystal structures are cubic, tetragonal,
or orthorhombic, depending on composition and thermodynamic conditions.

Structural stability in perovskites is influenced by numerous variables, including temperature,
pressure, the size of the A-site cation, and the presence of crystal lattice defects. A widely employed
method for predicting the structural stability is the Goldschmidt tolerance factor (t), calculated
using the ionic radii (r) of the A, B, and X ions:

T4 +rX

‘ V2(rg +1y) ' 1)
The material is likely to form a stable cubic perovskite structure if t is between 0.9 and 1.0.
Deviations from this range, specifically t values between 0.71 and 0.9, typically result in structural
distortions, often characterized by tilted octahedra and the formation of lower-symmetry phases
such as tetragonal or orthorhombic [21]. If the tolerance factor lies outside this range, either too
high or too low, the material tends to form non-perovskite phases.

In perovskite materials, distortions of the BXe octahedral network are common and often crucial
to determining the structure and physical properties of the material. One of the most common
distortion mechanisms is octahedral tilting, which occurs when stiff BXg units rotate slightly to
compensate size differences among ions or relieve external stresses [22]. Another is lattice strain,
which is the stretching or compression of the crystal lattice in reaction to applied external forces.
A particularly significant distortion mechanism, especially in perovskites containing transition
metal ions at the B-site, is the Jahn—Teller effect. This phenomenon arises when a crystal structure
possesses a symmetric atomic arrangement but an electronically degenerate ground state, meaning
electrons can occupy multiple orbitals of the same energy. According to the Jahn—Teller theorem,
such a configuration is unstable and the system will distort in order to remove electronic degeneracy
[23]. The d-electron energy levels of an ideal octahedron are divided into two groups: an upper
doubly degenerate pair (eg) and a lower triply degenerate pair (t2g) (see Figure 2). Transition metal
ions with an odd number of electrons in the upper pair of orbitals, like Mn** (d*,t3,, ej), Cu**
(d®, t3,, e3), and Ni** (d7, t3,, eg), have a degenerate ground state due to two possible choices of
electron configurations. To resolve this instability, the octahedron distorts, often by elongating or
compressing along one of its axes, leading to altered B—X bond lengths (e.g., four shorter and two
longer bonds or vice versa). The distortion splits the energy levels of the degenerate orbitals,
stabilizing the electronic configuration and breaking the original symmetry, often reducing it from
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cubic to tetragonal or orthorhombic. Closely related is the pseudo-Jahn—Teller effect, which can
occur even when the ground state of the system is not degenerate. In this scenario, distortion results
from the mixing of the ground state with an excited electronic state that lies close in energy. This
interaction can destabilize the symmetric configuration and again lead to a reduction in symmetry
through structural distortion. While the classical Jahn—Teller effect is mostly associated with
certain d-electron configurations, the pseudo-Jahn-Teller effect is more broadly applicable and is
especially relevant in systems with soft lattices and strong electron-phonon coupling,
characteristics commonly found in hybrid perovskites. Understanding these distortion mechanisms
is therefore essential for designing perovskite-based devices for applications in photovoltaics, light
emission and sensor technologies.
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Figure 2. Jahn—Teller distortion effects on the d-electron energy levels of a B-site cation [23].

Another important aspect of distortion mechanisms in perovskites involves phase transitions
induced by external conditions such as pressure and temperature. These stimuli can have a
profound effect on the crystal structure by modifying the arrangement and connectivity of the BXe
octahedra, frequently leading to symmetry breaking and significant changes in the physical
properties of the material. When pressure is applied, the atoms are forced closer together, triggering
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structural rearrangements. This can involve changes in the tilting angles of the octahedra, a
reduction in lattice volume, or even a complete reconstruction of the crystal structure. Such
pressure-induced distortions can lead to phase transitions from a high-symmetry to a low-symmetry
structure (or vice versa), often accompanied by notable changes in optical and electronic
parameters, such as bandgap narrowing or widening, modification of charge-carrier mobility, or
luminescence activation. Hybrid halide perovskites, with their soft lattices and ionic nature, are
particularly sensitive to pressure, allowing for a wide range of tunable optical responses [24-26].

Temperature can similarly cause phase transitions in perovskite materials. Thermal vibrations and
entropy contributions become more significant with increasing temperature, which often leads to
more symmetric phases. Many perovskites exhibit phase transitions upon heating, for example,
transforming from low-temperature orthorhombic or tetragonal structures to a high-temperature
cubic phase [27-29]. Usually, transitions are accompanied by changes in octahedral tilting and
bond lengths. Techniques like differential scanning calorimetry (DSC) are used to primarily detect
these transitions by measuring the heat flow associated with the phase change. Optical and
electronic properties are usually monitored to indirectly observe the effects of a transition, such as
changes in the bandgap, in the photoluminescence (PL) peaks, or dielectric properties [30-32].

Based on the nature of the A-site cation in the ABX3 perovskite structure, materials can be generally
classified as hybrid organic—inorganic perovskites (HOIPs) and all-inorganic perovskites. In
HOIPs, the A-site is typically occupied by an organic cation such as MA*, FA* or CHsNH2NH2"
(MHy"). A key advantage of these materials is their exceptional adjustment, which comes from the
possibility of modifying both the organic A-site cation and the halide X-site anion. The organic
cations introduce additional versatility, as their size, polarity, and dynamic nature influence the
lattice and, in turn, the optical characteristics of the material. Although fundamental characteristics
such as high optical absorption are determined by the inorganic framework, the organic component
can fine-tune the absorption spectrum by changing the lattice structure and band gap [33-35].
However, HOIPs have a significant disadvantage, they are environmentally unstable, susceptible
to degradation when exposed to ultraviolet (UV) radiation, moisture, oxygen, or extreme
conditions. In all-inorganic perovskites the A-site position is filled by a monovalent inorganic
cation (e.g., Cs), and in contrast, their entirely inorganic framework provides improved thermal
and chemical stability. Cesium-based perovskites can preserve their structural and functional
integrity under more extreme conditions. This makes them highly promising for technologies
where long-term reliability is important, including outdoor solar modules and high-power light-
emitting diodes (LEDS).

The performance and durability of perovskite materials are significantly influenced by the presence
and behaviour of defects within their crystal structure. The defects, which can arise during synthesis
or develop over time during device operation, are critical determinants of device efficiency and
stability. Intrinsic defects commonly found in perovskites include vacancies (missing atoms),
interstitials (extra atoms at non-lattice sites), and antisite defects (atoms occupying incorrect lattice
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positions). Among them, halide vacancies are particularly prevalent in halide perovskites and have
a major impact on the dynamics of charge transport and recombination. While some perovskites
exhibit relatively high defect tolerance, meaning that their electronic properties are not severely
compromised by certain types of defects, others are susceptible to trap-assisted recombination. In
such cases, defect sites act as recombination centers that reduce charge-carrier lifetimes and hinder
photovoltaic or luminescent performance. Moreover, mobile ionic defects can migrate under
electric fields, causing hysteresis effects in current-voltage measurements and long-term instability
in device performance. Beyond intrinsic point defects, environmental exposure is a major cause of
perovskite degradation. Water molecules can easily interact with organic cations or halide ions,
initiating hydrolysis and leading to the decomposition of the perovskite into non-functional by-
products such as Pbl.. Oxygen, especially under illumination, can promote oxidative degradation
processes, breaking down both organic and inorganic components. Thermal stress can induce
structural phase transitions or accelerate chemical decomposition, while UV exposure may
generate free radicals that degrade the perovskite framework or surrounding transport layers. To
address these challenges and enhance the stability of perovskite materials, various strategies have
been developed. One approach is chemical doping, where small amounts of foreign atoms are
introduced to modulate the electronic structure or stabilize specific crystal phases. Doping can
effectively reduce the density of deep-level traps, enhance carrier mobility, or suppress ion
migration. Another effective method is surface passivation, which involves coating the perovskite
layer with materials that neutralize surface defects and prevent environmental influences. Common
passivation agents include small organic molecules, halide salts, or wide-bandgap semiconductors.
Lastly, encapsulation has proven essential for protecting perovskite devices from ambient
conditions. Using barrier layers made of polymers, glass, or metal oxides, the perovskite is sealed
from moisture and oxygen, greatly enhancing its operational lifetime.

1.2 Low-dimensional perovskites

Perovskites are often classified by their dimensionality. In addition to the extensively
studied three-dimensional (3D) ABXz perovskite structures, a wide variety of low-dimensional
perovskite materials with distinct properties have been discovered. These include two-dimensional
(2D), one-dimensional (1D), and zero-dimensional (OD) architectures, distinguished by a
progressive reduction in the connectivity of their BXe octahedra. The change in dimensionality
significantly affects the structural, electronic, and optical features of these materials.

Among these, 2D perovskites, typically represented by the formula A2BXa, have attracted
particular attention. In this framework, the metal halide octahedra (BXs) form layers that are
separated by bulky organic cations (A), which effectively confine charge carriers to move within
the plane of the layers. The restriction of electron motion to two dimensions results in strong
guantum confinement effects. As a consequence, 2D perovskites exhibit large exciton (electron-
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hole pair) binding energies, intense PL, and tunable emission spectra, making them highly
promising for applications in light-emitting devices and photodetectors [36-38]. 1D perovskites
are characterized by chains of corner-sharing, edge-sharing or face-sharing octahedra. [39—42]. 0D
perovskites, in contrast, are composed of isolated BXeg units that are fully disconnected from each
other and surrounded by organic or inorganic cations [41,43-45]. The reduced connectivity in 1D
and OD structures alters the behaviour of charge carriers and excitons within the crystal, often
leading to sharp emission peaks and unique absorption features. The low-dimensional structures
generally demonstrate higher structural and environmental stability compared to their 3D
counterparts. In 2014, Smith et al. [46] introduced a solar cell design using a layered hybrid
perovskite as the light-absorbing material. This configuration demonstrated improved moisture
resistance and provided the advantage of fabrication under ambient conditions. The enhanced
stability is due to the protective role of the surrounding organic or inorganic units, which effectively
shield the perovskite framework from moisture and oxygen [47]. Overall, low-dimensional
perovskites expand the design possibilities beyond traditional 3D networks. For example, Zhang
et al. emphasize that converting perovskites to 2D “allows multiple functionalities of light
generation, emission, transmission, and detection in one material” [48]. Likewise, Hong et al.
highlight that low-dimensional halide perovskites display unique optical and charge-transport
properties not seen in bulk materials [49]. Their customized structures, rich photophysical
properties, and higher resistance to degradation make them an exciting area of study in both
fundamental materials science and in the development of next-generation optoelectronic devices.

3D 2D 1D 0D

Figure 3. Examples of crystal structures of the metal halide perovskites, categorized by their
dimensionality (3D, 2D [50], 1D [51], and OD [52]).

14



1.3 Optical properties of halide perovskites

The remarkable optical properties of halide perovskite materials originate from their unique
crystal structure, especially from the corner-sharing network of BXs octahedra. The electronic band
structure is principally determined by the degree of orbital overlap between the B-site metal cation
and the X-site halide anion. In lead halide perovskites, which are among the most extensively
studied systems, the conduction band minimum (CBM) is formed from the Pb?* 6p orbitals, while
the valence band maximum (VBM) from both Pb?* 6s and halide p orbitals [53]. Therefore, the
bandgap and optical transitions are directly affected by the geometric arrangement and distortion
of the octahedra. Density functional theory (DFT) calculations reveal that the VBM and CBM are
strongly influenced by the B—X bond length and B-X-B angle. Increased B—X orbital overlap,
achieved through structural compression (either by pressure or chemical substitution), tends to
lower the bandgap [54] (see Figure 4a). Conversely, lattice distortions or octahedral tilting, which
reduce orbital overlap, often increase the bandgap [54,55] (see Figure 4b). Tunability can be
accomplished by several methods, including compositional engineering (e.g., substitution of anions
or cations) [56-59], decrease of dimensionality, or the use of external stimuli such as pressure and
temperature. This allows a precise control of optical absorption and emission, enabling perovskites
to be modified for specific purposes, from blue to near-infrared light emitters and absorbers. For
example, substituting bromide with iodide shifts the absorption edge to longer wavelengths (red-
shift) [56], while substitution with chloride results in a wider bandgap and blue-shifted emission
[60].

(a) (b)
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Figure 4. Scheme of (a) band gap narrowing due to bond length shortening in phase 11 of
MAPDI3z and (b) band gap widening due to bond angle decrease at the pressure-induced transition
to phase 1V, after ref. [54]. The original symmetry of phase IV (Imm2) was corrected according
to ref. [61].
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Quantum confinement plays a particularly important role in nanoscale or layered perovskite
structures. In bulk materials, electronic states are continuous, but when confined to nanoscale
dimensions, these states become quantized, forming discrete energy levels similar to those
observed in atoms [62,63]. As the crystal thickness decreases, the energy difference between the
valence and conduction bands widens, causing the material to absorb and emit photons of higher
energy, corresponding to shorter wavelengths. Confined structures increase the Coulomb
interaction between the electrons and holes facilitating stable excitons with large binding energies
even at room temperature [64—66]. In addition, the photoluminescence quantum yield (PLQY),
which quantifies the efficiency of photon emission, can also be substantially improved in such
structures due to a reduction in non-radiative recombination pathways [67].

2. High-pressure studies of photovoltaic perovskites

Pressure offers a "clean" method to tune the properties of the perovskite material without
introducing chemical modifications, providing insight into the intrinsic response of the material to
mechanical stress and studying its structure-property relationships [68,69]. At the atomic level,
external pressure reduces interatomic distances inside the lattice and directly changes the bond
angles and lengths of the BXs octahedra. These distortions, including octahedral tilting and
rotation, frequently drive structural phase transitions and can fundamentally alter lattice symmetry,
the electronic band structure, and optical properties. As the B—X orbitals overlap increases under
compression, the edges of the valence and conduction band shift (usually narrowing the bandgap)
[70], with consequent changes to exciton binding energies, carrier mobilities, and recombination
dynamics; compressive strain can also reduce trap densities and thereby enhance radiative
recombination and PL efficiency. In some cases, pressure can even induce phenomena such as
ferroelectricity [71,72] or pressure-induced light emission [73,74].

In 3D metal-halide perovskites, pressure often triggers structural rearrangements and electronic
reconfigurations that induce changes in optical absorption and emission. For example, in
methylammonium lead iodide (MAPDI3), compression initially causes a red shift of the absorption
edge at very low pressures, but further structural changes under pressure cause abrupt blue shifts
and a significant increase in the optical gap as the structure becomes increasingly frustrated and
eventually amorphizes [61]. These electronic changes have been correlated with pressure-induced
deformation of the inorganic framework and the constrained, disordered orientations of the
methylammonium cations. In cesium lead bromide (CsPbBr3), the pressure response is strongly
time- and stress-dependent: applied stress can provoke reversible transitions, irreversible chemical
transformations that reduce the connectivity of the Pb—Br framework, or amorphization, and the
particular route taken depends on the type of stress and on kinetic factors [75]. The observed
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bandgap narrowing or widening under pressure in these systems has been linked to changes of Pb—
X bond lengths and octahedral tilts.

Low-dimensional perovskites exhibit inherent quantum and dielectric confinement effects, which
make their electronic and optical properties highly sensitive to structural changes. Pressure can
affect these confinement effects by altering interlayer spacing, bond lengths, and the conformations
of organic cations, resulting in distinct changes in optoelectronic properties compared to their 3D
counterparts. The soft lattice and ionic nature characteristic of hybrid perovskites, which are
particularly common in low-dimensional systems, make them extremely sensitive to pressure,
allowing a wide range of tunable optical responses [74,76]. For example, pressure can significantly
enhance circularly polarized photoluminescence (CPL) in chiral 2D perovskites, a property that is
typically weak under ambient conditions. For (S- and R-MBA).Pbls (where MBA stands for
methylbenzylammonium), the pressure increased the degree of CPL from nearly zero at ambient
pressure to as high as 10% at 8.5 GPa [77]. In the case of the 2D perovskite (C4sHoNH3)2Pbls,
applying pressure induces a series of phase transitions that significantly alter its optoelectronic
properties [78]. For instance, an initial slight pressure causes a phase transition that leads to an
abrupt blue shift in the excitonic bandgap due to a decrease in the Pb—I-Pb bond angle. As pressure
increases, subsequent phase transitions cause a significant red shift of the bandgap and make the
material a more efficient solar absorber. These pressure-induced structural changes also have an
effect on carrier lifetime, which can increase or decrease depending on the specific phase transition,
directly impacting the luminescent properties of the material. Under hydrostatic pressure, the zero-
dimensional material Cs4PbCle undergoes a series of complex phase transitions that are dependent
on the sample's pressure history [79]. While the PbCls* octahedra are relatively resistant to stress,
the distances between octahedra contract significantly. The absorption edge initially red-shifts with
increasing pressure, whereas at the two successive phase transitions, it undergoes a jump-wise red
shift followed by a blue shift. The broad emission band of this material is quenched with increasing
pressure. In contrast, CsPb2Cls, a perovskite-like layered material, exhibits remarkable structural
stability, remaining stable up to at least 4.2 GPa without observed phase transitions [79]. The
crystal is highly compressible, but anisotropically, with pressure primarily affecting the Cs* layers
and only slightly reducing the lengths of the Pb—CI bonds. The optical absorption edge shows only
a slight red-shift, which correlates with the low compressibility of the Pb—Cl layers. The above
examples of low-dimensional perovskites under pressure demonstrate a wide range of responses,
from CPL enhancement in chiral 2D perovskites to complex phase transitions in 0D perovskites
and to remarkable stability in other 2D systems. The manner in which pressure is distributed and
absorbed within these different architectures, whether in organic layers, between inorganic chains,
or within interstitial spaces, dictates the specific structural distortions.
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I1. Aims

The main objective of this thesis is to provide fundamental knowledge and comprehensive
understanding of the effects of high pressure on perovskite materials, particularly those related to
photovoltaic and optoelectronic devices. Perovskite absorbers have attracted widespread attention
in materials science and solid-state physics, making them a huge research field favorable to
revolutionary discoveries in new technologies. Over the past decade, they have been successfully
integrated into high-efficiency photovoltaic devices and hold significant promise for light-emitting
applications such as LEDs, multi-colour displays, and lasers, as well as in high-energy radiation
detectors [41,79]. This thesis is devoted to the structural and optical behaviour of low-dimensional
perovskite materials under hydrostatic compression. High-pressure studies serve as a unigue and
powerful tool for exploring the limits of stability and tunability of materials, revealing crystalline
phases of superior properties that may be thermodynamically unstable under ambient conditions,
but can be kinetically trapped or engineered using advanced synthesis techniques. Understanding
how this external stimulus affects the perovskite structure and the associated distortions is essential
for designing materials with the desired properties for next-generation optoelectronic and
photovoltaic devices. Thus, this work makes a fundamental contribution to the future discovery
and optimization of perovskites for practical applications, especially in the fields of sustainable
energy and advanced optoelectronics.

The specific research objectives of this thesis are:

« Systematic investigation of the pressure-induced structural changes in CsPb2Brs, CssPbBrs,
[C(NH2)3]2Pbls, and CsC(NH.)sPbls, and determination of their phase stability limits.

o Characterization of the electronic band structure and optical properties evolution, including
fundamental absorption edge and photoluminescence, under high pressure.

« Search for correlations between the crystal lattice dimensionality and the observed changes
in material properties under high pressure.

e A contribution to better understanding of structure-property relationships in low-
dimensional perovskites under extreme conditions.
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[11. Methodology

1. Synthesis of low-dimensional perovskites

The synthesis of low-dimensional perovskite materials mainly relies on solution-phase
crystallization techniques. This method provides control over the chemical environment, which is
essential for obtaining high-quality single crystals. The integrity and purity of these crystals are
important for accurate material characterization and for determining their intrinsic physical and
chemical properties. The general methodology involves dissolving metal halide and organic halide
precursors in a suitable solvent system, followed by a controlled cooling process to induce the
growth of crystalline structures. All materials discussed herein (CsPb2Brs, CssPbBre,
[C(NH>)3]2Pbls, and CsC(NH2)sPbls) were synthesized using this technique. Solution-phase
synthesis allows mixing of precursors at the molecular level, which facilitates precise
stoichiometric control, although achieving perfect control can be challenging, as observed in
certain cases. Furthermore, crystal growth from a supersaturated solution usually yields larger and
higher-quality single crystals. Growth processes can be influenced by manipulating solvent
properties such as acidity, polarity and temperature, allowing the formation of specific low-
dimensional perovskite structures.

The synthesis of the low-dimensional perovskite compounds described in this thesis used high-
purity chemicals and reagents without further purification to ensure reproducibility and minimize
impurities in the final products. Key common chemicals included cesium carbonate (Cs2COs,
Aldrich, 99%), lead(ll) acetate trihydrate (Pb(CH3COO).-3H20, Aldrich, 99.999%), hydrobromic
acid (HBr, Acros Organics, 48% solution in water), guanidinium carbonate ([C(NH2)3]2COs3,
Sigma-Aldrich, 99%), lead(lIl) iodide (Pblz, Acros Organics, 99%), and hydroiodic acid (HI, Alfa
Aestar, 57% in water, stabilized with 1.5% hypophosphorous acid). Water used in the syntheses
was purified by double distillation. A general approach to preparing precursors involved the
reaction of carbonate or acetate salts with the corresponding hydrohalic acids. For example, cesium
bromide (CsBr) and guanidinium iodide (C(NH2)3l) were typically obtained by reacting cesium
carbonate and guanidinium carbonate, respectively, with hydrobromic acid or hydroiodic acid in
aqueous solutions. Similarly, lead(I1) bromide (PbBr2) was prepared from lead(ll) acetate
trihydrate and hydrobromic acid. Such method of in situ formation of the halide precursor ensures
high reactivity and solubility, facilitating subsequent crystallization steps. Careful selection and
preparation of these precursors are critical, as their purity and precise stoichiometry directly
influence the phase purity and crystal quality of the resulting perovskite materials.

The synthesis of CsPb2Brs single crystals was carried out with the following starting materials:
cesium carbonate (Aldrich, 99%), hydrobromic acid (Acros Organics, 48% solution in water), and
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lead(Il) acetate trinydrate (Aldrich, 99.999%). Before the perovskite formation, cesium bromide
(CsBr) and lead(Il) bromide (PbBr2) were prepared by reacting hydrobromic acid with cesium
carbonate and lead(ll) acetate trihydrate, respectively. Stoichiometric amounts of the pre-formed
CsBr and PbBr, were dissolved in hot, double-distilled water that had been acidified with
hydrobromic acid. The acidification of the solution with HBr is a critical step that affects the
solubility of the precursors and the stability of the desired perovskite phase during crystallization.
The hot solution was then allowed to cool slowly to room temperature for the controlled
crystallization of thin CsPb2Brs plates. After crystallization, the precipitated crystals were isolated
by filtration, washed with hexane to remove any residual solvent or unreacted precursors, and then
dried. To ensure the high-quality, pure crystals, a systematic series of crystallizations was
performed. These experiments included modification of parameters such as the amount of HBr acid
in the solution and/or the CsBr:PbBr» stoichiometric ratio. This optimization process highlights the
sensitivity of perovskite crystallization to subtle changes in solution chemistry and stoichiometry,
where precise control of these factors is essential for achieving the desired phase purity and crystal
morphology.

For the formation of Cs4PbBrs, cesium bromide (CsBr) was prepared by reacting cesium carbonate
(Cs2CO03, Aldrich, 99%) with hydrobromic acid (HBr, Acros Organics, 48% water solution) in an
aqueous medium. Stoichiometric quantities of CsBr, dissolved in water, and PbBr», dissolved in
HBr, were combined. Usually, a precipitate formed when these solutions were mixed. To achieve
a completely transparent solution necessary for controlled crystallization, N,N-dimethylformamide
(DMF, Eurochem, grade for analysis) was gradually added to the mixture while it was heated to a
temperature range of 70-100°C with constant stirring. The addition of DMF helped to increase the
solubility of the precursors, ensuring a homogeneous solution from which crystallization could
proceed. After complete dissolution, the solution was left to cool slowly, allowing for crystal
formation. Despite the efforts to control the synthesis, achieving complete control over the
crystallization conditions for CssPbBrs proved challenging. This was mainly due to the different
evaporation rates of the mixed solvents (HBr, H.O, and DMF) and the lengthy dissolution process,
which typically lasted 2-3 hours. The dynamic changes in solvent composition due to differential
evaporation can significantly alter the solubility and supersaturation levels, making it difficult to
maintain consistent conditions throughout the crystallization period. Although the composition of
the solution significantly influences the outcome, the crystallization rate was identified as a
potentially more critical factor. Crystallization could occur spontaneously at room temperature or
upon cooling, both of which affected the type and colour of the obtained crystals. Furthermore,
limiting the evaporation of the solution also impacted the crystallization conditions, indicating the
delicate balance required for precise control. The inherent variability of the process was evident,
as repeated crystallization procedures yielded CssPbBrs crystals of various colours, including
colourless, green, and yellow. Notably, different crystal types, such as green and colourless, were
even observed simultaneously from the same reaction beaker.

The syntheses of the iodide-based low-dimensional perovskites, [C(NH2)3:]Pbls and
CsC(NH2)sPbls, were carried out using a similar solution-phase methods, with emphasis on the
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role of an acidic medium for precursor dissolution and controlled cooling for crystallization.
Common chemicals and reagents used for these syntheses, without further purification, included
guanidinium carbonate (99%, Sigma-Aldrich), caesium carbonate (99%, Sigma-Aldrich), lead(ll)
iodide (99%, Acros Organics), and hydroiodic acid (57% in water, stabilized with 1.5%
hypophosphorous acid, Alfa Aestar). Analogous to the bromide systems, caesium iodide (Csl) and
guanidinium iodide (C(NHz)zl) were obtained by the reaction of their respective carbonates with
hydroiodic acid and subsequently used as substrates for the perovskite syntheses. [C(NH2)3]2Pbl4
was synthesized in a non-stoichiometric solution, specifically one containing an excess of
C(NH2)3l. 10 mmol of C(NH2)sl was dissolved in hot water (80°C) acidified with HI, and then the
hot solution of 3 mmol of Pbl dissolved in 10 ml of HI was added dropwise with constant stirring.
The dropwise addition and continuous stirring are crucial for maintaining homogeneity and
preventing localized supersaturation, which could lead to uncontrolled precipitation. Slow cooling
of the resulting solution to room temperature facilitated the crystallization of yellow plates. The
precipitated crystals were then collected, washed with diethyl ether to remove impurities and
residual solvent, and dried. The yield obtained for [C(NH.)3]2Pbls, determined relative to Pbl, was
approximately 60%.

CsC(NH2)sPbls was prepared from a hot acid solution following a procedure previously described
by Nazarenko et al [80]. The synthesis involved dissolving 2 mmol of Pblz, 2 mmol of Csl, and 8
mmol of C(NH2)zl in 13 ml of hydroiodic acid. The solution was heated and stirred until all
substrates were completely dissolved, ensuring a homogeneous reaction mixture. Following
complete dissolution, the solution was allowed to cool slowly from 80°C to room temperature over
several hours. This long cooling period is critical for promoting the growth of large, well-defined
red crystals, indicative of the mixed-cation perovskite phase. The resulting red crystals were
harvested, washed with diethyl ether, and dried. The estimated yield for CsC(NH2)sPbls was
approximately 65% in relation to Pbls.

2. Calorimetric and thermogravimetric analysis

Thermal analysis technigues are indispensable tools in materials science, providing a deep
understanding of the fundamental behaviour of novel compounds under varying thermal
conditions. Among these, DSC and thermogravimetric analysis (TGA) stand out as complementary
methods for comprehensively characterizing material stability, decomposition pathways, and
structural transformations as a function of temperature or time. For perovskite materials, with their
sensitivity to temperature, thermal analysis is particularly important [81]. Measurements in
nitrogen atmosphere aim to isolate and study the inherent thermal behaviour of the materials.
Perovskites frequently exhibit complex phase transitions and are prone to thermal degradation in
high temperatures, phenomena that significantly impact their functionality in advanced devices
[82].
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DSC is a thermal analytical technique that precisely measures the heat flow into or out of a sample
as a function of temperature or time, relative to an inert reference material. Although the
measurement principle varies depending on the instrument design (e.g., in the case of systems with
heat flux or power compensation), the basic function remains the same: the instrument determines
the difference in heat flow between a sample and a reference material when they are subjected to
an identical, controlled temperature program. When a thermal event occurs in a sample, such as a
phase transition or chemical reaction, the sample either absorbs heat (an endothermic process) or
releases heat (an exothermic process). This differential heat flow is accurately measured, resulting
in a thermogram that displays peaks corresponding to these thermal events. From these peaks,
quantitative thermodynamic information can be determined, including heat flow rate, enthalpy
change (AH), and changes in heat capacity (ACy).

The DSC experiments in this study were performed using a TA Instruments Q2000 calorimeter.
This device operates on the principle of a heat-flux DSC, measuring the temperature difference
between the sample and reference pans. This difference is directly proportional to the heat flow.
The instrument is equipped with a highly sensitive thermocouple located symmetrically between
the sample and reference crucibles. The main components of the Q2000 also include a precisely
controlled furnace, a sample holder, a reference holder, a 50 position autosampler, an autolid, dual
digital mass flow controllers for precise control of purge gases (such as nitrogen) to ensure a stable,
inert atmosphere, and a data acquisition system for recording the thermal signals. The Q2000 model
has broad temperature range capabilities (-180 to 725 °C) and high resolution (£0.01 °C), enabling
the detection of even minor thermal events. For DSC measurements, careful sample preparation
and precise control over experimental parameters are paramount to obtaining reliable data. The
selection of crucible material is a critical factor, determined by the expected temperature range,
potential reactivity of the sample, and the thermal conductivity requirement. Aluminum crucibles
are the standard for DSC due to their excellent thermal conductivity and suitability for temperatures
below 660 °C. Samples of the mass ranging from 5 to 10 mg ensured optimal heat transfer. The
accurately weighed sample was carefully loaded into the crucible to ensure complete coverage of
the bottom, thereby maximizing thermal contact and promoting uniform heating. Gloves and
tweezers were used to handle the samples to avoid any contamination of the sample and the furnace.
For CsPb.Brs, measurements were performed on as-grown crystals, while for CssPbBrs,
[C(NH2)3]2Pbls, and CsC(NH2)sPbls, powdered samples were used. All DSC experiments in this
study were carried out with a consistent temperature change rate of 10 K min".

TGA is a quantitative thermal analysis technique that measures the change in mass of a sample as
a function of temperature or time. The fundamental principle of TGA is that any physical or
chemical process involving a change in mass, such as thermal decomposition, desorption,
evaporation, or oxidation, will be detected as the sample is heated or cooled. However, physical
changes like melting or crystallization, that are not associated with mass loss will not be directly
observed in a TGA curve. The instrument continuously records the mass of the sample, generating
a thermogravimetric curve, which plots the mass or percentage of initial mass as a function
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temperature or time. TGA is extensively applied for evaluating thermal stability, determining
decomposition temperatures, or quantifying moisture and volatile content.

TGA in this study was performed using a TA Instruments TGA Q50 apparatus. This model
comprises a highly sensitive analytical balance, a furnace, a sample holder (crucible), and a purge
gas system designed to maintain a controlled atmosphere around the sample. The TGA Q50 has
high sensitivity (0.1 pg) and precision (£0.01% mass precision), enabling the detection of even
small changes in mass. The furnace is capable of heating samples up to 1000 °C. For TGA
measurements, careful sample preparation and precise control of experimental parameters are
essential for obtaining accurate results. All TGA runs for the studied perovskite materials were
performed on powdered samples. Powdered samples are generally preferred for TGA because they
facilitate complete and uniform decomposition, which ensures a more representative mass-loss
profile. Samples were accurately weighed ranging from 10-20 mg and placed in a crucible made
of platinum, which was selected for its ability to withstand high temperatures and prevent
undesirable reactions with the sample. Maintaining sample purity and using careful handling
techniques are also crucial to avoid contamination that could disturb the analysis. A constant
heating rate of 10 K min™" was applied in all TGA experiments.

3. Structural and optical measurements at room
temperature and as a function of temperature

This section describes the experimental procedures and setups used for characterizing the
structural and optical properties of low-dimensional perovskite materials under ambient conditions
and in a range of different temperatures. Single-crystal X-ray diffraction (SCXRD) is a non-
destructive analytical technique that provides highly detailed information about the internal lattice
of crystalline substances. Its fundamental principle is based on the interaction between an incident
X-ray beam and the regularly arranged atoms in a crystal lattice. When X-rays strike a crystal, they
are diffracted in specific directions, creating a unique diffraction pattern. This pattern is a direct
consequence of the three-dimensional arrangement of atoms in the compound, including lattice
parameters, symmetry, atomic positions, bond lengths, and bond angles. To collect complex
diffraction data, the crystal is systematically rotated during the experiment, allowing the capture of
diffraction from various orientations. The choice of X-ray source is critical, Mo light sources are
particularly advantageous for studying structures that contain heavy atoms, such as lead and
cesium. The accuracy of SCXRD results is fundamentally dependent on the quality of the crystal
samples. Optimal crystals for SCXRD should be free of defects and large, ranging from 50 to 300
microns in size. All SCXRD experiments, including those at different temperatures and high
pressures, were performed using an Oxford Diffraction Gemini A Ultra diffractometer (Figure 5).
This instrument operated with graphite-monochromated Mo Ko radiation, with a characteristic
wavelength (L) of 0.71073 A. Data collection and initial processing were carried out using
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CrysAlisPro software [83]. Subsequent structure solution and refinement were performed using
SHELX programs [84] and Olex2 software [85]. These software packages enable the
transformation of raw diffraction data into precise atomic models. Crystallographic information
files (CIFs) for the structures determined were deposited in the Inorganic Crystal Structure
Database or in the Cambridge Crystallographic Data Centre. Structural changes as a function of
temperature provide crucial insights into phase transitions, thermal expansion, and molecular
dynamics within materials. A Cryostream Plus cooler (Oxford Cryosystems) was used for
temperature-dependent SCXRD measurements of CsC(NH2)sPbls. This system offers a broad
temperature range capability, and for our study, it was used to provide precise temperature control
of the sample in a range from 200 K to 380 K, with an accuracy of +0.1 K. This high level of
temperature accuracy is essential for identifying and characterizing subtle structural changes, such
as phase transitions or continuous changes in lattice parameters, that occur in response to thermal
stimuli.
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Figure 5. Oxford Diffraction Gemini A Ultra diffractometer.

Ultraviolet-visible (UV-Vis) absorption spectroscopy is based on the principle that chemical
compounds absorb ultraviolet or visible light, resulting in the appearance of different absorption
spectra. This process involves the interaction between light and matter, where the absorption of
photons causes electrons within the material to transition from a ground state to an excited state
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with a higher energy. The energy difference between these states is exactly equal to the energy of
the absorbed radiation. For semiconductor materials like the studied perovskites, the onset of strong
absorption, known as the absorption edge, is directly correlated with the energy of the electronic
band gap. A UV-Vis spectrophotometer operates by measuring the intensity of light transmitted
through a sample (I) and comparing it to the initial intensity of the light source (lo). Measurement
involves a baseline measurement to establish a reference, followed by a sample measurement. The
absorbance, A = —log(T), where T is transmittance (I/I,), is then plotted as a function of
wavelength. UV-Vis absorption spectra were collected using a Jasco MSV-5100 microscopic
spectrophotometer. This instrument is equipped with dual light sources, deuterium and tungsten
lamps, allowing spectral measurements in the 230900 nm range. This unique spectrophotometer
allows one to select an area in the sample with a small diameter of up to 10 um, which is
advantageous for measuring the defect-free area of individual crystals. In our case, a sample area
of 30 um, a continuous scan speed of 200 nm min, and a spectral bandwidth of 5 nm were applied
for all measurements. For the bandgap determination, the absorption edges were analyzed using
Tauc plots [86] by plotting the squared product of the absorption coefficient («) and the photon
energy (hv), i.e., (ahv)? against av. The optical properties of [C(NH2)s]2Pbls and CSC(NH2)sPbl4
were investigated as a function of temperature. To change and control the temperature of the
sample, a Linkam THMSEG600 stage was integrated into the spectrophotometer, allowing for
measurements over a broad temperature range from 79 K to 458 K.

The thickness of the crystal studied is a critical parameter in optical absorption measurements,
especially in the transmission mode. If the sample is too thick, it can lead to saturation or complete
absorption of the incident light. Under such conditions, it is only possible to determine the
absorption edge of the material, but not its full absorption spectrum. Conversely, very thin samples
allow for detection of inherent spectra of the materials. Optical microscopy was used to determine
sample thicknesses; however, for thin plates below 5 um, the optical interference method was
employed. When light interacts with a thin film, partial reflections occur on its top and bottom
surfaces. Reflected beams travel different optical path lengths and interfere with each other,
producing an interference pattern characterized by oscillations in the recorded absorption spectrum.
This pattern is directly dependent on the film thickness, its refractive index (n), and the wavelength
of light (1). By analyzing the number and position of interference fringes and applying models that
incorporate the known refractive index of the material across the measured wavelength range, the
film thickness can be accurately estimated. However, the accuracy of this method may be affected
by factors such as surface roughness and uncertainties in the optical constants used for the
calculations.

The fundamental principle of PL involves the emission of light from a material after it absorbs
photons. When a photon is absorbed, it excites an electron to a higher electronic state. Then the
excited electron rapidly nonradiatively relaxes to the lowest excited state. As it returns to a lower
energy state, it releases energy in the form of a photon, and this emitted light is referred to as PL.
The combined use of UV-Vis absorption and PL spectroscopy provides a comprehensive
understanding of both the absorption characteristics and the emission properties of the perovskite
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materials. PL signals were measured using a homemade attachment integrated with the Jasco MSV-
5100 spectrophotometer. The customized setup allowed us to adjust excitation source using a xenon
lamp in combination with optical filters. An aperture of 100400 um was used to control the
excitation light reaching the sample. In semiconductors, the PL emission peak is often observed
close to the absorption edge. Therefore, to effectively excite PL, the excitation light must have a
higher energy than the bandgap of the material. Based on this requirement, excitation wavelengths
in the range of 250-320 nm and 320-500 nm were used primarily. The light emitted by the sample
was subsequently analyzed by a Spectra Academy SV2100 spectrometer.

4,  Structural and optical measurements under high
pressure

High-pressure experiments are essential for understanding how external mechanical stress
influences the crystal structures and phase stability of materials. The diamond anvil cell (DAC), a
schematic of which is shown in Figure 6, is a widely used tool for generating high pressure, which
can be used for both structural and optical measurements. The principle of DAC operation is based
on compressing a sample between two opposing diamond anvils. Pressure is applied by using a
clamping mechanism with screws, allowing for precise, gradual increase in force. The sample can
be viewed through diamonds and illuminated with optical beams or X-rays. For high-pressure
SCXRD experiments, a Merrill-Bassett DAC [87] equipped with symmetrical type la diamond
anvils (0.8 mm culet diameter) supported on steel discs with conical windows was used. The
pressure chamber in the DAC was created by spark-eroding a hole in a metal gasket, which is
placed between diamond anvils. Tungsten gaskets (for CsPb2Brs) and steel gaskets (for CssPbBrs,
[C(NH>)3]2Pbls, and CsC(NH2)sPbls) with initial thickness of 250 um and holes of 350-380 um
diameter were used. A selected single crystal of the perovskite material, along with a small ruby
chip for pressure calibration, was carefully loaded into the high-pressure cell and glued to one of
the diamond culets. The pressure chamber was then filled with a hydrostatic pressure-transmitting
medium, isopropanol or Daphne Oil 7575, ensuring hydrostatic conditions to about 4 GPa [88-90].
Consistent results in different hydrostatic media confirm that the polarity of the solvent did not
significantly affect the measured properties within the studied pressure range. The pressure was
monitored using the ruby fluorescence method, based on the wavelength shift of the Ry ruby
(Al203:Cr®") luminescence line, and calculated using a standard calibration equation [91,92]. To
obtain precise pressure values, the ruby peak was fitted using a Gaussian function. Under pressure,
the characteristic ruby fluorescence peak shifts to longer wavelengths, as illustrated in Figure 7.
Readings were taken both before and after each measurement. The pressure calibration accuracy
was below 0.03 GPa, which was important for the analysis and interpretation of the results. The
DAC was mounted on the Oxford Diffraction Gemini A Ultra diffractometer. Before data
collection, the DAC was centered using the gasket-shadowing method [93]. The alignment ensures
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that the X-ray beam passes optimally through the sample within the pressure chamber, minimizing
scattering from the gasket or diamond anvils to enhance data quality.
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Figure 6. Scheme of the diamond anvil cell.
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Figure 7. Fluorescent spectra of the ruby crystal in the DAC at 0.17 and 3.35 GPa [94].

In parallel with structural investigations, optical properties under high pressure were studied to
understand the impact of compression on the electronic band structure and light-matter interactions.
For high-pressure optical spectroscopic measurements, DAC equipped with type Ila diamond
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anvils was used. Type lla diamonds have a significantly lower nitrogen content compared to type la
diamonds, which substantially reduces their intrinsic fluorescence and minimizes absorption across
wide spectral range, making them well-suited for optical experiments. High-pressure absorption
spectra were recorded using the Jasco MSV-5100 microscopic spectrophotometer. The hydrostatic
liquid and other experimental details, such as sample loading and gasket preparation, were
analogous to those used in the high-pressure diffraction experiments. PL measurements under high
pressure were carried out using the homemade attachment to the Jasco spectrophotometer, as
described in Section I11.3. All high-pressure measurements were performed at room temperature.

(b)

Figure 8. (a) Ruby and sample loaded in DAC, (b) sample in DAC studied within selected 10 pum
diameter area by Jasco MSV-5100 microscopic spectrophotometer.
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IVV. Summary of publications

1. Thermodynamic stability, structure, and optical properties
of perovskite-related CsPh2Brs single crystals under
pressure [95]

The CsPb2Brs crystals belong to a class of quasi-two-dimensional inorganic perovskite-like
materials and have become a popular topic of studies. However, numerous articles on the physical
properties of CsPb2Brs contain contradictory data. Previous studies have often reported misleading
information regarding, for example, the band gap value, the presence of absorption and
luminescence in the visible range, and the phase stability of the material [96-99]. In this paper we
present an in-depth thermodynamic structural and optical characterization of pure CsPb2Brs single
crystals under hydrostatic pressure. Our comprehensive approach aimed not only to provide new
experimental data, but also to clarify the fundamental understanding of the material properties.

Figure 9. Crystal structure of CsPb2Brs [95].

DSC and TGA studies showed that the material is stable over a wide temperature range, from 95 K
to 625 K. The only DSC anomaly was observed at 625 K, which corresponds to the melting point
of the crystal. This result definitively contradicts the previously observed thermal anomaly at
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341.5 K [100], which may originate from impurities. Detailed structural studies were performed
using SCXRD in the pressure range up to 4.2 GPa. The results showed that the lattice parameters
were shortened and the unit cell volume decreased under hydrostatic compression. The symmetry
of the space group 14/mcm was preserved throughout the studied pressure range. It contradicts
previously published data on an isostructural phase transition at approximately 1.6 GPa [99], where
the observations could result from the contaminated samples and non-hydrostatic conditions of
experiments. The lattice parameters and unit cell volume data were described by the third-order
Birch-Murnaghan equation of state. The determined volumetric compressibility modulus Bo =
11.5(3) GPa and its derivative By’ = 9.3(6). These values indicate that CsPb2Brs is relatively soft as
for an inorganic material, but the high value of Bo' is justified by the layered structure. The
compressibility of CsPbBrs is strongly anisotropic, significantly higher along the c direction
(perpendicular to the layers) than in the a—b plane. Within the structure, layers composed of Cs*
cations are more susceptible to external hydrostatic pressure than Pb—Br layers. The Pb—Br layers,
which consist of face-sharing bicapped PbBrs trigonal prisms, are characterized by eight Pb—Br
bonds with three distinct bond lengths. With increasing pressure, the six longest Pb—Br bonds
contract, while the two shortest bonds slightly lengthen.

Furthermore, the optical properties of pure CsPb.Brs under pressure have been studied. The
absorption edge of the pure material was observed in the ultraviolet, around 350 nm. This edge
continuously red-shifted with increasing pressure. A narrowing of the energy gap was well
correlated with pressure-induced structural changes. The energy gap decreases monotonically with
increasing pressure, exhibiting a linear behaviour up to about 4 GPa. The overall reduction in the
energy gap over the studied pressure range up to 6 GPa is about 0.1 eV. The energy gap is
determined mainly by the structure of the Pb—Br layers and their modifications under pressure. The
shortening of the six longest Pb—Br bonds under compression increases the overlap of the atomic
orbitals, which leads to an upward shift of the valence band maximum and, consequently, a redshift
of the energy gap. In this work, a thin CsPb2Brs plate, only 30 nm thick, was crystallized directly
on the surface of the diamond culet. The thickness of the plate was precisely determined using
atomic force microscopy (AFM). Absorption spectral measurements for this thin layer revealed a
clearly visible excitonic band structure in the 320-330 nm range, allowing for the precise
determination of the absorption edge. Comparison of optical results for samples of different
thicknesses, including a 3.9 um-thick microplate and the previously mentioned 30 nm nanoplate,
showed that the nature of pressure-induced changes is the same, regardless of sample thickness.
The only noticeable difference was that the energy gap obtained for the thicker sample was
significantly lower, which is expected for samples with significantly different thicknesses. At
atmospheric pressure the band gap was determined to be around 3.58 eV for 3.9 um thick crystal
and 3.73 eV for 30 nm thick sample.

A key insight that resolved many previous controversies was understanding the role of sample
purity. Our study clearly demonstrated that optical absorption in the visible range and green PL,
which had been wrongly attributed to CsPb2Brs in the past, are not intrinsic properties of the pure
material. Instead, these observed features result from the presence of microcrystallites of the 3D
perovskite CsPbBrs, which are deposited on the surface of CsPb.Brs plates (as shown in
Figure 10c), rather than being embedded inclusions. Therefore, the methodology for the
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preparation and purification of CsPb.Brs is crucial, as even a small amount of CsPbBrs; can
significantly affect the optical properties, leading to misleading information and misinterpretation
of data. Thus, our results obtained for pure single crystals differ significantly from previously
published data using samples with CsPbBrs impurities. In addition, we demonstrated that the
diffuse reflectance method, commonly used to determine absorption edges and band gaps, yields
optical parameters that are significantly different from those obtained from optical absorption
measurements. Such difference indicates a significant discrepancy between the energies of the
surface and bulk electronic states of CsPb2Brs, and may also be characteristic for other similar
materials.

Figure 10. Images of (a) pure CsPb2Brs crystal plates; (b) CsPbBrs crystals; (c) CsPb2Brs crystal
plate with CsPbBr3 precipitation on its surface. The coloured circles in (c) indicate the 10 um
areas selected for spectrophotometry, with their colours corresponding to the respective
absorption and PL spectra shown as insets.

In summary, this article has clarified the long-lasting confusion in the literature regarding the
physical properties of CsPb2Brs. The intrinsic optical properties of the pure material exhibit
ultraviolet absorption and there is no PL in the visible region. This study has shown that the layered
tetragonal structure of CsPh2Brs is exceptionally stable. Structural and spectroscopic experiments
conducted on pure single crystals confirmed that this structure persists at least up to 6 GPa. Its
structural modifications are precisely correlated with observed bandgap changes. We emphasize
the fundamental importance of sample purity for accurate material characterization.
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Table 1. Selected properties of pure CsPb2Brs.

Parameter | Value
Thermodynamic stability
Thermal stability range at least 95 K — 625 K
Melting temperature ~625 K
Structural stability under pressure
Crystal system, space group tetragonal, 14/mcm
Structural stability range under pressure up to at least 6 GPa
Compressibility
Bulk modulus (Bo) 11.5(3) GPa
Derivative of bulk modulus (Bo") 9.3(6)
Optical properties
Absorption edge ~350 nm
Band gap type indirect
Total band gap reduction under pressure (up to 6 GPa) ~0.1eV

2. White-light emission triggered by pseudo Jahn-Teller
distortion at the pressure-induced phase transition in
CssPbBrg [101]

This work presents a comprehensive study of the zero-dimensional all-inorganic perovskite
Cs4PbBrs under pressure using SCXRD, optical absorption, and PL. The experimental results were
further supported by electronic band structure calculations, providing a deep understanding of the
observed phenomena. The aim of this study was to resolve existing controversies in the literature
regarding the physical properties of this material, in particular its behaviour under pressure and the
origin of pressure-induced light emission. In 0D perovskites, the BXs octahedra are isolated,
leading to strong localization of electronic states responsible for optical properties. CssPbBrs has
been extensively studied for its strong and stable green PL [102-104], but extensive scientific
debate has led to the conclusion that pure CssPbBrg crystals do not exhibit PL at ambient conditions,
and that the green emission is due to CsPbBrs inclusions [44,105]. This study confirms that pure
colourless CssPbBrs does not exhibit PL in the visible range at ambient conditions, and that
previous reports of green emission were due to impurities, that consist in green and yellow crystals
(see Figure 11).
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Figure 11. Comparison of the optical absorption and emission spectra of three types of CssPbBrs
crystals (A-colourless, B-green, C-yellow) with CsPbBr3 (D) [101].
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Figure 12. Crystal structures of CssPbBrs at different pressures. (a) Phase | at atmospheric
pressure, (b) phase 1l at 2.9 GPa, and (c) phase Il at 3.84 GPa [101].
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Figure 13. Pressure-induced changes in the volume of PbBre octahedron [101].

The key finding of this work is the sequence of two pressure-induced first-order phase transitions.
The first transition is observed at approximately 2.6 GPa, and the second at 3.2 GPa. The space
group symmetry changes from the rhombohedral R3c (phase 1) to the orthorhombic Cmce
(intermediate phase Il), and then to the tetragonal P4/mnc (high-pressure phase I11), as shown in
Figure 12. This sequence of phase transitions contradicts the reasons of the previously reported
paper, where a single phase transition with the symmetry change from R3c to B2/b was reported
on the basis of powder diffraction data [106] obtained under pressure in quasi-hydrostatic
conditions. Our measurements were performed under genuinely hydrostatic conditions and
excluded the influence of deviatoric stress in DAC. The structural motif of isolated PbBre octahedra
surrounded by Cs™ cations is preserved in all phases, but their arrangement undergoes distinct
changes (see Figure 13). Analysis of the volume-pressure data for phase I, fitted to the third-order
Birch-Murnaghan equation of state, allowed us to determine the volume compressibility modulus
Bo = 10.5(7) GPa and its derivative By’ = 9.7(16). These values are comparable to those of 2D
CsPh2Brs [95], indicating similar compressibility of both materials, which are significantly softer
than 3D CsPbBrs [75]. For phase Il1, fitting the data to the second-order equation of state gave Bo
= 13.1(9) GPa, which is slightly higher than in phase I. The crystal compressibility in phase 1 is
nearly isotropic, with a small difference along the c axis compared to the a-b plane, but the
anisotropy clearly increases in phase Ill. However, one of the most intriguing findings is the
pressure-induced increase in the volume of PbBre octahedra by more than 5% at the transition to
the tetragonal phase (phase IlI). This phenomenon contrasts with the reduction in the unit cell
volume and the behaviour of other structural parameters, which show a typical pressure
dependence. In phase I, at atmospheric pressure, PbBrs octahedra are regular, with Pb—Br bonds of
3.022(1) A. Under pressure, these bonds gradually contract to 2.5 GPa, after which their lengths
differentiate in phase Il (two longer and four shorter bonds). However, the transition to phase Il is
associated with an unusual deformation of the octahedra: the four equatorial bonds elongate to
3.061(1) A (exceeding the bond lengths at atmospheric pressure), while the two axial bonds
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contract to 2.923(1) A. We attribute this unusual deformation of the octahedra, which cannot be
rationally explained only by pressure-induced structural changes, to an electronically driven
geometric distortion known as the pseudo-Jahn-Teller effect (PJTE). Given that the electronic
configuration of Pb?* has closed subshells and therefore its ground state is nondegenerate, the PJTE
seems to be the only possible explanation. The strong deformation of the PbBrs octahedra is most
likely responsible for the tetragonal arrangement of the crystal structure, and therefore the increase
in symmetry in high-pressure phase 111 can be also attributed to the pressure-induced PJTE.

The optical properties of pure CssPbBre under pressure have also been studied in detail. The
absorption edge was found to redshift with increasing pressure, indicating a narrowing of the
energy gap. The sharp and well-separated excitonic band at around 315 nm broadens slightly with
pressure in phase I, and its width increases dramatically at the transition to phase Il, which can be
attributed to the differentiation of the Pb—Br bond lengths. Then, the excitonic band splits into two
components at the crystal transition to the tetragonal phase Ill. This splitting corresponds to the
massive geometric distortion of the PbBre octahedra and also confirms the pressure-induced PJTE
in Cs4PbBre. The pressure dependence of the energy gap is characterized by two step changes at
2.6 GPa and 3.2 GPa, which correlates excellently with the phase transitions observed in X-ray
studies. The overall narrowing of the energy gap over the entire pressure range studied, up to
4.2 GPa, is greater than 0.51 eV. Electronic band structure calculations, performed by the first-
principles method using pressure-dependent structural data, perfectly reproduced the experimental
pressure dependence of the energy gap, including jumpwise changes at the transition points. These
first-principles calculations were performed by dr hab. Konrad J. Kapcia, prof. UAM of the Faculty
of Physics and Astronomy, Adam Mickiewicz University. High-pressure PL experiments on pure
Cs4PbBrs, performed with excitation in the range of 250-320 nm, revealed the appearance of a
broad emission band extending from 400 to 800 nm. This emission, centered at 575 nm, occurs
only after the material transition to phase Ill, above 3.2 GPa. Unlike some layered perovskites,
where the emission is enhanced by octahedra tilting, in the case of CssPbBrs the white PL is clearly
caused by octahedra distortion resulting from the PJTE effect.

In summary, this study explains the behaviour of CssPbBrs under pressure. The sequence of two
phase transitions (R3c — Cmce — P4/mnc) was revealed, correcting earlier reports. Most
importantly, an unprecedented volume increase of PbBre octahedra in high-pressure phase Il is
identified and described in detail. Pressure-induced white-light emission from CssPbBrs has been
associated with pseudo-Jahn-Teller distortions, demonstrating how external pressure can activate
or enhance phenomena linked to intrinsic lattice dynamics. This study also highlights the crucial
importance of using appropriate structural models and accurate experimental data for the correct
interpretation of material properties and provides a solid foundation for further research on zero-
dimensional perovskites and their potential optoelectronic applications.

Table 2. Selected properties of pure CssPbBrs.

Parameter | Value/description
Thermodynamic stability
Thermal stability range | at least 100 K — 800 K
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Melting temperature | ~800 K
Pressure-induced phase transitions

Crystal system, space group, phase | rhombohedral, R3¢
First phase transition pressure ~2.6 GPa
Crystal system, space group, phase Il orthorhombic, Cmce
Second phase transition pressure ~3.2 GPa
Crystal system, space group, phase 1l tetragonal, P4/mnc
Compressibility
Bulk modulus (Bo), phase | 10.5(7) GPa
Derivative of bulk modulus (Bo"), phase | 9.7(16)
Bulk modulus (Bo), phase Il 13.1(9) GPa
Optical properties
Excitonic absorption band, atmospheric pressure ~315 nm
Calculated energy band gap, atmospheric pressure 3.87eV
Band gap type, phase | direct
Band gap type, phase 1l & 1lI indirect
Total band gap reduction under pressure (up to 4.2 GPa) ~0.5 eV
Photoluminescence appearance >3.2 GPa
Emission band characteristics broad (400-800 nm), centered
at 575 nm, asymmetric

3. Effect of pressure and temperature on the structure and
optical properties of two-dimensional lead iodide
perovskites [107]

This work focuses on the study of the influence of pressure and temperature on two lead
iodide perovskites with 2D architectures, [C(NH2)s]2Pbls and CsC[(NH2)s]Pbls. The inorganic
framework of [C(NH2)3]2Pbls is formed of corner-sharing Pble octahedra, which are arranged in
double perovskite layers. A characteristic feature of this framework is the absence of every second
octahedra in these layers. As shown in Figure 14a, the voids created by this arrangement, as well
as the regions between the inorganic layers, are occupied by guanidinium cations, which act as
barriers for charge carriers. Under ambient conditions, this material is characterized by a yellow
colour. The properties of the 2D perovskite materials can be modified by the introduction of mixed
cations. For this purpose, the compound CsC[(NH2)z]Pbls was crystallized by incorporating both
inorganic and organic ions. The structure of this material is characterized by single layers of Pble
octahedra connected in a plane by shared corners, and two different ordered cations alternatively
occupying the space between the layers (see Figure 14b). The octahedra are tilted to each other in
an antiphase manner (in opposite directions) along the c direction, creating Pb-I1-Pb alternative
angles of 110 or 65 degrees. These specific tilts create a system of large and small voids between
the layers. The large voids are occupied by the guanidinium ions, and the smaller ones by the
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cesium ions. The change in octahedral connectivity in CsC(NH2)sPbls, compared to
[C(NH>)3]2PDbls, significantly affects the overlap of the lead and iodine orbitals. This affects the
absorption edge and as a result the crystals are red in colour. Both of these 2D perovskites can be
considered as naturally highly confined quantum systems. Their band structure is highly sensitive
to changes in atomic arrangements, which can be precisely manipulated by pressure and
temperature. Complementary set of experimental techniques was used to characterize the structural
and optical responses of both perovskite materials under varying thermodynamic conditions.

a a A [ &, ol o
( ){} _-.‘%\\ ﬁ%x‘ ‘-.;/—.\ **
.8 e e

Figure 14. Room-temperature crystal structures of (a) [C(NH2)3]2Pbls, and
(b) CsC[(NH2)s]Pbl4 [107].

Previous studies have shown that [C(NH2)z]2Pbls undergoes two second-order phase transitions at
temperatures T1 = 356 K and T. = 307 K [108]. The high-temperature phase | of the space group
Pmna transforms to the intermediate phase Il of the space group Pnnm, and then the crystal enters
the low-temperature phase 111 of the space group P2:/n. However, there have been no reports so far
on how the optical properties of this material evolve with temperature. In this work, we examined
the temperature-dependent behaviour of the energy gap of a single-crystal sample over a broad
temperature range (88-423 K). The measurement showed a gradual decrease in the energy gap with
increasing temperature. The phase transitions at T1 and T2 caused only small deviations from this
dependence. In addition, high-pressure optical measurements were performed. The energy gap
experiences a sharp decrease as the crystal undergoes a phase transformation from phase Il to the
high-pressure phase IV (P1). This transition is observed at approximately 0.5 GPa at room
temperature. Further compression of the crystal to 4.5 GPa results in a continuous decrease in the
energy gap. The overall energy gap narrowing in the whole pressure range studied was of
approximately 0.2 eV. The high-pressure SCXRD measurements show abrupt changes in the lattice
parameters and volume at 0.5 GPa (see Figure 15), confirming that the transition is of first-order
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type. The observed transition is consistent with predictions from previous differential thermal
analysis (DTA) measurements [108], which suggested a phase boundary in the pressure-
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Figure 15. Pressure dependence of (a) the unit cell dimensions and (b) molecular volume of
[C(NH2)3]2Pbls [107].
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Figure 16. Phase diagram of [C(NH2)3]2Pbls [108]. Red dashed line represents the experimental
high-pressure path followed in this study at room temperature.
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temperature phase diagram near this value at room temperature. Our experimental findings provide
the first confirmation of this predicted phase boundary. The p-T phase diagram of [C(NH2)z]2Pbls
is shown in Figure 16. The second-order Birch-Murnaghan equation of state was fitted to the
experimental data V(p) and showed that high-pressure phase 1V is less compressible (Bo =
13.0(7) GPa) than phase 1l (Bo = 9.8(10) GPa). Structural changes include shortening of the Pb—I
bonds, reducing the distortion of the octahedra, and straightening of the Pb—I-Pb angles, which is
the main mechanism for narrowing the energy gap. A surprising compressibility anisotropy was
also observed, the direction perpendicular to the layers is stiffer than the directions in the plane of
the layers. This contrast with the typical behaviour of layered materials, where weak interlayer
interactions usually result in greater compressibility along the out-of-plane direction.
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Figure 17. Temperature dependences of the Pb—1-Pb angles of the CsC[(NH2)3]Pbls [107].

DSC measurements of CsC[(NH2)3]Pbls revealed a second-order phase transition at 320.8 K, which
had not been previously reported. This thermal anomaly was later validated by temperature-
dependent SCXRD, performed in the 200-380 K range. While the structure of this compound was
previously reported by Nazarenko et al. [80], our study re-examined its temperature-dependent
structural evolution to provide a more detailed understanding. Continuous changes in the lattice
parameters and unit cell volume were observed around 321 K. Our structural refinements
confirmed that the iodine atoms, which bridge the Pbls octahedra along the c-axis, are ordered at
room temperature, with indications of becoming disordered only as the sample approaches the
phase transition point. SCXRD measurements were also used to study the thermal expansion in
detail. In phase Il (space group Pnnm), the lattice parameters b and ¢ expand with increasing
temperature, while, the parameter a exhibits a distinct contraction. This is manifested by a
significant negative thermal expansion along the axis a, with thermal expansion coefficients
reaching the values of the order of -10* K™ as the temperature approaches the transition point. The
temperature dependence of the Pb—I-Pb angles, ¢1 and ¢, is plotted in Figure 17. As the
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temperature increases, the gradual straightening of the Pble octahedra leads to the disappearance
of the alternating tilts. This causes a halving of the lattice parameter b and results in the crystal
adopting the higher symmetry space group Imma in phase I, above 321 K. In phase I, the iodine
atoms bridging the octahedra along the c-axis become disordered, occupying two distinct positions
with equal occupancy factors. This order-disorder behaviour is consistent with the observed
increase in entropy during the transition. The negative thermal expansion along the a-axis changes
to positive upon transition to phase I.
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Figure 18. The unit-cell volume and lattice parameters of CsC[(NH2)3]Pbls as a function of
pressure [107].

Absorption spectra measurements of a single-crystal plate as a function of temperature showed
nonlinear energy band gap narrowing in phase 11 until the phase transition. This decrease in energy
band gap is directly attributed to the straightening of the Pb—I-Pb angles, which increases the
overlap between the Pb and I atomic orbitals, which are crucial for electronic transitions near the
absorption edge. Above the phase | transition temperature, the temperature-induced changes in
energy band gap are smaller and exhibit a linear relationship. The continuous changes in energy
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band gap confirm the second-order nature of the transition. Furthermore, the optical properties of
CsC[(NH2)3]Pbls were measured as a function of pressure up to 5.45 GPa. In the pressure range
below 4.5 GPa, the absorption edge gradually red-shifts with increasing pressure. However, above
4.5 GPa a significant jumpwise redshift of the absorption edge was recorded. This behaviour
corresponds to substantial reduction in the energy gap. In phase I1, the energy gap narrowing is the
result of the dominant effect of Pb—I bond shortening over the competing effect of Pb—I-Pb angle
bending, while in phase Ill, this angle straightening further enhances this effect. The overall
decrease in energy gap exceeds 12%, and it is accompanied by a distinct change in crystal colour.
The pressure induced changes in energy gap were fully reversible, but a large pressure hysteresis
was observed in the transition region, confirming the first-order character of the transition. High-
pressure SCXRD experiments were performed in the pressure range up to 5.24 GPa. First-order
phase transition of isostructural character (space group Pnnm) was revealed at approximately
4.5 GPa. This transition is accompanied by a reduction in the distortion of the Pbls octahedra.
Figure 18 shows the pressure dependence of the unit-cell volume and lattice parameters. The bulk
modulus Bo for phase Il, obtained by fitting the second-order Birch-Murnaghan equation of state
to the experimental V(p) data, was determined to be 15.4(2) GPa. This value is significantly higher
than those determined for phases 111 and IV of [C(NH2)3]2Pbls, indicating that CSC[(NH2)3]Pbls is
inherently less compressible. The material exhibits pronounced anisotropic compressibility, and
similarly to [C(NH.)s]2Pbly it is stiffer in the direction perpendicular to the inorganic layers. In
phase 11, anomalous negative compressibility was observed along the c-axis, probably related to
the damping of vibrations of iodine atoms bridging the octahedra. Reducing the amplitude of these
vibrations lead to an increase in the average bond length.

In summary, both the temperature increase and the hydrostatic compression lead to the band gap
narrowing in the studied 2D perovskites, in contrast to 3D lead perovskites, where the opposite
temperature trend is typically observed. This effect is closely related to modifications of the Pble
lattice geometry (bond shortening and octahedra rotation) and may be crucial for the design of
materials with tunable optoelectronic properties for photovoltaic and optoelectronic applications.

Table 3. Selected properties of [C(NH2)s]2Pbls and CsC[(NH2)s]Pbl..

[C(NH2)3]2Pbl4 | CsC[(NH2)3]Pbl4
Parameter Value/description
Phase transitions (temperature) second-order transitions at | second-order transition
356 K and 307 K at 320.8 K
Phase transitions (pressure) first-order transition at first-order transition at
~0.5 GPa ~4.5 GPa
Crystal system, space group, phase | orthorhombic, Pmna orthorhombic, Imma
Crystal system, space group, phase Il orthorhombic, Pnnm orthorhombic, Phnm
Crystal system, space group, phase Il monoclinic, P2:/n orthorhombic, Pnnm
Crystal system, space group, phase IV triclinic, P1 —
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Bulk modulus (Bo)

9.8(10) GPa (phase I1I)
and 13.0(7) GPa

15.4(2) GPa (phase 1)

(phase 1V)
Energy gap, atmospheric pressure 247 eV 2.22 eV
Total band gap reduction under ~0.2 eV up to 4.5 GPa ~0.27 eV up to 5.5 GPa

pressure
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V. Conclusions

In this thesis we systematically studied how hydrostatic pressure and temperature affect the
structural and optical properties of selected low-dimensional metal-halide perovskites. Structure-
property relationships were discussed across four materials: 2D CsPb2Brs, 0D Cs4PbBrs, and 2D
guanidinium lead-iodide perovskites, [C(NH2)s].Pbls and CsC(NH2)3Pbls. The main conclusions
are summarized below.

e Pressure and temperature are effective tools for tuning electronic structure in low-
dimensional perovskites. In the studied systems, compression systematically reduces
interatomic distances and modifies octahedral tilts, producing progressive band-gap
narrowing. Similarly, in the 2D iodides, temperature was used to achieve comparable band-
gap tuning through the straightening of the angle between octahedra.

e Structural distortions of the lead-halide octahedra (tilting, rotation, and asymmetric
deformation) are the origin of the observed optical responses. In all the systems studied,
small changes in the Pb—X bond lengths and the Pb—X—Pb angles strongly alter orbitals
overlap responsible for the absorption edge, and therefore the absorption and emission
properties.

e The phase purity of the sample critically determines the measured optical characteristics.
For CsPb.Brs, visible-range absorption and emission reported in some earlier studies were
shown to arise from the 3D CsPbBrs microcrystals precipitated on the CsPb2Brs plates. This
underscores the need for accurate materials characterization and careful interpretation of
the optical data.

e New pressure-driven phenomena were identified and explained for CssPbBre. The crystal
undergoes two first-order structural transitions (2.6 and 3.2 GPa) accompanied by abrupt
band-gap reductions; the transition to the high-pressure tetragonal phase is marked by an
unprecedented expansion of the PbBre octahedra. This anomalous deformation is attributed
to a pressure-activated pseudo-Jahn-Teller effect and is directly responsible for the
emergence of broad band white-light photoluminescence. Such electronically driven
geometrical instabilities provide a pathway for creating novel emissive states in materials
that are non-emissive at ambient conditions.

e Layered guanidinium lead iodides display pronounced anisotropic mechanical responses,
with the axis perpendicular to the inorganic layers significantly stiffer than the in-plane
directions. In CsC(NH2)3Pbls, we observed negative linear compressibility along one
crystallographic direction, a rare response which is linked to changes in iodine atoms
vibrational dynamics and octahedral tilts.

e The results obtained emphasize the importance of maintaining hydrostatic conditions,
combining single-crystal diffraction with optical measurements, and using structural
models derived from high-quality SCXRD data for reliable theoretical interpretation.

43



Misassignment symmetry of high-pressure phases or the use of nonhydrostatic media can
lead to incorrect conclusions about electronic structure and optical behaviour.

The demonstrated ability to controllably tune band gaps and activate emissive states via
pressure-induced octahedral distortions has immediate implications for the design of
pressure- or temperature-responsive optoelectronic devices and sensors. More broadly, the
findings contribute to the understanding of how structural features, compositional
variations, and environmental factors interact, which is essential for the advanced
perovskite technologies in photovoltaics, lighting, and sensing.
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ABSTRACT: CsPb,Br; belongs to all inorganic perovskite-related
quasi-two-dimensional materials that have attracted considerable
attention due to their potential for optoelectronic applications. In
this study, we solve numerous controversies on the physical
properties of this material. We show that optical absorption in the
visible spectrum and green photoluminescence are due to
microcrystallites of the three-dimensional CsPbBry perovskite
settled on the CsPb,Brs plates and that carefully cleaned crystal
plates are devoid of these features. The high-pressure structural
and spectroscopic experiments, performed on the single crystals
free of CsPbBr; impurities, evidenced that the layered tetragonal
structure of CsPb,Br; is stable at least up to 6 GPa. The absorption
edge is located in the ultraviolet at around 350 nm and
continuously red shifts under pressure. Moderate band gap narrowing is well correlated to the pressure-induced changes in the
crystal structure. Although the compressibility of CsPb,Brs is much higher than for CsPbBr;, the response in optical properties is
weaker because the Pb—Br layers responsible for the optical absorption are much less affected by hydrostatic pressure than those
built of Cs* cations. Our study clarifies the confusing data in the literature on the optical properties and thermodynamic stability of
CsPb,Br;.

[l Metrics & More | @ Supporting Information

1. INTRODUCTION

In the recent decade, organic—inorganic perovskite semi-
conductors have attracted unprecedented attention from the
scientific community." This interest stems from their excellent
photovoltaic and optoelectronic properties combined with easy
and low-cost fabrication. However, the long-term stability
problems in the operating environment have not yet been
solved. In this area, a very promising research direction is
connected with all-inorganic perovskites that exhibit better
resistance to atmospheric conditions, while their optoelec-
tronic parameters are comparable to those of their hybrid
counterparts, as was demonstrated for CsPbBr;.” Cesium lead

layers perpendicular to the c-axis. These Pb—Br layers are
sandwiched between layers composed of Cs* cations.'”'" The
crystal structure is shown in Figure 1. The quasi-2D character
of the structure should result in a wider band gap compared to
that of the 3D orange form of CsPbBr; for which the energy
gap E, =2.34 eV'” (1 =530 nm). Indeed, in the original work,’
published by Wells in 1893, CsPb,Brs is characterized as a
white powder, indicating an absorption edge in the ultraviolet
region. Therefore, the location of the absorption edge in the
visible spectrum around S515-525 nm in numerous
papers”®>"? is highly questionable because in that case the
crystal could not be colorless. Furthermore, theoretical

bromide can crystallize in orange (three-dimensional, 3D) and
white (one-dimensional, 1D) forms, but also with different
stoichiometries,’ forming low-dimensional structures:
Cs,PbBrg, often termed a zero-dimensional perovskite (0D),
and CsPb,Br, exhibiting a two-dimensional architecture (2D).
These low-dimensional perovskite-related materials have
gained remarkable interest because of strong photolumines-
cence (PL) in the visible spectrum,”” reported recently, which
opens prospects for applications in light-emitting diodes,’
lasers,” and photodetectors.®”

Here, we present a systematic structural and optical
spectroscopic high-pressure study performed on pure single
crystals of CsPb,Brs. In the tetragonal structure of CsPb,Br;,
the bicapped trigonal prisms PbBrg are connected by faces into

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

calculations of the electronic structure indicate that the energy
gap in CsPb,Bry is of indirect type,”'”'* and for that reason,
strong PL should be excluded. In fact, detailed studies of
carefully prepared material showed that pure CsPb,Brg does
not absorb light in the visible region and is PL inactive.'”'*"®
The controversial strong green emission was discussed by
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Pb-Br bonds (R):
3.3726(7)
311515(1)

Figure 1. (a) Crystal structure of CsPb,Br; with the thickness of the
Pb—Br and Cs layers marked by the arrows and (b) the bicapped
trigonal prism PbBrg being the building unit of the Pb—Br layers. The
three different Pb—Br distances and their values determined under
ambient conditions are marked with different colors.

several groups, which indicated possible origins of this
emission, such as impurities of the orange phase of CsPbBr;
mixed with CsPb,Brs,'® CsPbBr; nanocrystals embedded in
CsPb,Br microplates,'” amorphous lead bromide ammonium
complexes present on the surface of the nanosheets,'® or
intrinsic crystal defects.'” It appears that the methodology of
CsPb,Br; preparation is crucial in this respect because even a
small amount of CsPbBr; admixture strongly affects the optical
properties of the material obtained. This is clearly seen in
previously published studies,””*'® where on the basis of the
standard powder X-ray diffraction analysis the material is
defined as “pure”, while its absorption edge and PL properties
are evidently dominated by the presence of the orange form of
CsPbBr;, and they are dramatically different from those of the

truly pure substance.'”"” Although from the point of view of
optoelectronic applications the strongly light-emitting two-
phase material is very attractive, the physical properties
determined for such material and their assignment to the
pure form lead to misleading information and errors of
interpretation of the data.

In this study, we report the response of the CsPb,Brs
structure to hydrostatic pressure and the related changes in
the optical properties of the crystal. Special emphasis was
placed on the synthesis and crystallization procedures. We
show that our results obtained for pure single crystals are
completely different from those published previously."

2. MATERIALS AND METHODS

2.1. Chemicals. Cesium carbonate (Aldrich, 99%), hydrobromic
acid for analysis (Acros Organics, 48% solution in water), and lead(1I)
acetate trihydrate (Aldrich, 99.999%) were purchased and used
without further purification. The water was purified by double
distillation.

2.2. Synthesis of CsPb,Brs. Cesium bromide and lead(II)
bromide were obtained by reactions of hydrobromic acid with cesium
carbonate and lead(II) acetate trihydrate. The stoichiometric amounts
of CsBr and PbBr, were dissolved in hot water acidified with HBr.
Slow cooling of the solution to room temperature resulted in the
crystallization of thin CsPb,Br; plates. The precipitated crystals were
filtrated, washed with hexane, and dried. We also performed a series of
crystallizations to determine the optimal conditions for growing the
good-quality pure crystals. In these experiments, the amount of HBr
acid in the solution and/or the CsBr:PbBr, ratio were modified.

2.3. Calorimetric and Thermogravimetric Analysis. The
thermal stability of CsPb,Brs was studied by the thermogravimetric
analysis method (TGA) using a TGA QSO instrument (TA
Instruments) and by differential scanning calorimetry (DSC) with a
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Figure 2. Photographs of crystals taken from the solution: (a) after washing and drying (reflected light) and (b) after drying only, with visible
microcrystals of orange CsPbBr; crystallized on the surface plate (transmitted light). Absorption (c) and photoluminescence (d) spectra of
CsPb,Br;. The spectra recorded for two different as-grown (unwashed) crystal plates are marked by A and B, and the spectra of the cleaned plate

are marked by C.

14390

https://doi.org/10.1021/acs.inorgchem.2c02253
Inorg. Chem. 2022, 61, 14389—14396


https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02253?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02253?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02253?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02253?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02253?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02253?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02253?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02253?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c02253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Q2000 calorimeter (TA Instruments). DSC experiments were
performed on as-grown crystals while TGA runs were measured on
powdered samples, both at a temperature change rate of 10 K min™".

2.4. Single-Crystal High-Pressure X-ray Diffraction. A
Merrill-Bassett diamond anvil cell (DAC)*® equipped with diamond
anvils (type Ia, 800 ym culets) supported on steel discs with conical
windows was used for single-crystal X-ray diffraction (SCXRD) high-
pressure experiments. The single crystal of CsPb,Brs and the ruby
chip for pressure calibration were glued to the culet of one anvil and
placed into the spark-eroded hole in the tungsten gasket (initial
thickness 250 um, hole diameter 350—380 um). The chamber was
filled with isopropanol as a pressure medium, ensuring hydrostatic
conditions up to ~4.2 GPa.*' The pressure inside the DAC was
monitored by using the ruby fluorescence method,** before and after
each measurement. The overall pressure uncertainty was <0.03 GPa.
All SCXRD measurements were performed at room temperature by
using an Oxford Diffraction Gemini A Ultra diffractometer operating
with graphite-monochromated Mo Ka radiation (4 = 0.71073 A).
Data were collected and processed by using CrysAlisPro software.”
The structures were solved and refined by using SHELX programs.”*
Crystallographic information files (CIFs) for CsPb,Br; structures
determined under different pressures (2176587—2176600) have been
deposited in the Inorganic Crystal Structure Database.

2.5. Optical Measurements. For high-pressure optical spectro-
scopic measurements, diamond anvils type Ila, supported by tungsten
carbide seats with conical windows, were used. The hydrostatic liquid
and other experimental details were the same as in the case of
diffraction experiments. The pressure dependence of the absorption
edge was measured on a 3.9 um thick plate and on a nanosheet of the
average thickness 30 nm, which was grown in situ on the diamond
culet surface. The thickness of the nanosheet was determined with the
atomic force microscopy (AFM) technique, whereas an interference
method combined with optical microscopy was used to measure the
thickness of the microplates (see Figure S1). Absorption and diffuse
reflectance spectra were recorded by a Jasco MSV-5100 microscopic
spectrophotometer. The absorption spectra were collected from the
small area of the crystals of 30 ym in diameter by using a continuous
speed of 200 nm min™' and a spectral bandwidth of 5 nm.

PL spectra were measured with a homemade attachment to the
Jasco MSV-5100 spectrophotometer, where a xenon lamp served as an
excitation source in the spectral range 320—500 nm, and a Spectra
Academy SV2100 spectrometer was applied for analysis of the
spectrum emitted by the sample. All spectroscopic measurements
were performed at room temperature.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Material. An overview of
the papers published on CsPb,Brs shows a large diversity of
methods applied for the synthesis and crystallization of this
material >>®' 1925728 Many of these studies were focused
on the preparation of microcrystals or nanocrystals by
triggering off a sudden crystallization through a hot injection
method.”"*'*'”%2% In such syntheses, the control of a single-
phase crystallization is limited, especially when the substrates
can form structures of different stoichiometries. For the
purposes of this work, we used the simplest method of
crystallization from an aqueous solution, which was already
described bzr Wells in 1893 and has been successfully used
recently.'""> The obtained crystals were colorless and of good
optical quality (Figure 2a). Their layered tetragonal symmetry
structure was confirmed by SCXRD measurements (Figure 1;
for details, see also Table S1). The space group symmetry 4/
mem and the lattice parameters a = b = 8.4931(1) A and ¢ =
15.1786(3) A are consistent with the previously reported
data.”’ According to our DSC and TGA measurements, this
structure is stable at least between 95 and 625 K (see Figures
S2 and S3). In particular, our study did not confirm the

thermal anomaly observed previously at 341.5 K.>° The only
DSC anomaly was detected at 625 K, where the crystal melts.

The purity of the crystals grown, and especially the presence
of CsPbBr; admixture, was monitored by the absorption
spectroscopy method. The orange form of CsPbBr; exhibits
strong absorption below ca. 530 nm, and even trace amounts
of this substance in the studied material are clearly reflected in
the absorption spectrum. Therefore, this method is much more
sensitive than the commonly used powder X-ray diffraction.
The crystallizations performed from the water solutions,
acidified with different amounts of HBr, showed that all of
the obtained and carefully cleaned crystals exhibit the same
optical properties; that is, they are colorless and transparent,
their absorption edge is located below 350 nm, and they are
devoid of green PL (see plots C in Figure 2¢,d). This also
concerns the crystals grown from the strongly acidified
solution, which crystallized together with the orange form of
CsPbBr;. The only visible difference was in the thickness of the
plates, which clearly increased with the amount of acid in the
solution. This is a result of the better solubility of the
substrates and their higher concentrations in the acidified
solution. It is well-known that the 3D CsPbBr; perovskite
crystallizes in water solution only at a sufficiently high
concentration of HBr; otherwise, CsPb,Brs is formed,’
regardless of the 1:1 stoichiometry of CsBr:PbBr, in the
solution. Our experiments confirmed that also in solutions
containing an excess of CsBr the crystals of CsPb,Brs were
obtained in pure form. Thus, it is evident that CsPb,Br;
crystallizes without any inclusions of CsPbBr;, even in
solutions of disturbed stoichiometry. However, it should be
noticed that the crystals harvested from the solution have to be
carefully washed and dried to remove the remaining solution.
Living these remains on crystal plates leads to an increase in
HBr concentration in the droplets of the mother liquor due to
water evaporation, and finally it results in the precipitation of
CsPbBr; micro- and nanocrystallites on the surface of
CsPb,Br; crystals (Figure 2b). Therefore, such “unwashed”
crystal plates absorb light in the visible spectrum below 520—
530 nm and exhibit strong green PL; that is, they show typical
characteristics of the orange form of CsPbBr;. This is
illustrated in Figure 2c,d where the absorption and PL spectra
of two as-grown unwashed plates (A, B) and of the cleaned
plate (C) are shown. The intensity of PL is correlated to the
absorbance of the samples in the spectral range 350—550 nm,
which clearly depends on the amount of CsPbBry on the
crystal surfaces. All our further experiments were performed on
pure CsPb,Br; crystals.

A review of data from the literature shows that the optical
spectrum of CsPb,Br; has been the subject of numerous
studies, but only very few experiments have been performed
for noncontaminated samples. In Figure 3 we compare the
spectrum measured by the diffuse reflectance method with that
obtained from the optical absorption measurements on the 30
nm thick sheet. The reflective spectrum is presented in the
form of a normalized Kubelka—Munk function,” F(R,,) = a/S
= (1 — Ry)*/2R,,, where a is the absorption coefficient, S is
the scattering coeflicient of the powdered sample, and R, is
the diffuse reflectance of an infinitely thick layer. The two
peaks visible in this spectrum at 336 nm (3.69 eV) and 307 nm
(4.04 eV) are in excellent agreement with the earlier
reflectance data."' However, a comparison with the conven-
tional absorption spectrum reveals essential differences, as the
absorption peaks are clearly blue shifted to 320 nm (3.87 eV)
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Figure 3. Normalized Kubelka—Munk function for powdered sample
(left Y-axis) and normalized absorbance for 30 nm thick plate (right
Y-axis) as functions of energy.

and 255 nm (4.86 eV), respectively. This discrepancy can
indicate a substantial difference between the bulk electronic
states, responsible for the transient absorbance, and the surface
electronic states that contribute mainly to the reflection. For
comparison purposes, we also measured the diffuse reflectance
and absorption spectra of the 3D perovskite MAPbBr;. These
spectra, plotted in Figure S4, show the same trend as in the
case of CsPb,Brs. Therefore, it is evident that the energy gaps
determined from the absorption and reflectance data can differ
considerably. It is worth noting that the onset of 3D lead-
halide perovskites absorption is dominated by excitonic
absorption,?’2 and it is also characteristic of 2D CsPb,Br;, for
which the excitonic band at 320 nm determines the absorption
edge of the crystal.

3.2. Pressure Dependence of Structural Parameters
of CsPb,Br;. The SCXRD data were collected in the pressure
range to 4.2 GPa. As shown in Figure 4, the hydrostatic
compression of the crystal results in a continuous shortening of
the lattice parameters and a decrease in the unit cell volume.
The monotonic contraction of the crystal, as well as the
preservation of the space group symmetry I4/mcm in the whole
studied pressure range, testifies that this layered structure is
highly stable not only in a wide temperature range but also
under pressure. The lack of structural transformation is
surprising in contrast to the recently published high-pressure
study of CsPb,Brs, where an isostructural phase transition was

postulated at 1.6 GPa,"” associated with a stepwise change in
the lattice parameters and ~3% decrease in the unit-cell
volume. However, it should be noted that in this study the
measurements by powder XRD were performed by using
silicon oil as a pressure medium, which is hydrostatic to ~1
GPa only. In this case, the pressure dependence of the lattice
parameters can be strongly distorted by the nonhydrostatic
conditions of the experiments. For the sake of comparison, our
V(p) data are plotted in Figure SSa together with those
previously reported in ref 13. The most striking is a deepening
discrepancy between these two data sets as the pressure
increases. For example, at atmospheric pressure the unit-cell
volume determined from our single-crystal data (V = 1092 A%)
is very close to that measured by the powder diffraction
method in ref 13 (V = 1088 A?), while under a pressure of 4
GPa the corresponding values strongly diverge (925 vs 965 A3,
respectively). Moreover, it is worth noting that the
discontinuities in the lattice parameters derived from the
powder diffraction data are in fact hardly correlated to the
smooth changes in the presented diffraction patterns,'” and
therefore the reported phase transition seems to be highly
questionable.

The experimental V(p) data plotted in Figure 4b were fitted
by the third-order Birch—Murnaghan equation of state:*’

(&)7/3 B (E]s/s (&)2/3 B 1}}
v v v

where V, is the volume of the reference unit cell at ambient
pressure, B, is the isothermal bulk modulus at ambient
pressure, and By is the pressure derivative of the bulk modulus
extrapolated to p = 0. The fitting procedure performed by
using EosFit7-GUI program®* allowed us to determine the
bulk modulus B, = 11.5(3) GPa and its derivative B, = 9.3(6)
of CsPb,Br;. These parameters can be compared with those of
CsPbBr;. For this purpose, the single-crystal V(p) data
published recently for the orange form of CsPbBry'” were
fitted by the third-order Birch—Murnaghan equation (see
Figure SSb) with By = 15.0(8) GPa and B = 6.0(18). Because
B, and Bj are correlated,”® a comparison of these parameters
for CsPb,Brs and CsPbBr; was made by plotting By versus By,
together with their confidence ellipses, as illustrated in Figure
S8. This plot shows that the confidence ellipses do not overlap
even at the 99.7% confidence level, and therefore we conclude
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Figure 6. Selected absorption spectra of CsPb,Br; recorded under different pressures: (a) for the 3.9 ym thick microplate and (b) for the 30 nm

thick nanosheet. The inset shows the crystal in the DAC.

that the 3D perovskite CsPbBr; is less compressible than the
layered CsPb,Brs. The inset in Figure 4b shows that the
compressibility of CsPb,Br; is strongly anisotropic, much
higher along the ¢ direction perpendicular to the layers than in
the a—b plane. It should be noted that this anisotropy varies
with increasing pressure, as indicated by the nonlinear decrease
in the c/a ratio (see the inset plot in Figure 4a). The linear
compressibility coeflicients calculated at zero pressure f3, =
14.3(8) TPa~! and . = 61(3) TPa™" were used to determine
independently the bulk modulus B, = 11.2(6) GPa. This value
is in very good accordance with that derived from the fitting of
the unit-cell volume. The low value of B, shows that CsPb,Br;
is relatively soft as for all-inorganic material. However, this is

14393

also characteristic for 3D organic—inorganic metal halide
perovskites:>”*® for example, for CH;NH;Snl;, By = 12.6(7)
GPa; for HC(NH,),Snl;, B, = 8.0(7) GPa; and for
HC(NH,),Pbl;, B, = 11.0(2) GPa. The other important
issue is the high value of By, which typically is close to 4 while
for CsPb,Br; it is raised to 9.3(6). This high value is justified
by the layered character of the structure as similar values were
reported; for example, for graphite-like BC, B; = 8.0(6),> and
for layered GeSe,, B) = 9.1(22).*

In the structure of CsPb,Brs the layers built of the face-
connected bicapped trigonal prisms PbBrg are more resistant to
external hydrostatic pressure than the layers composed of Cs*
cations. This is apparent in Figure Sa, where the changes in the
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thickness of both layers are plotted as a function of pressure. In
the Pb—Br layers, Pb** is coordinated by eight Br™ that form a
polyhedron with three different Pb—Br distances (see Figure
1). At atmospheric pressure, these distances are strongly
differentiated taking the values 3.374 A (4%), 3.151 A (2x),
and 2.888 A (2x). Similarly, their pressure dependences are
also diversified. As shown in Figure Sb, with increasing
pressure, the six longest Pb—Br bonds contract, while the two
shortest bonds slightly elongate.

3.3. Absorption Edge and Energy Gap of Compressed
CsPb,Brs. The absorption spectra of CsPb,Br; were measured
under pressure on a single-crystal microplate and on a
nanosheet during compression cycles. The selected spectra
are plotted in Figure 6. As can be seen, for the 3.9 pum thick
plate only the absorption edge is accessible, while the
nanosheet spectrum is structured with a well-shaped excitonic
band at 320—330 nm. The absorption onset is gradually red
shifted with increasing pressure. To determine the energy gap,
the absorption edges were converted to Tauc plots’ (see
Figure S6) by plotting (ahv)* versus photon energy hu, where
a is the absorption coeflicient of the material. The values of E,
thus obtained are plotted as a function of pressure in Figure 7a.
It is evident that the band gap of CsPb,Br; decreases
monotonically with increasing pressure, without any anomalies
that could be attributed to phase transitions. The Eg(p)
dependence is linear in the pressure range to about 4 GPa,
whereas under higher pressures, beyond the hydrostatic limit
of isopropanol, some nonlinearity occurs. It is not clear
whether this is an intrinsic feature of the crystal or the result of
nonhydrostatic conditions, which can substantially affect the
properties of materials."”** The character of pressure-induced
changes is the same regardless of the thickness of the samples,
and the only difference is that for the thicker plate the obtained
value of E, is markedly lower, but such a relation can be
expected for samples of substantially different thickness, as can
be deduced from the plots in Figure S7.

In the studied pressure range of 6 GPa, the overall band gap
reduction is about 0.1 eV. This relatively moderate change in
E, well correlates with the subtle changes in the thickness of
the compressed Pb—Br layers (Figure Sa). The calculations of
the electronic band structure indicate that the band gap in
CsPb,Br; has an indirect character, but the direct gap is only
slightly larger.” The top valence bands are composed mainly of
the Br—4p, Pb—6p and Pb—6s orbitals, while the Pb—6p and
Br—4p orbitals dominantly contribute to the lowest con-
duction bands. The orbitals of Cs* cations do not contribute to

the electronic states responsible for the absorption edge, and
therefore the largest pressure effect, visible in Figure Sa as a
remarkable narrowing of the Cs* layers, does not have a direct
translation into the optical properties of the crystal. Thus, the
band gap of CsPb,Br; is mainly determined by the structure of
Pb—Br layers and its modification under pressure. As shown in
Figure Sb (see also Figure 1b), crystal compression results in
contraction of the six longest Pb—Br distances, while the two
shortest bonds slightly elongate. The shortening of Pb—Br
bonds enhances the overlap of the atomic orbitals, leading to
an upward shift of the maximum valence band and, as a
consequence, to a red shift of the band gap. The opposite and
therefore competitive effect comes from the Br—Pb—Br angles
bending.** The relatively small changes observed in the angles
(Figure Sc) indicate that the contraction of the Pb—Br bonds
has a dominant influence on the modification of the electronic
states responsible for the absorption edge.

In discussing the pressure dependence of E,, we have to refer
to the data reported by Ma et al,'” which are plotted for
comparison in Figure 7b. It is obvious that our results are in
stark contrast to those obtained by Ma et al. This applies to the
pressure-induced changes in the band gap as well as to its
value, which is even more important. To explain these
discrepancies, we plotted in Figure 7b our recently published
Eg(p) results measured for 3D CsPbBr,.'” The correlation
between these data and the results presented by Ma et al. is
evident. Therefore, we conclude that they studied, in fact, the
pressure dependence of the CsPbBr; band gap instead of
CsPb,Brs. Most probably, their samples were strongly
contaminated with CsPbBr;, and their interpretation of the
results seems to be even more puzzling when considering that
the same group of authors had previously published two
articles on the optical properties of CsPbBr; under

45,46
pressure.

4. CONCLUSIONS

This study confirms that green photoluminescence and
absorption in the visible spectrum are not intrinsic features
of CsPb,Br; but originate from CsPbBr; impurities. The
microcrystallites of the orange CsPbBr; do not form inclusions
embedded in the crystal plates of CsPb,Brs but precipitate on
their surfaces. Therefore, we suppose that the majority of the
literature data were in fact collected for the CsPb,Br;:CsPbBr;
composites instead of CsPb,Br. We show also that the
commonly used diffuse reflectance method for the absorption
edge and band gap determination gives optical parameters that
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are remarkably different from those obtained from the optical
absorption measurements. This discrepancy indicates that the
energies of the surface and bulk electronic states of CsPb,Br;
differ significantly, which may also be characteristic for other
similar materials.

Pressure was applied as a clean and effective tool to modify
the distances between the atoms and bond angles and thus the
related electronic structure of CsPb,Brs. Although the
compressibility of this 2D perovskite-like material is larger
than that of 3D CsPbBr;, the pressure-induced changes in the
optical parameters are smaller. The layered architecture of
CsPb,Br; is reflected in a strongly anisotropic response to
hydrostatic compression. The crystal shrinks much weaker in
the a—b plane, i.e,, parallel to the layers, than in perpendicular ¢
direction. Furthermore, external mechanical stress affects the
layers built of Cs* cations much more than the Pb—Br
frameworks. The moderate changes within the Pb—Br layers
translate into the moderate monotonic narrowing of the band
gap with increasing pressure. Moreover, our study performed
on the genuinely pure crystals has shown that the tetragonal
structure of CsPb,Br; is stable in a wide temperature range, at
least between 90 and 625 K, and the crystal does not undergo
any structural transformation in the pressure range up to 6
GPa. These results shed new light on the physical properties of
CsPb,Br; and show the interpretative pitfalls associated with
the experiments performed carelessly.
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Table S1. Selected crystallographic and refinement data for the structures of CsPb,Brs.

Crystal formula CsPb,Brs
Crystal system Tetragonal
Space group 14/mcm
z 4
Pressure (GPa) 0.0001 0.73 1.12 2.15 3.07 3.75

Crystal size (mm)

0.16 x 0.12 x 0.09

0.21 x0.21 x 0.03

0.23 x 0.15 x 0.02

0.21 x 0.21 x 0.03

0.23 x 0.15 x 0.02

0.23 x 0.15 x 0.02

a.b (R) 8.4831 (1) 8.4043(7) 8.3789 (4) 8.2869 (3) 8.2293 (6) 8.1935 (9)

c(A) 15.1786 (3) 14.675(2) 14.512 (12) 14.175 (14) 13.949 (13) 13.84 (2)

Volume (A%) 1092.30 (3) 1036.5(2) 1018.9 (8) 973.4(10) 944.7 (9) 929.1 (15)
p (g cm?) 5.758 6.068 6.173 6.461 6.658 6.769
u (mm™) 52.25 55.10 56.06 58.67 60.46 6147

No. of measured, independent and

observed [/ > 20(/)] reflections

6625, 451,433

2200, 207, 165

2178, 134, 133

2146, 117, 108

2282, 136, 128

2233, 137, 130

Rint

0.055

0.066 0.078 0.103 0.094 0.091
Ri[1>20(D)], Ri(all) 0.020, 0.021 0.034,0.048 0.024, 0.024 0.022, 0.028 0.032,0.035 0.029, 0.030
wR2[1>20(1)], wR: (all) 0.086, 0.088 0.081, 0.084 0.060, 0.060 0.057, 0.058 0.082, 0.084 0.071,0.072
N 0.756 1.151 1.273 1.354 1.250 1.207
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Figure S1. Interference fringes observed outside the absorption region of the CsPb,Brs crystal plate. The
positions of the interference maxima/minima were used to determine the thickness of the crystal.
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Figure S2. DSC runs recorded for CsPb2Brs in the temperature range 95-420K (a) and in the high-
temperature range close to the melting point (b). The temperature was varied at a rate of 10 Kmin™.
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The zero-dimensional all-inorganic perovskite Cs4sPbBrg has been studied under pressure by single-
crystal X-ray diffraction, optical absorption, and photoluminescence. The analysis of the experimental
results has been supported by calculations of the electronic band structure. The crystal undergoes a
sequence of two first-order pressure-induced phase transitions at 2.6 and 3.2 GPa with the space group
changes R3¢ — Cmce — l4/mnc, which contradicts the previously reported transition R3c — B2/b.
Under compression, the crystal bandgap progressively narrows across the three phases, and in a
jumpwise manner at the transition points, leading to an overall decrease of the energy gap by more than
0.5 eV at 4.2 GPa. The pressure evolution of the bandgap perfectly correlates with the electronic band
structure changes modelled by first-principles calculations using the pressure-dependent structural data.
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Our structural study revealed an unprecedented pressure-induced increase in the volume of PbBrg
octahedra, by more than 5%, upon the transition to the tetragonal phase. This distortion, associated with
the shortening of two and the lengthening of four Pb—Br distances, has been attributed to the pseudo
Jahn-Teller (PJT) effect. Thus, the pressure-induced white-light emission that occurs upon the
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Introduction

Metal halide perovskites are one of the hottest topics in materials
science because of their great potential for photovoltaic, optoelec-
tronic, and multifunctional applications."? The outstanding prop-
erties of these materials, including high optical absorption
coefficients and long diffusion lengths of charge carriers, are
crucial for the high quantum efficiency of solar cells and light-
emitting devices."”* A classical metal halide perovskite structure
AMX; (M is a divalent metal and X = Cl, Br or I) consists of MXg
octahedra forming a corner-sharing framework where the cuboc-
tahedral voids are occupied by the A-site organic or inorganic
cations.” However, there are also numerous low-dimensional
perovskite-related materials that have attracted considerable inter-
est in recent years.”® With decreasing dimensionality, the MX;
octahedra are less connected, and ultimately, in the so-called zero-
dimensional (0D) perovskites, they become isolated.’ This leads to
a strong localization of the electronic states responsible for the
optical properties of these materials. A typical 0D metal halide
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transition to the tetragonal phase is evidently induced by the PJT distortion.

perovskite is Cs,PbBre which has been intensely studied due to the
strong and stable green photoluminescence (PL) of the quantum
yield much higher than that of CsPbBr;." "> The absorption edge in
the visible range and the green emission have often been attributed
to the intrinsic properties of Cs,PbBr or Br vacancy defects.'® ™"’
However, the extensive debate on this topic led to the conclusion
that pure Cs,PbBre crystals do not show any PL under ambient
conditions, while green PL is due to the CsPbBr; inclusions.**° The
Br vacancies have been excluded as possible green luminescence
centres by the combined Raman and PL high-pressure study.*!
Interestingly, a broad emission band induced by pressure
was reported for CssPbBrs nanocrystals.”” It is worth noting
that in the case of 0D Cs,PbBre, the size effects should be
negligible because the optical properties of this material are
governed by isolated molecular-like octahedra. Therefore, simi-
lar pressure effects can be expected for both bulk crystals and
nanocrystals. Moreover, in the aforementioned high-pressure
study, the 355 nm excitation laser line was used while the
ambient-pressure absorption edge of Cs,PbBry is located below
340 nm. It is obvious that under these specific experimental
conditions, excitation is unattainable, making luminescence
impossible, regardless of the material properties. Under pres-
sure, the absorption edge redshifts, but only at around 3 GPa
can the absorption of the excitation light be effective. These
conditions coincide with the onset of the white-light emission*?

This journal is © The Royal Society of Chemistry 2024
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and therefore the question arises of whether this is a pressure-
induced effect or just the result of tuning the absorption
spectrum to the excitation line. Furthermore, silicon oil, which
ensures hydrostatic conditions to 1 GPa at most, appears not to
be the best choice for the pressure-transmitting medium in
the case where the phenomenon studied occurs above 3 GPa.
The unexpected emission has been associated with the phase
transition between the rhombohedral phase I (space group R3¢)
and monoclinic phase II (space group B2/b) as inferred from the
powder X-ray diffraction patterns.”?

In the paper published by Wells in 1893,>® Cs,PbBrs was
described as a colourless substance, whereas most of the recent
studies have been carried out on the green form, and also
crystallization of the yellow crystals was reported,** although
they were not characterized. In this study we obtained the three
forms of Cs,PbBrs and compared their optical and structural
properties. The previously observed pressure-induced structural
phase transition of Cs,PbBrs has been re-examined by single
crystal X-ray diffraction (SCXRD) up to 4.6 GPa, under genuinely
hydrostatic conditions to exclude the influence of deviatoric
stress, which occurs in the diamond anvil cell (DAC) when the
pressure is nonhydrostatic. Our study did not confirm the
rhombohedral to monoclinic phase transition, but instead we
disclosed a sequence of two successive structural transitions at
ca. 2.6 and 3.2 GPa. These transitions were confirmed by spectro-
scopic experiments. The detailed structural information derived
from the single-crystal measurements sheds new light on the
profound changes in the optical properties of the crystal.

Materials and methods

In the first step, CsBr was obtained by reacting Cs,COj; (Aldrich,
99%) and HBr (Acros Organics, 48% water solution) in an
aqueous solution. Cs,PbBrs was synthesized by mixing stoichio-
metric amounts of CsBr dissolved in water and PbBr, dissolved
in HBr. To dissolve the precipitate formed during this synthesis,
DMF (N,N-dimethylformamide, Eurochem, grade for analysis)
was successively added to the heated solution (70-100 °C) with
constant stirring until the solution became completely transpar-
ent. Then the solution was left for slow cooling and crystal-
lization. Because of the different evaporation rates of HBr, H,O
and DMF, with the dissolution process usually lasting 2-3 hours,
full control of the crystallization conditions was hindered. The
crystallization procedure repeated several times yielded colour-
less, green and yellow crystals of Cs,PbBrs. We observed that
different kinds of crystals, for example green and colourless,
could be formed even from the solution in the same beaker.
Therefore, it seems that the crystallization process of different
forms of Cs,PbBrs depends not only on the solution composi-
tion, but also factors such as the temperature and rate of
crystallization can be crucial.

X-ray diffraction under high pressure

For high-pressure X-ray diffraction experiments a single crystal
of Cs,PbBrg was mounted in a modified Merrill-Bassett DAC?*

This journal is © The Royal Society of Chemistry 2024
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equipped with symmetric diamond anvils (culet diameter
0.8 mm) supported on steel discs with conical windows. The
gasket was made of a 250 pm thick steel foil in which a spark-
eroded hole of 350-380 um in diameter was made. Isopropanol
was used as a hydrostatic liquid. The pressure was calibrated on
the basis of the ruby fluorescence line displacement,*® with an
accuracy better than 0.03 GPa. SCXRD data were collected using
a four-circle Oxford Diffraction Gemini A Ultra diffractometer
operating with a graphite-monochromated Mo Ko radiation
source (A = 0.71073 A). The cell was centered by the gasket-
shadowing method.?” Data were collected and processed using
CrysAlisPro software.?® The crystal structures were solved and
refined using SHELX programs.?® The selected structural and
refinement details are collected in Table S1 (ESIT) while full
crystallographic information files have been submitted to the
inorganic crystal structure database with numbers 2313400-
2313420.F

High-pressure optical absorption and photoluminescence

A modified Merrill-Bassett DAC equipped with low-fluorescence
type IIa diamond anvils was used for optical measurements.
The pressure chamber containing the sample and ruby chip
was filled with Daphne Oil 7575, which ensured hydrostatic
conditions to about 4 GPa.***! Absorption spectra were col-
lected using a Jasco MSV-5100 microscopic spectrophotometer.
The absorbance was measured from the small sample area of
30 um in diameter, at a scan speed 200 nm min~' and a
spectral bandwidth of 5 nm, in the range 230-600 nm.

PL measurements were carried out with a homemade attach-
ment to the Jasco MSV-5100. A xenon lamp with two kinds of
UV filters served as an excitation source in the spectral range
250-320 or 320-500 nm. The light emitted by the single-crystal
sample was analyzed with a Spectra Academy SV2100 spectrometer.

The absorption and PL spectra were measured at room
temperature.

First-principles calculations

The first-principles calculations were performed using the
projector augmented wave (PAW) potentials®> and the general-
ized gradient approximation (GGA) in the Perdew, Burke,
and Ernzerhof (PBE) parametrization.** We have used the VASP
code,** 3¢ and the calculations were based on the stoichio-
metric structures of Cs,PbBrg obtained from the diffraction
experiments. The simulations were performed for the trigonal,
orthorhombic and tetragonal structures using respective pri-
mitive cells consisting of two formula units (22 atoms) for every
phase. We included four valence electrons for Pb atoms
(6s> 6p”), nine for Cs atoms (5s> 5p° 6s'), and seven for Br
atoms (4s> 4p°). A plane wave energy cutoff of 300 eV was used.
The energy convergence criterium was set at 10~ ® for electronic
iterations. For the summation over the reciprocal space, we
used a 12 x 12 x 12 Monkhorst-Pack k-point grid.*” The
characteristic points in the first Brillouin zone were determined
using the SeeK-path tool.>®* The spin-orbit coupling was not
included in the calculations.
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Results

Characteristics of the crystals grown

The single crystals of three Cs,PbBrs forms grown from H,O:DMF
solutions are shown in Fig. 1a. On average the crystals size was
about 0.1 mm. The colourless form A does not exhibit PL in the
visible range, while green light is evidently emitted under UV
irradiation of the coloured forms B and C (Fig. 1b). Our optical
measurements show that these three forms are characterized by
different absorption and PL spectra, as illustrated in Fig. 1c and d,
where, for comparison, we also plotted the spectra of CsPbBr;.
The colourless crystals exhibit a strong excitonic absorption band
centered at 315 nm which is characteristic of Cs,PbBrs,*° and
do not absorb or emit light in the visible range. Therefore, we
conclude that this is a pure form of Cs,PbBrs without inclusions
of CsPbBr;. The yellow and green forms, apart from the strong
absorption at 315 nm also absorb light in the visible range below
530 nm, indicating an admixture of 3D CsPbBr;."*** Both
the strongest visible light absorption and the highest PL intensity
testify that yellow crystals contain the highest density of
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inclusions. The single crystal of CsPbBr; shows a much lower
PL intensity compared to CsPbBr; nanocrystals dispersed in the
Cs,PbBrg matrix. This is probably due to strong PL quenching in
bulk crystals, which is related to the low binding energy of
excitons in the 3D perovskite.'” It should also be noted that the
location of the PL peak clearly depends on the concentration of
CsPbBr;. For bulk CsPbBr; the PL peak is centered at 531 nm,
while for yellow and green crystals it occurs at 527 nm and
519 nm, respectively.

The determination of the structure of the colourless and
yellow Cs,PbBrg crystals by SCXRD under ambient conditions
confirmed the trigonal space group R3¢ of both forms, consis-
tent with previous reports."*** No structural differences were
found between the pure crystal and that with CsPbBr; inclu-
sions, and also their unit-cell dimensions are very similar
(Table S2, ESIt). This indicates that the nano-sized islands of
CsPbBr;, embedded in the matrix of Cs,PbBrg, do not distort
the host lattice very much. It is also interesting that the
influence of the host network on the properties of the CsPbBr;
inclusions under high pressure seems to be minor. This is
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Fig. 1 Photographs of three types of Cs4PbBrg crystals (A-colourless, B-green, C-yellow) under white light (a) and UV (b) illumination, the comparison of

their optical absorption (c) and emission (d) spectra with those of CsPbBrs
position of the yellow form (e). The thickness of the samples: A - 1.7 ym, B
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(D), and the pressure dependence of the energy gap and green PL peak

-28um, C-47um, D - 3 um.

This journal is © The Royal Society of Chemistry 2024



Paper

evidenced by the pressure study of the absorption and green PL,
performed for the yellow form of the Cs,PbBrs crystals. The
absorption edge, observed under atmospheric pressure at around
520 nm (see curve C in Fig. 1c), was monitored as a function of
pressure and the corresponding energy gap was determined. As
shown in Fig. 1le, at around 1.5 GPa the energy gap sharply
increases, indicating a first-order phase transition. Both the value
of the energy gap, its pressure behaviour, and the transition
pressure, are in very good agreement with the results obtained
earlier for bulk crystals of CsPbBr;.*> Moreover, the disappearance
of green PL after the transition to the high-pressure phase is in
excellent accordance with the similar observations reported for
CsPbBr;.** Thus, it is evident that the pressure-induced phase
transition occurs in the CsPbBr; crystallites embedded in the host
matrix of Cs,PbBrg, which is consistent with the earlier study.21

Pressure-induced changes in the structure of Cs,PbBrg

High-pressure X-ray diffraction data was collected on the pure
high-quality Cs,PbBrs crystals in the pressure range up to
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4.6 GPa. The pressure dependences of the unit-cell dimensions
and volume, as shown in Fig. 2a and b, indicate two first-order
phase transitions at about 2.6 and 3.2 GPa. The three phases of
the crystal are denoted by Roman numbers starting from the
ambient-pressure trigonal phase I of the space group R3c. In
intermediate phase II the crystal symmetry changes to the
orthorhombic space group Cmce, whereas the high-pressure
phase III is tetragonal with the space group symmetry P4/mnc.
The structural motif of isolated PbBrg octahedra surrounded by
Cs' cations is preserved in all phases, but the arrangement
of the octahedra is distinctly different, as illustrated in Fig. 3.
The transformations of the unit cell at the phase transitions are
shown in Fig. 4. The fitting of the experimental data V(T)
measured in phase I using the third-order Birch-Murnaghan
equation of state (B-M EoS)* resulted in a bulk modulus B, =
10.5(7) GPa and its derivative By’ = 9.7(16). These parameters
are comparable to those reported recently for 2D CsPb,Br;5 [B, =
11.5(3) GPa and B, = 9.3(6)]* indicating similar compressi-
bility of both materials, which are substantially softer than 3D
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Fig. 2 Pressure dependence of Cs4PbBrg structural parameters: (a) unit cell dimensions, (b) molecular volume, (c) Pb—Br bond lengths, and (d) Pb—Pb distances.
The multiplicity of the bonds of the same length is marked. The molecular volume in phases | and Il was fitted using the 3rd- and 2nd-order B—M EoS, respectively.
The line in phase Il serves only as a guide for the eyes. The insets in (b) show the compressibility indicatrices calculated for phases | and Ill using PASCAL software *
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phase |, atm. pressure
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Paper

e

phase lll, 3.84 GPa

Fig. 3 Projections of the crystal structures of Cs4PbBrg in phase | at atmospheric pressure (a), phase Il under pressure of 2.9 GPa (b), and phase Ill under

pressure 3.84 GPa (c).

CsPbBr; (B, = 15.0(8) GPa).*> The comparison was made by
plotting By’ versus B, together with their confidence ellipses, as
shown in Fig. S2 (ESIt). We also fitted the V(7T) data of Cs,PbBr,
in phase III using the second-order B-M EoS. The bulk mod-
ulus obtained B, = 13.1(9) GPa is slightly larger than in phase L.
The crystal compressibility in phase I is almost isotropic, only
slightly smaller along ¢ than in the perpendicular a-b plane, but
the anisotropy clearly increases in phase III, as illustrated by
the compressibility indicatrices plotted in Fig. 2b. At atmo-
spheric pressure in phase I, the PbBrs octahedra are regular
with all Pb-Br bonds length of 3.022(1) A. Under pressure, the
Pb-Br bonds gradually contract up to 2.5 GPa, where the
transition to phase II differentiates their lengths (Fig. 2c). In
phase II at 2.9 GPa, two longer bonds are of 2.977(2) A and four
shorter of 2.968(4) A, so the distortion of the octahedra is not
very large. The transition to phase III is associated with
unprecedented deformation of the octahedra. The four equa-
torial bonds elongate to 3.061(1) A that exceeds the length of
Pb-Br at ambient pressure, while the two axial bonds contract
to 2.923(1) A. The deformation of the octahedra at the transi-
tion to phase III is associated with a large increase in their
volume by more than 5% (Fig. 5), which contrasts with the
decrease in the volume of the unit cell (Fig. 2b) and with the
behaviour of other structural parameters. From the plot in
Fig. 2d it is evident that the distances between the octahedra
exhibit normal pressure dependence, decreasing at the transi-
tions points as well as across all the phases during compres-
sion. Furthermore, the volume of the polyhedron created by the
Cs' cations surrounding each PbBrg octahedron, Vg, cs, also
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decreases with increasing pressure (Fig. 5). Thus, the unusual
distortion of the octahedra can hardly be rationalized by pressure-
induced structural changes, which leads to the conclusion that
the reason may lie in the intrinsic properties of the octahedra. A
possible explanation is an electronically driven geometrical dis-
tortion caused by the pressure-induced cooperative Jahn-Teller
(JTE) or pseudo Jahn-Teller (PJTE) effect. Considering that the
electronic configuration of Pb** ([Xe]6s*4f**5d"°) has closed sub-
shells, and therefore its ground state is nondegenerate, the PJTE
seems to be the only possible option.*® The PJTE distortion occurs
as a result of the vibronic coupling of the nondegenerate ground
and excited states, and there is no limitation in the energy gap
between the interacting states. The strong deformation of PbBrs
octahedra is most probably responsible for tetragonal arrange-
ment of the crystal structure, and therefore the symmetry increase
in the high-pressure phase III can be attributed to the pressure-
induced PJTE.

High-pressure optical measurements of Cs,PbBr,

The absorption spectra of pure Cs,PbBrs measured in the
pressure range up to 4.2 GPa are shown in Fig. 6a. The
absorption edge redshifts under compression, indicating a
bandgap narrowing. The sharp and well-separated excitonic
band at around 315 nm broadens slightly under compression
in phase I and its width suddenly rises at the transition to
phase II. This broadening can be ascribed to the differentiation
of Pb-Br lengths in the orthorhombic phase II (see Fig. 2c).
However, the most spectacular is the band splitting into two
components when the crystal transforms to the tetragonal

(b)

Fig. 4 Relationships between the unit cells of Cs4PbBrg in phases | and Il (a) and Il and Il (b).
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Fig. 5 Pressure-induced changes in the volume of the PbBrg octahedron
and in the polyhedron formed of Cs* cations surrounding each
octahedron.

phase III. The splitting confirms a huge geometrical distortion
of the PbBrs octahedra, testifying the pressure-induced PJT
effect in Cs,PbBrs.

For the bandgap determination, the absorption edges measured
under pressure were transformed to Tauc plots,*® as illustrated in
Fig. S3 (ESIt). In these graphs, the intersection of a linear part of
(¢hw)* with the hraxis (x is the absorption coefficient of the
material) defines the energy gap E,. The pressure dependence of
E, for pure Cs,PbBrg is shown in Fig. 6b. The two steps at 2.6 and

Journal of Materials Chemistry C

3.2 GPa correspond to first-order phase transitions observed in the
X-ray diffraction study. The narrowing tendency in the bandgap
with increasing pressure, observed across the three phases of the
crystal, results in a substantial E, decrease by 0.51 €V at 4.2 GPa.

Atomic coordinates derived from SCXRD high-pressure
experiments were used for first-principle calculations to moni-
tor the electronic band structure of Cs,PbBrs under compres-
sion. The representative band structures and atom- and orbital-
projected densities of states for phases I-III are shown in
Fig. 7a—c. The bands are very flat in the trigonal phase I and
of only slightly enhanced dispersion in phases II and III. This is
because they originate in the isolated PbBrs octahedra and
hence their molecular-like character. In all phases the valence-
band maximum (VBM) has a dominant character of Br-4p and
Pb-6s orbitals while the conduction band minimum (CBM)
is mainly contributed from Pb-6p orbitals. The energy gap of
3.87 eV, calculated using the atomic positions determined for
the crystal structure under atmospheric pressure, is in good
agreement with previous calculations.’*%>' The energy gap
has a direct character in phase I and is located at the I'-point of
the Brillouin zone (Fig. 7a), whereas in phases II and III the
calculated gap is indirect (Fig. 7b and c). The splitting of the
lowest absorption band into two components in phase III at 3.3
GPa (Fig. 6a) was estimated to be of 0.37 eV, which well
corresponds to the calculated separation of 0.37 eV between
the two lowest valence bands in this phase, as seen in the right
panel of Fig. 7c.

The experimental pressure dependence of the bandgap
(Fig. 6b) is very well reproduced by the calculations. As shown
in Fig. 7d, the redshift trend in the whole pressure range, the
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Fig. 6 Selected absorption spectra of the pure Cs4PbBrg single-crystal plate 1.7 um thick under different pressures in phases |, II, and Ill (a), and the

pressure dependence of the bandgap (b).
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jumpwise changes at the transition points, and the overall
decrease in E, perfectly match the experiment. This is strongly
in contrast to the previously reported results of calculations
where the energy gap of Cs,PbBrg at 4 GPa is higher than that at
ambient pressure. The reason for such a discrepancy is the
improper symmetry ascribed to the high-pressure phase, result-
ing in the incorrect structural model, which was used for DFT
calculations.

The narrowing of the bandgap in the whole studied pressure
range is well correlated with the changes in Pb-Br bonds
length, which are observed across the three phases of Cs,PbBrg
(Fig. 2¢). The character of the VBM and CBM implies that the
transitions which contribute to the absorption edge are very
sensitive to changes in the Pb-Br distances. The shortening of
the Pb-Br bonds under compression enhances the overlapping
of the Pb-6s and Br-4p orbitals, which increases the VBM and
leads to a decrease of E,.>* Thus, in phase I the contraction of
the regular PbBrg octahedra leads to monotonic bandgap
narrowing. At the transition to phase II, the Pb-Br bonds
differentiate into two groups, but the stepwise decrease in Eg
is evidently related with the occurrence of shorter bonds.
Similarly, the two shortest Pb-Br bonds determine the bandgap
in phase III. Their sharp shortening as a result of the PJTE is

4366 | J Mater. Chem. C, 2024, 12, 4360-4368

clearly reflected in a large sudden decrease in E, at the transi-
tion between phases II and III.

Photoluminescence

High-pressure PL experiments were performed for pure Cs,PbBrg
using excitation in the spectral range 250-320 nm. At low
temperatures, Cs,PbBrs exhibits a weak emission band at
375 nm that is quenched with increasing temperature and
therefore not observed under ambient conditions.>® As expected,
we have not detected any PL intensity at atmospheric pressure,
but also in the whole pressure range of phases I and II. Our
detailed examination shows that a broad emission band extend-
ing from 400 to 800 nm and centered at 575 nm appears only
after the transition to phase III above 3.2 GPa (Fig. 8). The band
is asymmetric with a large Stokes shift, and its intensity
increases sharply with increasing pressure in the pressure range
studied to 5.4 GPa. The full bandwidth at half maximum
(FWHM) exceeds 220 nm at 3.26 GPa and is progressively
reduced under compression to ca. 180 nm at 5.4 GPa. Although
the general character of pressure-induced PL observed in our
experiment is similar as in the earlier study,>* it should be noted
that the spectra presented in Fig. 7 exhibit a rich substructure
while smooth bands were reported for nanocrystalline Cs,PbBrg.

This journal is © The Royal Society of Chemistry 2024
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The white-light emission has been ascribed to the radiative
decay of self-trapped excitons (STEs).>* This mechanism involves
transient elastic structural distortion that lower the energy of the
excited system.”® The broadband emission with a large Stokes
shift, originating in STEs, was reported for 2D and 1D hybrid
perovskites,>* > and also for 0D organic-inorganic hybrid
materials.>® Searching for correlations between the broad PL
and structural parameters in the layered perovskites, it was
found that out-of-plane tilting of the corner-linked metal halide
octahedra strongly enhances the emission.”* This type of lattice
deformation is absent in the case of Cs,PbBrg, but white PL is
evidently triggered by the PJTE distortion of the octahedra.

Conclusions

We have reexamined the 0D perovskite Cs,PbBrs under hydro-
static pressure using SCXRD, optical absorption, and PL experi-
ments. Two pressure-induced first-order phase transitions have
been revealed in structural study and confirmed independently
by optical measurements. The sequence of structural transi-
tions with disclosed symmetry changes R3¢ — Cmce — I4/mnc
clarifies the pressure response of the crystal structure under
genuinely hydrostatic pressure. The proper assignment of the
space groups and the refinement of the structures in phases I,
11, and III allowed us to obtain precise structural information,
which was employed to model the electronic structure of the
crystal as a function of pressure using DFT calculations. The
calculations perfectly reproduce the experimental pressure
dependence of the crystal bandgap, including jumpwise
changes at the transition points. The unusual increase in the
volume of the PbBrg octahedra, observed at the transition to the
tetragonal phase, pertains to the most intriguing pressure-
induced phenomena. This volume increase has been attributed

This journal is © The Royal Society of Chemistry 2024
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to the PJTE, as a result of which the two vertical Pb-Br bonds
contract while the bonds in the equatorial plane are extended.
This distortion is responsible for the continuous emission of
Cs,PbBrg spanning 400 to 800 nm in high-pressure phase III.
Our study demonstrates the importance of proper structural
models and accurate structural data for the theoretical analysis
of the experimental data and interpretation of materials
properties.
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Table S1. Selected crystallographic and refinement data for the structures of Cs4PbBrs.

Crystal formula Cs4PbBrs
Color colorless
Pressure (GPa) 0.0001 1.25 2.09 2.9 3.84
Crystal system Trigonal Orthorhombic Tetragonal
Space group R3c Cmce P4/mnc
4 6 4 2
Crystal size (mm) 0.2x0.2x0.2 0.11 x 0.07 x 0.04 0.11 x 0.07 x 0.04 0.11 x 0.07 x 0.04 0.11 x0.11 x 0.05
a(A) 13.6949(2) 13.2866(11) 13.1280(13) 13.202(4) 8.8515(12)
b (A) 13.6949(2) 13.2866(11) 13.1280(13) 12.76(4) 8.8515(12)
c(A) 17.3030(3) 16.921(2) 16.780(3) 9.4879(18) 9.3867(13)
Volume (A3) 2810.43(9) 2587.0(5) 2504.5(6) 1598(5) 735.4(2)
p (g cm?) 4.319 4.692 4.846 5.062 5.502
u (mm?) 29.423 31.965 33.017 34.488 37.479

No. of measured, independent
and observed [1 > 24(1)]

7629, 897, 836

4172, 407, 309

3984, 393, 299

3064, 294, 156

3014, 272, 211

reflections
Rint 0.032 0.052 0.066 0.204 0.062
R: [1 > 24(1)], Ru(all) 0.022, 0.024 0.036, 0.060 0.046, 0.069 0.097, 0.159 0.044, 0.060
WRz [I > 25(1)], WR2 (all) 0.057, 0.058 0.060, 0.069 0.088, 0.099 0.257, 0.306 0.101, 0.109
S 1.104 1.165 1.112 1.090 1.082




Table S2. Comparison of the unit cell parameters of the colourless and yellow Cs4PbBrs at atmospheric

pressure.
Colorless CsiPbBrs | Yellow CssPbBre
Crystal system Trigonal
Space group R3c
7 6
Crystal size (mm) 0.2 x0.2x0.2 0.10 x 0.07 x 0.07
a(A) 13.6949(2) 13.6776(6)
b (A) 13.6949(2) 13.6776(6)
c(A) 17.3030(3) 17.2585(8)
Volume (A%) 2810.43(9) 2796.1(3)

The thermal stability of Cs4PbBre was verified by the thermogravimetric analysis (TGA) method
using a TGA Q50 apparatus (TA Instruments) and by differential scanning calorimetry (DSC) with
a Q2000 calorimeter (TA Instruments). TGA was performed on powdered crystals heated with a
rate of 10 K mint in a stream of gaseous nitrogen. TGA has shown that CssPbBrs is thermally
stable up to about 800 K, where the onset of a decay was detected (Fig. Sla). The DSC
cooling/heating runs were measured with the same rate of temperature changes in the range 100—
500 K. Under ambient pressure, the trigonal phase of the crystal is preserved in a studied

temperature range (Fig. S1b).
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Fig. S1 TGA curve (a), and DSC runs (b) measured for powdered CssPbBrg at a temperature rare of
10 K/min.
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Fig. S2 Values of By’ plotted versus By for Cs4PbBrs, CsPh,Brs and CsPbBrs. The different confidence level
ellipses are shown. For Cs4PbBrg in phase 111 the second-order Birch—Murnaghan equation of state was used.
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Fig. S3 Tauc plots and energy gaps determined from the absorption spectra measured for the 1.7 um thick
pure Cs4sPbBrs single-crystal plate.
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Fig. S5 Pressure dependence of the PL spectra of green (a) and yellow (b) CssPbBrs.

In Fig. S5, we show the fluorescence spectra of compressed green and yellow CssPbBrs samples.
With increasing pressure, the PL signal of both forms gradually redshifts and decreases, and finally
suddenly disappears around 1.78 and 1.46 GPa, respectively, for the green and yellow crystals.

This pressure where PL vanishes corresponds well to the phase transition in CsPbBr3 associated



with PL quenching. This indicates that the green emission of CssPbBrs originates in CsPbBr3

inclusions.
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Fig. S6. Free enthalpy calculated for one formula unit as a function of pressure across the phases
I, I1and 111. The solid lines correspond to the best linear fits of the calculated points in phase I (red)

and 111 (blue).
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Hydrostatic pressure and temperature were used to tune the
structural and optical properties of layered organic—inorganic per-
ovskites. The narrowing of the band gap in [C(NH;):]1,Pbl; and
CsC(NH,)sPbl, has been achieved by both compression and tem-
perature increase. This beneficial modification of the optical prop-
erties has been associated with structural changes induced under
variable thermodynamic conditions.

Unique properties such as high optical absorption coefficients,
adjustable bandgaps, high photoluminescence quantum yields,
and long charge carrier lifetimes, combined with low proces-
sing costs, have attracted a great deal of attention to hybrid
organic-inorganic lead halide perovskites.'” The classical per-
ovskite crystal structure APbX; (where A is an organic cation
and X = Cl, Br, or I) is constructed of PbX, corner-sharing
octahedra arranged in a three-dimensional (3D) framework,
where the voids between the octahedra are occupied by organic
cations. However, such 3D structures are formed only for the
smallest organic cations CH;NH; ", CH(NH,),” and CH;NH,NH,",%®
while for cations of larger size, crystallisation of perovskites with
low-dimensional inorganic frameworks occurs.’ The latter scenario
is realized in the case of the guanidinium cation C(NH,);" which
is only slightly larger than CH;NH;" or CH(NH,),", but as a
more chemically stable unit could be an excellent alternative.
Unfortunately, under ambient conditions C(NH,);Pbl; forms a
one-dimensional (1D) framework with double chains of Pbl,
octahedra,'®™*? that is characterised by a much wider energy
gap compared to its 3D counterparts. Three other lead(u)
iodates containing guanidinium cations also crystallise with
low-dimensional architectures of inorganic moieties.”'>"?
In particular, [C(NH,);],Pbl, forms a layered structure where
the Pbl, octahedra are arranged into double perovskite layers in
which every second octahedron is missing, and the resulting
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Fig. 1 Room-temperature crystal structures of (a) [C(NH,)s],Pbl, and (b)
CSC(NH2)3Pb|4

voids are occupied by guanidinium cations. Guanidinium cations
also occupy space between the layers,"* forming barriers for charge
carriers (Fig. 1a).

The 2D perovskites of a general formula A,PbX, are natural
strongly confined quantum systems of tunable optoelectronic
properties that can be modified primarily by changing the
halogen atoms and the thickness of the inorganic layers.”
Due to the confinement effect, the low-dimensional perovskites
have narrower absorption spectra compared to their 3D coun-
terparts, but nevertheless they are promising candidates for
applications in tandem solar cells."* Electronic and optical
properties of these 2D materials can also be modified by introdu-
cing mixed cations. In the case of [C(NH,);],Pbl, the substitution of
Cs" in place of one of the two guanidinium cations leads to the
formation of CsC(NH,);Pbl,,'® the structure of which contains
single layers of corner-sharing Pbl octahedra (Fig. 1b). The change
in octahedral connectivity affects the overlapping of Pb and I
orbitals that results in the absorption edge modification,’ reflected
in the yellow and red colours of [C(NH,);],Pbl, and CsC(NH,);Pbl,,
respectively. The good chemical stability of these materials com-
bined with their moderate bandgaps, narrow-band photoconduc-
tive response and luminescence activity, is relevant for photovoltaic
and optoelectronic research.'>'®

In the present work, we discuss the structural and optical
properties of [C(NH,);],Pbl, and CsC(NH,);Pbl, under various
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https://orcid.org/0000-0003-1934-6370
https://orcid.org/0000-0001-8178-5222
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cc01232e&domain=pdf&date_stamp=2025-05-02
https://doi.org/10.1039/d5cc01232e
https://rsc.li/chemcomm
https://doi.org/10.1039/d5cc01232e
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC061044

Published on 23 April 2025. Downloaded by Uniwersytet im Adama Mickiewicza on 5/30/2025 8:06:04 AM.

Communication

thermodynamic conditions. Previous calorimetric, X-ray dif-
fraction (XRD), and dielectric studies have shown that under
atmospheric pressure [C(NH,);],Pbl, undergoes two successive
second-order phase transitions at 7; = 356 K and at T, = 307 K,
with the following sequence of symmetry changes starting from
the high-temperature phase: Pmna (phase I) - Pnnm (phase II) -
P24/n (phase III).'*'*'® To track the temperature evolution
of the energy gap (), the optical absorbance spectra were
measured for a single-crystal plate in the temperature range
88-423 K (Fig. S1a, ESIt). The E, values, determined using the
Tauc method'” (Fig. S1b, ESIf), are plotted in Fig. 2a. As seen,
the [C(NH,);],Pbl, bandgap progressively narrows with increasing
temperature, and two second-order structural phase transitions
only slightly affect this dependence. The previously reported p-T
phase diagram suggests that at room temperature [C(NH,);],Pbl,
should transform to high-pressure phase IV at around 0.5 GPa.
This is consistent with our present single-crystal high-pressure
measurements of optical absorption and XRD performed using a
diamond anvil cell (DAC) technique. The plot in Fig. 2b shows that
the energy gap drops abruptly when the crystal phase III trans-
forms to phase IV. The overall decrease in the energy gap, resulting
from the crystal compression to 4.5 GPa, is quite large, about
0.2 eV. The phase transition at 0.5 GPa has a first-order character,
which is also testified by the pressure dependence of the unit cell
parameters and volume (Fig. 2c and d). Experimental data V(7)
were described by the second-order Birch-Murnaghan equation of
state (EoS)"®"'® with bulk moduli (B,) of 9.8(10) and 13.0(7) GPa,
respectively, in phases III and IV. This indicates that phase IV is
less compressible than phase III. In phase IV the crystal sym-
metry decreases to the space group P1. The layered character of
the structure is preserved (see Fig. S3, ESIt), but the tilting and
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antiphase twisting of the octahedra result in halving of the
parameter b (Fig. 2c). Changes in the inorganic layers affect the
shape of the voids and the arrangement of the guanidinium
cations. The pressure-induced shortening of Pb-I bonds (Fig. S4,
ESIt), mainly responsible for the bandgap narrowing, is accom-
panied by a reduction of the octahedral distortion (Fig. S5, ESIt).
The E, decrease at the transition point, is caused by the straitening
of the Pb-I-Pb angles (Fig. S6, ESIt), which correspond to the Pbl
octahedra tilts.

The 2D architecture of [C(NH,);],Pbl, suggests a possible
anisotropy of compressibility. In fact, the axial coefficients
determined for phase III, using the same EoS as for the volume
data, f, = 36.9(21) TPa~!, i, = 31.3(19) TPa~ ' and f3. = 36(4) TPa !,
show that, surprisingly, in the direction perpendicular to the
layers, the crystal compressibility is smaller than along the a and
¢ axes, which are parallel to the layers.

Thermogravimetric analysis of the powdered CsC(NH,);Pbl,
crystals confirmed thermal stability of this material to approxi-
mately 570 K (Fig. S7a, ESIt), while contrary to the previous
report’® our DSC measurements revealed a thermal anomaly
that evidences a second-order phase transition at 320.8 K
(Fig. 3a). The transition is accompanied by the gain in entropy
AS =2.66 ] mol ' K' that was determined by integrating the
anomalous part of the temperature dependence of the specific
heat, C(T) (Fig. S7b, ESIf). A comparison of this value with
the relation describing the change in configurational entropy,
AS = RIn (N4/N,), shows that the ratio N;/N, = 1.38 (R is a gas
constant and N;, N, are the numbers of configurations in
phases I and II, respectively). This can be an indication of the
order-disorder contribution to the transition mechanism.
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temperature. (c) Temperature dependence of the energy band gap of
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Temperature-dependent single-crystal XRD measurements were
used to study the thermal expansion of the crystal between 200 and
380 K. As shown in Fig. 3b, the lattice parameters and unit-cell
volume exhibit anomalies around the transition point at 321 K.
These changes are evidently continuous, confirming the second-
order character of the transition. In phase II, the parameters » and ¢
expand with increasing temperature, while a clearly shortens. The
magnitude of the negative thermal expansion of the crystal along a
is quite large and increases when approaching the transition point,
where o, takes values of the order —10~* K™ ' (see Fig. S8, ESIT). The
transition to phase I results in a halving of the parameter b, and the
negative thermal expansion of a changes to positive. The jump-wise
change in the volume thermal expansion coefficient Awy, =
0.179 10* K ' and the change in the specific heat AC, =
60 J mol ' K™%, at the transition point, were used to estimate the
pressure dependence of the transition temperature. According to
the Ehrenfest relation for continuous phase transitions d7/dp =
ToVolAoy/AC, (where V, is the crystal volume at the transition
temperature Tp), and hence dTyy/dp = 21 K GPa . The positive
pressure coefficient indicates a pressure-induced increase in the
transition temperature, which precludes the possibility of examin-
ing the compressibility of phase I in experiments conducted using
DAC at room temperature.

A redetermination of the room temperature crystal structure
confirmed the symmetry of the Pnnm space group of phase IT and its
2D architecture.'® However, our model differs from that previously
reported with respect to structural disorder. Refinement of the
structure at 293 K showed that iodine atoms, shared by Pblg
octahedra along the c-axis, exhibit only slightly elongated thermal
ellipsoids in the direction perpendicular to the bonds. The splitting
of the atomic positions of these iodine atoms did not result in a
substantial improvement in the model. It seems that the disorder of
these atoms becomes substantial only near the phase transition
point. Even then, the occupation of the split sites is significantly
different. At 319 K, the occupancy factors were refined to 0.27 and
0.23 for one pair of split iodine sites and 0.45 and 0.05 for the other.
In phase II, the corner-linked Pbl octahedra are arranged into single
layers perpendicular to the a-axis (Fig. 1b). The octahedra are slightly
distorted and alternately tilted in opposite directions relative to the
plane (100) and also to the plane (001), forming smaller and larger
cavities occupied by the cations Cs* and C(NH,),", respectively. The
Pb-I-Pb angles corresponding to the octahedra tilts, ¢; and ¢,, are
plotted as a function of temperature in Fig. 4a. In phase 1II, the
bridging angle ¢, continuously increases with increasing tempera-
ture and straightens to 180° at the transition point. The disappear-
ance of the alternating tilts of the Pbl, octahedra relative to the (001)
plane results in a halved parameter b, as shown in Fig. 3b (see also
Fig. S9, ESIT), and in phase I above 321 K the crystal adopts the
symmetry of the space group Imma. The refinement of the phase I
structure showed that the iodine atoms bridging the octahedra along
the c-axis occupy split two positions with equal occupancy factors.
This picture of the transition mechanism is consistent with the
entropy change that also suggests an order-disorder contribution.

The absorbance measurements on a single-crystal plate as a
function of temperature were used to determine the temperature
dependence of the energy gap of CsC(NH,);Pbl,. As shown in

This journal is © The Royal Society of Chemistry 2025
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Pbl,: (a) the Pb—I1-Pb angles, and (c) the Pb—I distances.

Fig. 3c, in phase II the energy gap narrows nonlinearly with
increasing temperature up to the phase transition. This change
in E, can be attributed to the straightening of the Pb-I-Pb angles
(Fig. 4a), which leads to better overlapping of Pb and I atomic
orbitals responsible for the electronic transitions near the absorp-
tion edge.”®** Above the transition temperature in phase I, the
temperature-induced changes are smaller, and the E,(T) depen-
dence takes a linear form. The clearly continuous changes in E,
confirm the second-order character of the transition.

The single-crystal XRD high-pressure experiments for CSC(NH,)s-
Pbl, were performed in the pressure range up to 5.24 GPa. Compres-
sion of the crystal results in a gradual contraction of the lattice
parameters up to 4.5 GPa, where their jump-wise changes indicate a
first-order phase transition (Fig. 5a). The structure of the high-
pressure phase III was refined in the space group Pnnm, indicating
an isostructural character of the transition that is accompanied by a
sudden reduction of the octahedra distortion (Fig. S10, ESIt). The
2nd-order Birch-Murnaghan EoS fitted to the experimental V(p) data
obtained for phase II gave the bulk modulus B, = 15.4(2) GPa, which
is substantially higher than the values determined for phases III and
IV of [C(NH,);,Pbl,. This indicates that CsC(NH,);Pbl, is less
compressive compared to [C(NH,);],Pbl,. Furthermore, the axial
compressibilities , = 15.6(2) TPa ', B, = 26.3(3) TPa " and f. =
22.9(4) TPa~' indicate a clear anisotropy, but also in this case,
similarly as for [C(NH,);],Pbl,, the direction perpendicular to the
inorganic layers is the stiffest. It seems counterintuitive and different
compared to other 2D hybrid perovskites where compression is
primarily absorbed by organic layers, especially in the low-pressure
range.”>** Furthermore, the wide range of stability of the ambient
pressure phase II distinguishes CsC(NH,);Pbl, from other metal
halide perovskites, which typically undergo structural phase transi-
tions under relatively low pressure.

At the transition point, the parameter a shortens, while b and ¢
elongate. These opposing changes compensate for each other, and
thus the change in volume at the transition is minor. In phase III, the
parameters a and b contract under increasing pressure, whereas ¢
elongates, indicating a negative linear compressibility in this direc-
tion. The anomalous compressibility can result from the suppression
of vibrations of iodine atoms that bridge the octahedra. Such vibra-
tions perpendicular to the Pb-1 bond reduce the average bond length,
whereas a decrease in the vibration amplitude translates into bond
elongation. This effect, together with the straightening of the Pb-I-Pb
angles (Fig. 5b), can result in a negative compressibility along c.
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trend to bend the Pb-I-Pb angles is reversed around 4 GPa and their
straightening is continued in phase III. This effect is responsible for
a much stronger pressure dependence of E, in phase III.

In summary, our systematic study reveals the response of 2D
perovskites [C(NH,);],Pbl, and CsC(NH,);Pbl, to hydrostatic
pressure and temperature. The increase in temperature results
in the decrease in E, of both materials. This is in contrast to 3D
hybrid lead halide perovskites for which an increase in Ej is
observed with increasing temperature.”*** The beneficial nar-
rowing of the band gap is also achieved by hydrostatic com-
pression. The red shifts of the absorption edges have been
correlated with structural changes involving the Pb-I bonds
contraction and the rotations of the Pbl octahedra.
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meters of CsC(NH,)sPbl,. (b) Structural parameters, Pb—I distances and
Pb—I-Pb angles, plotted as a function of pressure. (c) Selected optical
absorption spectra recorded under different pressures; the inset shows the
single crystal loaded together with the ruby chip in the DAC. (d) Energy gap
determined from absorption spectra, measured while increasing (blue) and
decreasing (green) pressure.

The absorption edge of CsC(NH,);Pbl, was measured as a
function of pressure up to 5.45 GPa (Fig. 5c). The pressure
dependence of E, (Fig. 5d) shows that the band gap narrows
progressively with increasing pressure in phase II, and in phase
IIT this effect is even stronger. The total decrease in E, by above 12%
is reflected in a visible colour change of the crystal (see Fig. S11,
ESIT). Substantial pressure hysteresis between the compression
and decompression cycles confirms the first-order character of
the transition. In lead iodide perovskites, the top of the valence
band is dominated by the Pb 6s and I 5p orbitals, while the bottom
of the conduction band is primarily composed of the Pb 6p and I 5s
orbitals.’*" Therefore, the electronic transitions near the absorp-
tion edge are very sensitive to changes in the Pb-I bonds and
Pb-I-Pb angles. Shortening of the Pb-I bonds improves the overlap
of the Pb 6s and I 5p orbitals, leading to a narrowing of the band
gap. This effect often competes with the Pb-I-Pb angle bending,
associated with the tilts of the Pblg octahedra, which weakens the
coupling between the Pb and I orbitals and leads to a widening of
the band gap. The pressure dependences of the structural para-
meters shown in Fig. 5b indicate that such competition of pressure
effects undoubtedly takes place in phase II of CsC(NH,);Pbl,. The
band gap narrowing indicates that the contraction of the Pb-I bonds
prevails over the bending effect of the Pb-I-Pb angles. The pressure
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Materials and Methods

Chemicals and reagents were purchased and used for syntheses without further purification:
guanidinium carbonate (99%, Sigma-Aldrich), caesium carbonate (99%, Sigma-Aldrich), lead(ll) iodide
(99%, Acros Organics) and hydroiodic acid (57% in water, stabilised with 1.5% hypophosphorous acid,
Alfa Aestar). By the reaction of carbonates with hydroiodic acid, caesium iodide and guanidinium
iodide were obtained and used as the substrates for further syntheses.

[C(NH,)s3])2Pbls was synthesised in a non-stoichiometric solution containing an excess of
C(NH,)sl. 10 mmol of C(NH)sl was dissolved in hot water (~80°C) acidified with HI, and then the hot
solution of 3 mmol of Pbl; dissolved in 10 ml of HI was added drop by drop with constant stirring. Slow
cooling of the solution to room temperature resulted in crystallisation of yellow platelets that were
harvested, washed with diethyl ether, and dried. The yield obtained, determined in relation to Pbl,,
was approximately 60%.

CsC(NH,)sPbl, was obtained from the hot acid solution using the procedure described by
Nazarenko et al.* 2 mmol of Pbl,, 2 mmol of Csl, and 8 mmol of C(NH,)sl were dissolved in 13 ml of HI.
The solution was heated and stirred until dissolution of all substrates and then slowly cooled. During
several hours of cooling from ~80°C to room temperature, red crystals precipitated. Crystals were
harvested, washed with diethyl ether, and dried. The yield of approximately 65% was estimated in
relation to Pbl,.

Both materials obtained have been identified by single-crystal X-ray diffraction.

Thermal properties were studied by differential scanning calorimetry (DSC) with the Q2000
calorimeter (TA Instruments), and by thermogravimetric analysis (TGA) using the TGA Q50 instrument
(TA Instruments). Both experiments were carried out on powdered samples with a temperature
change rate of 10 K min™.

Single-crystal X-ray diffraction (SCXRD) experiments were performed as a function of
temperature and pressure using a four-circle Oxford Diffraction Gemini A Ultra diffractometer
operating with graphite-monochromated Mo Ka radiation (A = 0.71073 A). Data were collected and
processed using the CrysAlisPro software.? Temperature-dependent measurements were carried out
in the range from 200 to 380 K. The temperature of the crystals was controlled with an accuracy £ 0.1 K
using a Cryostream Plus Cooler (Oxford Cryosystems).

High-pressur experiments were conducted using a modified Merrill-Bassett diamond anvil cell
(DAC)3 equipped with symmetric diamond anvils (culet diameter 0.8 mm) supported on steel discs with
conical windows. A steel foil of 250 um thickness with spark-eroded hole of an approximate diameter
of 360 um was used as a gasket. A selected single crystal with a ruby chip as the pressure calibrant and

Daphne oil 7575 as the pressure transmitting medium was loaded into the pressure chamber. The



pressure was calibrated before and after each measurement, using the ruby fluorescence method*
with an accuracy of + 0.03 GPa. The DAC was centred by the gasket-shadowing method.’

Structures were solved and refined using the SHELX and Olex2 software.®’ Crystallographic
information files (CIFs) for the [C(NH,)s].Pbls structures determined under pressure (2428383-
2428386) and for the CsC(NH3)sPbls structures determined at different temperatures and under
pressures (2428387-2428400) have been deposited with the Cambridge Crystallographic Data Centre.

Optical absorption spectra were recorded using a Jasco MSV-5100 microscopic
spectrophotometer. The absorbance was measured from a small sample area with a diameter of 30 um
at a scan speed of 200 nm min™ and a spectral bandwidth of 5 nm, in the range from 500 to 800 nm.
Temperature measurements were made over a range between 79 K and 458 K using a Linkam
THMSE600 heating and freezing stage. High-pressure measurements were conducted at room
temperature using a DAC equipped with low-fluorescence type lla diamond anvils. The pressure

calibration and hydrostatic liquid were analogous as in the case of the SCXRD experiments.
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Figure S1 (a) Selected optical absorbance spectra measured for a single-crystal plate of
[C(NH,)s3]2Pbls at different temperatures. (b) Tauc plot® and energy gap determined from the
absorption spectrum measured at 300 K.
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Figure S4 Pressure dependence of the Pb—I bond lengths in the two symmetry-independent Pblg
octahedra plotted in parts (a) and (b), respectively, in phases Ill and IV of [C(NH,)s]2Pbla.

Crystal structure description and pressure-induced structural changes in [C(NH2)3]2Pbla

At room temperature [C(NH2)3]2Pbls crystallises in phase Ill of the space group P21/n.°
The structure is formed of double layers of corner-sharing Pble octahedra, arranged
perpendicular to b (Fig. S3). In these perovskite layers, every second octahedron is
missing, which creates a space for guanidinium cations. Because the size of C(NH3)s" is
somewhat incompatible with the size of the perovskite cage the adjacent Pble
octahedra are alternately tilted relative to the ag-axis, to accommodate the cation.
Guanidinium cations also occupy space between the layers, forming barriers for charge
carriers. The cations in both sites are linked to the inorganic framework through weak
N—H---I hydrogen bonds.

Under pressure, phase Il of [C(NH2)3]2Pbla is stable in the pressure range to 0.5
GPa, where the crystal transforms to the triclinic phase IV of the space group P1.1In
phase IV the lattice parameter ¢, corresponding to b in phase lll, is halved, as seen in
Fig. 3. The change of symmetry from monoclinic to triclinic defines this transition as
ferroelastic, which justifies the appearance of ferroelastic domains. Crystal twinning
hindered the XRD experiments, but nonetheless a phase IV structural model was

refined from the data collected at 1.02 GPa. In the structure of phases Ill and IV, there
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are two symmetry-independent Pbls octahedra, both substantially distorted from an
ideal octahedral symmetry, as reflected in the Pb—I bond lengths plotted in Fig. S4. With
increasing pressure in phase Il these bonds progressively contract. To track the
distortion of the octahedra as a function of pressure, the octahedral distortion

parameter Ad was calculated using the following formula:
6 2
1 d,—d
6 d
n=1

where d is the average Pb—I distance, and d» are the individual Pb—I distances. The

results in Fig. S5 show a substantial reduction in d with increasing pressure, indicating
a significant reduction in the distortion of the octahedra. This distortion is further
reduced after the transition to phase IV.

Figure S6 shows the pressure dependence of the Pb—I-Pb angles which reflect
the Pbls octahedra tilts. As seen, these tilts increase in phase Il up to the transition
point where the substantial changes take place. The straightening of the two smallest
Pb—I-Pb angles is responsible for the abrupt narrowing of the energy gap at the

transition point at 0.5 GPa.
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Figure S5 Octahedral distortion parameter Ad plotted as a function of pressure for two symmetry-
independent Pbls octahedra present in the structure of phases Ill and IV of [C(NH2)3]2Pbl,.
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Figure S7 (a) Thermogravimetric analysis of the powdered CsC(NH,)sPbl, crystals and (b) temperature
dependence of the specific heat capacity. The red line in (b) marks the baseline used for the entropy
change calculation.
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Figure S8 Temperature dependence of the linear and volumetric thermal expansion coefficients of
CsC(NH,)3Pbl..

Crystal structures in phases | and Il of CsC(NH)3Pbl,

At room temperature and under atmospheric pressure CsC(NH3)3Pbls crystallises in the space
group Pnnm.* The corner-linked Pbls octahedra form single layers perpendicular to the a-axis
(Fig. S9, left panels). The octahedra are distorted from an ideal octahedral symmetry and
alternately tilted in opposite directions relative to the plane (100) and also to the plane (001).
Due to the octahedra tilts, two kinds of cavities of different size are formed within the
inorganic framework. The small and large cavities are occupied by the cations Cs* and
C(NH3)s3*, respectively.

The crystal undergoes a second-order phase transition at 320.8 K to the orthorhombic

phase | of the space group Imma. As shown in Fig. S9 (right panels) in phase | the iodine atoms,



shared by Pbls octahedra along the a-axis (a in phase | corresponds to c in phase Il), are
disordered between two sites. Moreover, the alternating tilts of the Pbls octahedra relative

to the plane (001) in phase Il disappear in phase |, resulting in a halved lattice parameter b.
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Figure S9 Crystal structures of CsC(NH,)sPbls in phases Il (left) and | (right) viewed along the equivalent
directions.

Pressure-induced isostructural phase transition in CsC(NH)3Pbl,s at 4.5 GPa

Under pressure at 4.5 GPa, CsC(NHz)3Pbls undergoes a structural phase transition, but in the
high-pressure phase Ill the crystal retains the same symmetry of the space group Pnnm as in
phase Il. The transition is associated with jumpwise changes in the lattice parameters and it
also significantly affects the Pb—I bond lengths and Pb—I-Pb angles. The pressure dependence
of the octahedral distortion parameter Ad is shown in Fig. S10. In phase Il, with increasing
pressure, the distortion of the Pbleg octahedron initially changes only slightly but increases
significantly as the transition approaches. A jumpwise decrease in Ad at the transition point

indicates that under pressure in phase Il the octahedra become more symmetric.
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Figure S11 Photos of CsC[(NHz)3]Pbls showing the color change of the crystal under pressure.
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Table S1. Selected crystallographic and refinement data for the structures of [C(NH,)3],Pbla.

Crystal formula [C(NH,)s]2Pbl,
Color yellow
Pressure (GPa) 0.15 0.43 1.02
Crystal system Monoclinic Triclinic
Space group P21/n P1
z 4
Crystal size (mm) 0.12 x 0.06 x 0.03
a (A) 12.742(6) 12.673(4) 9.1051(7)
b (A) 26.9140(17) 26.7036(12) 12.466(4)
c(A) 9.2472(4) 9.1630(3) 14.0938(16)
a(°) 90 90 67.82(2)
8(°) 88.992(11) 88.468(8) 85.226(7)
v(°) 90 90 87.169(14)
Volume (A3) 3170.9(14) 3099.7(10) 1475.9(6)
p (gecm?3) 3.498 3.578 3.758
u(mm?) 18.410 18.832 19.776

No. of measured, independent
and observed [/ > 20(/)] refl.

14294, 1864, 1094

13873, 1836, 1137

1668, 1668, 890

Rint 0.0927 0.0821 0.0945
R1[I>20(/)], Ra(all) 0.061, 0.131 0.057,0.124 0.062, 0.127
wWR2 [l > 20(l)], wRz(all) 0.111,0.132 0.115, 0.143 0.159, 0.175
GOF 1.099 1.086 1.097
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Table S2. Selected crystallographic and refinement data for the structures of CsC(NH;)3Pbla.

Crystal formula CsC(NH2)3Pbls
Color red
Pressure (GPa) 0.0001 2.76 4.52

Crystal system
Space group

Zz

Orthorhombic
Pnnm

8

Crystal size (mm)

0.18 x 0.05 x 0.02

0.18 x0.14 x0.04

a(A) 18.5595(4) 17.914(8) 17.475(19)
b (A) 12.7464(3) 12.0823(4) 11.8768(5)
c (R) 12.2365(3) 11.6499(4) 11.5309(4)
Volume (A3) 2894.76(12) 2521.5(11) 2393(3)
p (g cm?) 4.166 4.783 5.039
u (mm) 22.627 25.976 27.369

No. of measured, independent
and observed [/ > 20(/)]

15731, 3543, 2039

10382, 971, 613 9315, 613, 406

reflections
Rint 0.0489 0.0681 0.0899
R1[lI>20(/)], Ri(all) 0.046, 0.083 0.04, 0.07 0.077, 0.106
wWR2 [l > 20(1)], wRz(all) 0.121, 0.156 0.099, 0.116 0.178, 0.197
GOF 1.105 1.194 1.056
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Streszczenie

Halogenkowe perowskity metaliczne w ostatniej dekadzie ulegly szybkiemu
rozwojowi, a ich zrdznicowane sktady, wymiarowos$¢ 1 morfologie umozliwily zastosowania
w wysokowydajnych urzadzeniach fotowoltaicznych i1 optoelektronicznych. Pomimo tego
postepu nadal istnieja wyzwania zwigzane z ich stabilno$cig oraz doktadnym zrozumieniem
zalezno$ci pomiedzy strukturg a wlasciwo$ciami. Badania wysokoci$nieniowe,
wykorzystujace techniki takie jak komodrki diamentowe (DAC) w polaczeniu z dyfrakcja
rentgenowskg na pojedynczych krysztatach (SCXRD) oraz uzupehiajgcymi metodami
optycznymi, stanowig potezne narzedzie do badania tych zaleznoSci poprzez zmiang
oddzialywan migedzyatomowych bez modyfikacji chemiczne;.

Niniejsza rozprawa koncentruje si¢ na kluczowych wynikach trzech publikacji, w
szczegolnosci na strukturalnych i optycznych odpowiedziach wybranych niskowymiarowych
perowskitow pod zmiennym ci$nieniem i temperatura. Czynniki zewnetrzne, takie jak ci$nienie
1 temperatura, wywoluja deformacje oktaedréw, przejscia fazowe oraz modyfikacje struktury
pasm elektronowych, a tym samym bezposrednio wptywaja na zachowanie optyczne. Ci$nienie
moze nawet aktywowaé lub wzmacnia¢ fotoluminescencj¢ w materiatach, ktére w warunkach
otoczenia wykazuja staba emisje. Zbadano cztery materialty: dwuwymiarowy (2D)
perowskitopodobny CsPb2Brs, zerowymiarowy (0D) CssPbBre oraz 2D warstwowe perowskity
guanidyniowe [C(NH2)3]2Pbls i CSC(NH2)3Pbla.

W przypadku CsPb2Brs wykazano, ze warstwowy szkielet pozostaje stabilny co najmniej do 6
GPa. Jego krawedz absorpcji w ultrafiolecie, zlokalizowana przy okoto 350 nm, ulega ciggtemu
przesunigciu w stron¢ dluzszych fal wraz ze wzrostem ci$nienia, co odpowiada zwe¢zaniu
przerwy energetycznej. Praca ta wykazala roéwniez, Ze wczesniej raportowana
fotoluminescencja 1 absorpcja w zakresie widzialnym nie sg wlasciwosciami intrinsicznymi
czystego materiatu, lecz pochodzg z obecnos$ci domieszek tréjwymiarowego CsPbBr3, co
podkresla kluczowe znaczenie czystosci probki. W badaniu nad CssPbBre ujawniono
sekwencje dwoch pierwszorzedowych przej$¢ fazowych indukowanych cisnieniem przy 2.6 i
3.2 GPa. Przej$ciom tym towarzyszy skokowe zmniejszenie przerwy energetycznej. Unikalne
znieksztatcenie typu pseudo-Jahna—Tellera prowadzi do anormalnej ekspansji oktaedrow
PbBre w fazie tetragonalnej, co bezposrednio odpowiada za ci$nieniowo indukowang
szerokopasmowa emisje biatego $wiatta. W perowskitach guanidyniowych 2D zardéwno
kompresja, jak i ogrzewanie powodujg zawezenie przerwy energetycznej, wynikajace ze
skracania wigzan Pb-1 oraz prostowania katoéw Pb-I-Pb. Zaobserwowano wysoce
anizotropowa odpowiedz mechaniczng, przy czym kierunek prostopadty do warstw
nieorganicznych jest zaskakujaco sztywniejszy niz kierunki w ptaszczyznie. Ponadto w fazie
wysokocisnieniowej CSC(NH2)sPbls zidentyfikowano rzadkie zjawisko ujemnej kompresji
liniowej wzdluz jednej osi, przypisane ttumieniu drgan atomow jodu.



Summary

Metal halide perovskites have rapidly advanced over the past decade, with diverse
compositions, dimensionalities, and morphologies enabling high-performance photovoltaic
and optoelectronic applications. Despite the progress, challenges concerning their stability and
the precise understanding of structure—property relationships persist. High-pressure research,
using techniques such as diamond anvil cells (DACs) combined with single-crystal X-ray
diffraction (SCXRD) and complementary optical methods, provides a powerful means to
investigate these relationships by changing interatomic interactions without chemical
modification.

This thesis focuses on core findings from three publications, in particular, on the structural and
optical responses of selected low-dimensional perovskites under variable pressure and
temperature conditions. External stimuli such as pressure and temperature induce octahedral
distortions, phase transitions, and electronic band structure modifications, thereby directly
influencing optical behaviour. Pressure can even activate or enhance photoluminescence in
materials that are weakly emissive under ambient conditions. Four materials were examined:
two-dimensional (2D) perovskite-like CsPb2Brs, zero-dimensional (OD) CssPbBre, and 2D
layered guanidinium lead iodides, [C(NH2)3]2Pbls and CsC(NH:)sPbl..

For CsPb.Brs, the layered framework remains stable up to at least 6 GPa. Its ultraviolet
absorption edge at approximately 350 nm continuously red-shifts with increasing pressure,
which corresponds to a narrowing of the band gap. This work also clarifies that previously
reported visible-range photoluminescence and absorption are not intrinsic properties of the pure
material but rather originate from the presence of three-dimensional (3D) CsPbBr3 impurities,
underscoring the critical importance of sample purity. In the study on CssPbBrs, a sequence of
two first-order pressure-induced phase transitions at 2.6 and 3.2 GPa was revealed. These phase
transitions drive a jumpwise band-gap reduction. A unique pseudo-Jahn—Teller distortion leads
to an anomalous expansion of PbBre octahedra in the tetragonal phase, directly responsible for
pressure-induced broad band white-light emission. In guanidinium-based 2D perovskites, both
compression and heating narrow the bandgap, through Pb—I bond contraction and Pb—I-Pb
angle straightening. A highly anisotropic mechanical response is observed, with the direction
perpendicular to the inorganic layers being surprisingly stiffer than the in-plane directions.
Furthermore, a rare phenomenon of negative linear compressibility along one axis is identified
in the high-pressure phase of CsC(NH2)sPbls, attributed to the suppression of iodine atom
vibrations.
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